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Abstract
In this paper, the nucleophilic substitution reactions of various N- and P-containing nucleophiles to MBH carbonates of isatins were
investigated. Diverse functionalized 3-substituted oxindole derivatives were successfully prepared in satisfactory yields and with
high diastereoselectivity. In addition, the base-promoted dimerization of MBH carbonates of isatin afforded the ethylene-bridged
bis(3-methylene)oxindole derivatives with nearly 4:1 diastereomeric ratios. The relative configurations of the various polycyclic
compounds were clearly elucidated by determination of several single crystal structures.
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Introduction
Isatins (indoline-2,3-diones) possessing an indole motif with a
ketone and a γ-lactam moiety occur in numerous natural
substances [1-4]. Isatins have many interesting aspects in
organic reactions and potential applications. The versatile reac-
tivity of isatins used both as an electrophiles and nucleophiles
and their easy availability have made them to become valuable
building blocks in organic synthesis. Nucleophilic additions or
spiroannulation of the highly reactive carbonyl group at the C-3
position of isatins have various fascinating applications in
organic synthesis, which allowed transformation of isatins into
various biologically important 3-substituted and spirooxindole
derivatives [5-7]. The unique molecular architecture and
remarkable pharmacological activities have made spiro-

oxindole one of the hottest synthetic targets with fruitful chemi-
cal and steric selectivity [8-15].

In recent years, the readily available Morita–Baylis–Hillman
(MBH) carbonates of isatins have been recognized as one of the
most powerful synthons for the construction of various spiro-
oxindole skeletons [16-25]. MBH carbonates of isatins can be
easily obtained via base-promoted MBH reactions of isatins
with alkyl acrylates, acrylonitrile, and other activated alkenes
[26-29]. Due to the stronger electron-withdrawing effect of the
oxindole motif, MBH carbonates of isatins showed higher reac-
tivity than that of the normal MBH carbonates of normal ke-
tones [30-35]. In the presence of a Lewis base, MBH carbon-
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Table 1: Optimization of reaction conditions.a

Entry Base Solvent T [°C] Time [h] Yield [%]b

1 – DMF rt 4 –
2 – CH2Cl2 rt 4 12
3 – DCE rt 4 15
4 – CH3CN rt 4 18
5 – toluene rt 4 20
6 – toluene 60 4 39
7 – toluene 80 4 47
8 DMAP (0.2 equiv) toluene rt 1 72
9 DMAP (0.3 equiv) toluene rt 4 45
10 DMAP (0.5 equiv) toluene rt 1 36
11 DABCO (0.2 equiv) toluene rt 1 <10
12 DBU (0.3 equiv) toluene rt 4 15
13 Et3N (0.3 equiv) toluene rt 4 <10
14 K2CO3 (0.3 equiv) toluene rt 4 20

aReaction conditions: MBH nitrile of isatin (0.1 mmol), p-toludine (0.1 mmol), solvent (5.0 mL); bIsolated yield.

ates of isatins can be easily converted to activated allylic ylides,
which in turn can undergo allylic substitution and annulation
reactions to give diverse 3-substituted and spirooxindole deriva-
tives [36-41]. Inspired by these elegant synthetic methodolo-
gies and in continuation of our aim to develop domino reac-
tions based on MBH carbonates of isatins for efficient construc-
tion of diverse polycyclic spiroindolinones [42-52], herein, we
wish to report the nucleophilic substitution reactions of various
N- and P-containing nucleophiles to MBH carbonates of isatins
and convenient synthesis of diverse functionalized 3-substi-
tuted oxindole derivatives.

Results and Discussion
Initially, the reaction conditions were briefly examined by using
MBH nitrile of isatin 1a and p-toluidine (2a) as model reaction.
It was found that the reaction did not proceed in DMF as sol-
vent (Table 1). When the reaction was carried out in dichloro-
methane, dichloroethane, acetonitrile, and toluene, the expected
product 3a was produced in low yields (entries 2–5 in Table 1).
The reaction in toluene at elevated temperature resulted in a
slight increase of the yield (entries 6 and 7 in Table 1). In the
presence of 20 mol % of DMAP, the reaction in toluene at room
temperature afforded the product 3a in 72% yield. However, in-

creasing the amount of DMAP decreased the yield (entries 8–10
in Table 1). Additionally, stronger bases such as DABCO,
DBU, triethylamine, and K2CO3 also resulted in the significant
reduction of the yields. Therefore, the reaction of MBH nitrile
of isatins and arylamines can be simply carried out in toluene at
room temperature in the presence of a catalytic amount of
DMAP.

With the optimized reaction conditions in hands, the scope of
the reaction was investigated by using various MBH nitriles of
isatins and aromatic amines in the reaction. The results are sum-
marized in Scheme 1. All reactions proceeded smoothly to give
the expected allylic SN2-substituted products 3a–i in satisfac-
tory yields. Aromatic amines with various substituents could be
employed in the reaction to give the expected products.
N-Methylaniline and n-butylamine were also successfully con-
verted to the desired products 3h and 3i in 72% and 63% yields,
respectively. The structures of compounds 3a–i were fully char-
acterized by various spectroscopy techniques.

In order to show the universality of the substitution reaction,
MBH maleimides of isatins 4 were also employed in the reac-
tion. In the absence of any base as promoter, the reaction of
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Scheme 1: Reaction of arylamines and MBH carbonates of isatins. Reaction conditions: MBH carbonate of isatin (0.1 mmol), aromatic amine
(0.1 mmol), DMAP (0.02 mmol, 20 mol %), toluene (5.0 mL), rt, 1 h; yields refer to isolated yields.

MBH maleimides of isatins with various aromatic amines in tol-
uene at 65 °C gave the expected substitution products 5a–n in
high yields (Scheme 2). The substituents showed a marginal
effect on the yields. In addition, a secondary arylamine such
N-methylaniline and aliphatic amine (n-butylamine) also gave
the expected products 5m and 5n in satisfactory yields. It
should be pointed out that no base promoter is needed in the
reaction, which is assumed to be due to the much higher reactiv-
ity of MBH maleimides of isatins compared to the above-
mentioned MBH nitriles and formats of isatins. The single
crystal structures of the compounds 5a and 5j were successful-

ly determined (Figure 1 and Figure 2). From Figure 1 and
Figure 2, it can be found that the C=C bond is located in the
unit of the pyrrolidine-2,5-dione, while the scaffold of indolin-
2-one is connected via a C–C single bond with the unit of the
pyrrolidine-2,5-dione. Therefore, an allyl rearrangement must
proceed in the reaction process, which is very different to that
of the above mentioned reactions of MBH nitriles and formates
of isatins.

It has been reported that triphenylphosphine can catalyze the
cycloaddition reaction of MBH carbonates of isatins with some
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Scheme 2: Reaction of arylamines and MBH maleimides of isatins. Reaction conditions: MBH maleimide of isatin (0.1 mmol), aromatic amine
(0.1 mmol), toluene (5.0 mL), 65 °C, 1 h; yields refer to isolated yields.
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Scheme 3: Reactions of MBH carbonates of isatins and triphenylphosphine. Reaction conditions: MBH carbonate of isatin (0.1 mmol), triphenylphos-
phine (0.1 mmol), CH3CN (5.0 mL), rt, 2 h; yields refer to isolated yields.

Figure 1: Single crystal structure of compound 5a.

activated alkenes to give diverse spirooxindoles [38-41]. The
reaction of triphenylphosphine with MBH nitriles of isatins in
acetonitrile at room temperature quickly gave red solid prod-

Figure 2: Single crystal structure of compound 5j.

ucts 6a–d in high yields (Scheme 3). In this reaction, triphenyl-
phosphine acted as a nucleophile to finish an allylic SN2 reac-
tion. The obtained triphenylphosphaneylidenes are stable, which
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Table 2: Dimerization of MBH carbonates of isatins.a

Entry R1 R2 Compd Yield [%]b Compd Yield [%]b

1 H Bn 7a 63 8a 15
2 CH3 n-Bu 7b 62 8b 14
3 Cl n-Bu 7c 66 8c 12
4 F Bn 7d 65 8d 13

aReaction conditions: MBH carbonate of isatin (0.1 mmol), tri(n-butyl)phosphine (0.1 mmol), DABCO (0.04 mmol), toluene (5.0 mL), 80 °C, 2 h;
bIsolated yield.

can be isolated and were fully characterized via various spec-
troscopy methods. The further annulation reaction did not
proceed under the reaction conditions. The similar reaction of
triphenylphosphine and MBH maleimides of isatins also
resulted in the corresponding triphenylphosphaneylidenes 6e
and 6f in satisfactory yields. The single crystal structure
of the compound 6e was determined by X-ray diffraction
(Figure 3).

Figure 3: Single crystal structure of compound 6e.

The similar reaction of more nucleophilic tri(tert-butyl)phos-
phine and MBH carbonate of isatin resulted in a mixture of

products. After carefully screening the reaction conditions, we
found that DABCO successfully promoted reaction of tri(tert-
butyl)phosphine and MBH carbonates of isatins in toluene at
80 °C for three hours. These conditions resulted in mixtures of
conjugated triene cis/trans-isomers 7a–d and 8a–d with nearly
4:1 ratios (Table 2). It should be pointed out that similar conju-
gated trienes have been obtained by DABCO-catalyzed dimer-
ization of MBH carbonates of isatin in ODCB at high tempera-
ture (150 °C), which could be converted to bisspirooxindole de-
rivatives via the isomerization of the double bond and a sequen-
tial thermal 6π-electrocyclic ring-closure process [30]. Here, the
novel triene derivatives can be prepared under relative mild
reaction conditions with good steric selectivity. The single
crystal structures of compounds 7a and 8a were successfully
determined by X-ray diffraction method (Figure 4 and
Figure 5). From the crystal structures, it can be found that the
compound 7a has an E,E,E-configuration, while the compound
8a has a Z,E,E-configuration.

On the basis of the above experiments and the previously
published results [42-52], a plausible reaction mechanism was
proposed in Scheme 4 to explain the formation of the various
oxindole derivatives. At first, a Lewis base attack at the α-posi-
tion of the MBH nitrile of isatin resulted in the intermediate A
with elimination of carbon dioxide and tert-butoxide ion. Sec-
ondly, the product 3 was produced by the SN2 substitution of
the Lewis base by the arylamine. When MBH maleimides of
isatin were used in the reaction, a direct Michael addition of the
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Figure 4: Single crystal structure of compound 7a.

Figure 5: Single crystal structure of compound 8a.

arylamine to the C=C bond of the maleimide unit and sequen-
tial elimination of carbon dioxide and tert-butoxide ion gives
the intermediate B, which in turn undergoes an allylic rear-
rangement to afford the product 5. In this process, no extra ad-
dition of Lewis base is needed. When triphenylphosphine or
tri(n-butyl)phosphine were involved in the reaction, the similar
SN2’ substitution of tri(n-butyl)phosphine with the elimination
of carbon dioxide and tert-butoxide anion gives the phos-
phonium salt C. Then, the deprotonation of phosphonium
salt C by the tert-butoxide anion affords the zwitterionic
intermediate D. In the case of triphenylphosphine, the similar
zwitterionic intermediate D is stable and could be isolated as the
product 6. In the case of tri(n-butyl)phosphine, Michael addi-
tion of the more activated zwitterionic intermediate D to MBH
formate of isatin resulted in the intermediate E. Then, the elimi-
nation of carbon dioxide and tert-butoxide anion gives the inter-

mediate F. Finally, the base-promoted elimination of tri(n-
butyl)phosphine resulted in the Z/E isomers of the triene deriva-
tives 7 or 8.

Conclusion
In summary, we have investigated nucleophilic substitution
reactions of various N- and P-containing nucleophiles to MBH
carbonates of isatins. It is interesting to find that diverse func-
tionalized 3-substituted oxindole derivatives were successfully
prepared in satisfactory yields and with high diastereoselectiv-
ity. In addition, the base-promoted dimerization of MBH
carbonates of isatin afforded the ethylene-bridged bis(3-methy-
lene)oxindole derivatives with nearly 4:1 ratios. This reaction
not only clarified the essence of the substitution reaction of
MBH carbonates of isatin with various N-, P-containing nucleo-
philes, but also led to the development of a synthetic protocol
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Scheme 4: Proposed reaction mechanism for the various compounds.
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for the convenient synthesis of 30 diversely substituted oxin-
dole derivatives.

Supporting Information
The crystallographic data of compounds 5a (CCDC
2390713), 5j (CCDC 2390714), 6e (CCDC 2390715), 7a
(CCDC 2390716) and 8a (CCDC 2390717) have been
deposited at the Cambridge Crystallographic Database
Center.

Supporting Information File 1
Experimental procedures, 1H, 13C NMR, and HRMS
spectra for all new compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-21-S1.pdf]

Funding
This work was financially supported by the National Natural
Science Foundation of China (Nos. 21572196, 21871227).

Author Contributions
Zi-Ying Xiao: investigation. Jing Sun: data curation. Chao-Guo
Yan: supervision; writing – review & editing.

ORCID® iDs
Chao-Guo Yan - https://orcid.org/0000-0002-2777-9582

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

References
1. Williams, R. M.; Cox, R. J. Acc. Chem. Res. 2003, 36, 127–139.

doi:10.1021/ar020229e
2. Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945–2964.

doi:10.1021/cr020039h
3. Santos, M. M. M. Tetrahedron 2014, 70, 9735–9757.

doi:10.1016/j.tet.2014.08.005
4. Ye, N.; Chen, H.; Wold, E. A.; Shi, P.-Y.; Zhou, J. ACS Infect. Dis.

2016, 2, 382–392. doi:10.1021/acsinfecdis.6b00041
5. Ball-Jones, N. R.; Badillo, J. J.; Franz, A. K. Org. Biomol. Chem. 2012,

10, 5165–5181. doi:10.1039/c2ob25184a
6. Singh, G. S.; Desta, Z. Y. Chem. Rev. 2012, 112, 6104–6155.

doi:10.1021/cr300135y
7. Saeed, R.; Sakla, A. P.; Shankaraiah, N. Org. Biomol. Chem. 2021, 19,

7768–7791. doi:10.1039/d1ob01176f
8. Liu, Y.; Wang, H.; Wan, J. Asian J. Org. Chem. 2013, 2, 374–386.

doi:10.1002/ajoc.201200180
9. Liu, Z.-M.; Li, N.-K.; Huang, X.-F.; Wu, B.; Li, N.; Kwok, C.-Y.;

Wang, Y.; Wang, X.-W. Tetrahedron 2014, 70, 2406–2415.
doi:10.1016/j.tet.2014.02.023

10. Cheng, D.; Ishihara, Y.; Tan, B.; Barbas, C. F., III. ACS Catal. 2014, 4,
743–762. doi:10.1021/cs401172r

11. Boddy, A. J.; Bull, J. A. Org. Chem. Front. 2021, 8, 1026–1084.
doi:10.1039/d0qo01085e

12. Fang, X.; Wang, C.-J. Org. Biomol. Chem. 2018, 16, 2591–2601.
doi:10.1039/c7ob02686b

13. Mei, G.-J.; Shi, F. Chem. Commun. 2018, 54, 6607–6621.
doi:10.1039/c8cc02364f

14. Wang, Y.; Cobo, A. A.; Franz, A. K. Org. Chem. Front. 2021, 8,
4315–4348. doi:10.1039/d1qo00220a

15. Saranya, P. V.; Neetha, M.; Aneeja, T.; Anilkumar, G. RSC Adv. 2021,
11, 7146–7179. doi:10.1039/d1ra00139f

16. Chen, Z.-C.; Chen, Z.; Du, W.; Chen, Y.-C. Chem. Rec. 2020, 20,
541–555. doi:10.1002/tcr.201900058

17. Yan, R.-J.; Liu, B.-X.; Xiao, B.-X.; Du, W.; Chen, Y.-C. Org. Lett. 2020,
22, 4240–4244. doi:10.1021/acs.orglett.0c01283

18. Chen, Z.-C.; Chen, Z.; Yang, Z.-H.; Guo, L.; Du, W.; Chen, Y.-C.
Angew. Chem., Int. Ed. 2019, 58, 15021–15025.
doi:10.1002/anie.201907797

19. Chen, P.; Chen, Z.-C.; Li, Y.; Ouyang, Q.; Du, W.; Chen, Y.-C.
Angew. Chem., Int. Ed. 2019, 58, 4036–4040.
doi:10.1002/anie.201814403

20. Zhong, N.-J.; Wei, F.; Xuan, Q.-Q.; Liu, L.; Wang, D.; Chen, Y.-J.
Chem. Commun. 2013, 49, 11071–11073. doi:10.1039/c3cc46490c

21. Wei, F.; Huang, H.-Y.; Zhong, N.-J.; Gu, C.-L.; Wang, D.; Liu, L.
Org. Lett. 2015, 17, 1688–1691. doi:10.1021/acs.orglett.5b00456

22. Zhao, Y.-Y.; Zhao, S.; Xie, J.-K.; Hu, X.-Q.; Xu, P.-F. J. Org. Chem.
2016, 81, 10532–10537. doi:10.1021/acs.joc.6b01315

23. Tang, X.; Gao, Y.-J.; Deng, H.-Q.; Lei, J.-J.; Liu, S.-W.; Zhou, L.;
Shi, Y.; Liang, H.; Qiao, J.; Guo, L.; Han, B.; Cui, H.-L.
Org. Biomol. Chem. 2018, 16, 3362–3366. doi:10.1039/c8ob00749g

24. Arupula, S. K.; Guin, S.; Yadav, A.; Mobin, S. M.; Samanta, S.
J. Org. Chem. 2018, 83, 2660–2675. doi:10.1021/acs.joc.7b03090

25. Du, J.-Y.; Ma, Y.-H.; Meng, F.-X.; Zhang, R.-R.; Wang, R.-N.;
Shi, H.-L.; Wang, Q.; Fan, Y.-X.; Huang, H.-L.; Cui, J.-C.; Ma, C.-L.
Org. Lett. 2019, 21, 465–468. doi:10.1021/acs.orglett.8b03709

26. Shanmugam, P.; Viswambharan, B.; Madhavan, S. Org. Lett. 2007, 9,
4095–4098. doi:10.1021/ol701533d

27. Gomes, J. C.; Sirvent, J.; Moyano, A.; Rodrigues, M. T., Jr.; Coelho, F.
Org. Lett. 2013, 15, 5838–5841. doi:10.1021/ol4029034

28. Liu, Y.-L.; Wang, X.; Zhao, Y.-L.; Zhu, F.; Zeng, X.-P.; Chen, L.;
Wang, C.-H.; Zhao, X.-L.; Zhou, J. Angew. Chem., Int. Ed. 2013, 52,
13735–13739. doi:10.1002/anie.201307250

29. Warghude, P. K.; Sabale, A. S.; Bhat, R. G. Org. Biomol. Chem. 2020,
18, 1794–1799. doi:10.1039/d0ob00007h

30. Min, B. K.; Lee, S.; Roh, H. J.; Ryu, J. Y.; Lee, J.; Kim, J. N.
Tetrahedron Lett. 2017, 58, 3251–3255.
doi:10.1016/j.tetlet.2017.07.013

31. Zhang, H.; Zhang, S.-J.; Zhou, Q.-Q.; Dong, L.; Chen, Y.-C.
Beilstein J. Org. Chem. 2012, 8, 1241–1245. doi:10.3762/bjoc.8.139

32. Chen, G.-Y.; Zhong, F.; Lu, Y. Org. Lett. 2012, 14, 3955–3957.
doi:10.1021/ol301962e

33. Feng, T.-T.; Huang, X.; Liu, X.-L.; Jing, D.-H.; Liu, X.-W.; Guo, F.-M.;
Zhou, Y.; Yuan, W.-C. Org. Biomol. Chem. 2014, 12, 9366–9374.
doi:10.1039/c4ob01523a

34. Liu, X.-W.; Han, W.-Y.; Liu, X.-L.; Zhou, Y.; Zhang, X.-M.; Yuan, W.-C.
Tetrahedron 2014, 70, 9191–9197. doi:10.1016/j.tet.2014.10.031

35. He, Q.; Du, W.; Chen, Y.-C. Adv. Synth. Catal. 2017, 359, 3782–3791.
doi:10.1002/adsc.201700849

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-21-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-21-S1.pdf
https://orcid.org/0000-0002-2777-9582
https://doi.org/10.1021%2Far020229e
https://doi.org/10.1021%2Fcr020039h
https://doi.org/10.1016%2Fj.tet.2014.08.005
https://doi.org/10.1021%2Facsinfecdis.6b00041
https://doi.org/10.1039%2Fc2ob25184a
https://doi.org/10.1021%2Fcr300135y
https://doi.org/10.1039%2Fd1ob01176f
https://doi.org/10.1002%2Fajoc.201200180
https://doi.org/10.1016%2Fj.tet.2014.02.023
https://doi.org/10.1021%2Fcs401172r
https://doi.org/10.1039%2Fd0qo01085e
https://doi.org/10.1039%2Fc7ob02686b
https://doi.org/10.1039%2Fc8cc02364f
https://doi.org/10.1039%2Fd1qo00220a
https://doi.org/10.1039%2Fd1ra00139f
https://doi.org/10.1002%2Ftcr.201900058
https://doi.org/10.1021%2Facs.orglett.0c01283
https://doi.org/10.1002%2Fanie.201907797
https://doi.org/10.1002%2Fanie.201814403
https://doi.org/10.1039%2Fc3cc46490c
https://doi.org/10.1021%2Facs.orglett.5b00456
https://doi.org/10.1021%2Facs.joc.6b01315
https://doi.org/10.1039%2Fc8ob00749g
https://doi.org/10.1021%2Facs.joc.7b03090
https://doi.org/10.1021%2Facs.orglett.8b03709
https://doi.org/10.1021%2Fol701533d
https://doi.org/10.1021%2Fol4029034
https://doi.org/10.1002%2Fanie.201307250
https://doi.org/10.1039%2Fd0ob00007h
https://doi.org/10.1016%2Fj.tetlet.2017.07.013
https://doi.org/10.3762%2Fbjoc.8.139
https://doi.org/10.1021%2Fol301962e
https://doi.org/10.1039%2Fc4ob01523a
https://doi.org/10.1016%2Fj.tet.2014.10.031
https://doi.org/10.1002%2Fadsc.201700849


Beilstein J. Org. Chem. 2025, 21, 286–295.

295

36. Warghude, P. K.; Bhowmick, A.; Bhat, R. G. Tetrahedron Lett. 2022,
97, 153791. doi:10.1016/j.tetlet.2022.153791

37. Yan, Z.-H.; Lu, R.; Peng, C.; Tang, J.; Fang, H.; Zhan, G.; He, X.-H.;
Huang, W. Org. Chem. Front. 2023, 10, 2294–2300.
doi:10.1039/d3qo00060e

38. Chen, D.; Deng, Y.; Sun, S.; Jia, P.; Huang, J.; Yan, W.
Adv. Synth. Catal. 2023, 365, 178–193. doi:10.1002/adsc.202201091

39. Wang, X.; Wei, X.; Xu, Y.; Qu, J.; Wang, B. Eur. J. Org. Chem. 2024,
27, e202400396. doi:10.1002/ejoc.202400396

40. Zhao, H.; Yao, L.; Gu, Y.; Niu, Y.; Han, B.; Huang, W.; Zhan, G.
Org. Lett. 2024, 26, 3790–3795. doi:10.1021/acs.orglett.4c00916

41. Chen, Y.-Y.; Zhou, C.-D.; Li, X.-T.; Yang, T.-Y.; Han, W.-Y.;
Wan, N.-W.; Chen, Y.-Z.; Cui, B.-D. J. Org. Chem. 2023, 88, 371–383.
doi:10.1021/acs.joc.2c02393

42. Pan, L.-N.; Sun, J.; Shi, R.-G.; Yan, C.-G. Org. Chem. Front. 2020, 7,
3202–3208. doi:10.1039/d0qo00845a

43. Wang, D.; Sun, J.; Han, Y.; Sun, Q.; Yan, C.-G. Org. Lett. 2022, 24,
7790–7795. doi:10.1021/acs.orglett.2c03123

44. Pan, L.-N.; Sun, J.; Liu, X.-Y.; Yan, C.-G. Org. Biomol. Chem. 2022, 20,
7099–7104. doi:10.1039/d2ob01257j

45. Liu, D.; Sun, J.; Han, Y.; Yan, C.-G. J. Org. Chem. 2023, 88,
17181–17196. doi:10.1021/acs.joc.3c02047

46. Liu, X.; Shi, W.; Sun, J.; Yan, C.-G. Beilstein J. Org. Chem. 2023, 19,
1923–1932. doi:10.3762/bjoc.19.143

47. Tang, T.; Liu, X.-Y.; Sun, J.; Yan, C.-G. ChemistrySelect 2023, 8,
e202302587. doi:10.1002/slct.202302587

48. Sun, J.; Liu, X.; Sun, Q.; Han, Y.; Yan, C.-G. J. Org. Chem. 2023, 88,
11562–11580. doi:10.1021/acs.joc.3c00887

49. Liu, D.; Sun, J.; Sun, Q.; Yan, C.-G. Org. Chem. Front. 2023, 10,
540–547. doi:10.1039/d2qo01771g

50. Wang, D.; Tang, T.; Sun, J.; Han, Y.; Yan, C.-G. Org. Lett. 2024, 26,
4117–4121. doi:10.1021/acs.orglett.4c01236

51. Wang, D.; Liu, X.; Sun, J.; Han, Y.; Yan, C.-G. J. Org. Chem. 2024, 89,
15472–15489. doi:10.1021/acs.joc.4c01501

52. Tang, T.; Han, Y.; Yan, C.-G.; Huang, K.; Sun, J. Eur. J. Org. Chem.
2024, 27, e202400777. doi:10.1002/ejoc.202400777

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.21.21

https://doi.org/10.1016%2Fj.tetlet.2022.153791
https://doi.org/10.1039%2Fd3qo00060e
https://doi.org/10.1002%2Fadsc.202201091
https://doi.org/10.1002%2Fejoc.202400396
https://doi.org/10.1021%2Facs.orglett.4c00916
https://doi.org/10.1021%2Facs.joc.2c02393
https://doi.org/10.1039%2Fd0qo00845a
https://doi.org/10.1021%2Facs.orglett.2c03123
https://doi.org/10.1039%2Fd2ob01257j
https://doi.org/10.1021%2Facs.joc.3c02047
https://doi.org/10.3762%2Fbjoc.19.143
https://doi.org/10.1002%2Fslct.202302587
https://doi.org/10.1021%2Facs.joc.3c00887
https://doi.org/10.1039%2Fd2qo01771g
https://doi.org/10.1021%2Facs.orglett.4c01236
https://doi.org/10.1021%2Facs.joc.4c01501
https://doi.org/10.1002%2Fejoc.202400777
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.21.21

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

