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Abstract: 3,4-disubstituted maleimides find wide applications in various pharmacologically ac-
tive compounds. This study presents a highly effective approach for synthesizing derivatives of
3,4-disubstituted maleimides through the direct isomerization of α-succinimide-substituted al-
lenoates, followed by a cascade γ′-addition and aryl imines using PR3 as a catalyst. The result-
ing series of 3,4-disubstituted maleimides exhibited excellent stereoselectivities, achieving yields
of up to 86%. To our knowledge, the phosphine-mediated γ′-addition reaction of allenoates is
seldom reported.

Keywords: phosphine-catalyzed; γ′-addition; isomerization; allenoates; 3,4-disubstituted maleimides

1. Introduction

Maleimide derivatives have been found to possess diverse biological activities. In fact,
some 3,4-disubstituted maleimides are frequently found in natural products and bioactive
molecules [1]. Figure 1 provides some examples of the different 3,4-disubstituted maleimide
skeletons that occur. Rebeccamycin A, an antibiotic, has demonstrated noteworthy effective-
ness against certain types of tumor cell lines [2]. Additionally, indolylmaleimide derivative
B has the ability to inhibit the growth and movement of cancer cells, indicating its potential
as an anticancer drug [3]. Compound C, a highly active inhibitor of glycogen synthase
kinase, has been identified [4]. Recently, N-substituted maleimide D has been found to be
an attractive inhibitor for GSK-3 and a potential treatment for Alzheimer’s disease [5]. E is
an antifungal derived from the metabolite of the Serpula himantoides strain [6]. Addition-
ally, 3,4-di(aryl)maleimide F is an antitumor agent that exhibits antitubulin activity [7]. As
a result, the synthesis of these interesting molecular structures has presented a constant
challenge to synthetic organic chemists.

Phosphine-catalyzed reactions have attracted significant interest over the past few
decades [8–17] due to their ability to facilitate a variety of C-C and C-N bond formations in
organic synthesis without introducing metal contamination into the organic products [18–27].
In 1994, Trost described the first example of a phosphine-catalyzed γ-umpolung addition of
nucleophiles onto the γ-carbon of 2-butyrates (Scheme 1a) [28]. Subsequently, Lu utilized
2,3-allenoates for reacting with a nucleophile in the presence of PPh3, resulting in another
γ-umpolung addition on the γ-carbon of the 2,3-allenoate (Scheme 1a) [29]. In the following
years, Lu, Kwon, and Huang each demonstrated successful phosphine-catalyzed β-Michael
additions to allenoates (Scheme 1b) [30–36]. In 2011, Kwon and Shi independently intro-
duced α-alkyl allenoates and achieved a novel β′-umpolung addition for synthesizing
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functionalized acrylates (Scheme 1c) [37,38]. In 2020, Huang and colleagues employed
vinyl allenoates to achieve the remote activation of the ε-carbon, leading to 1,7-addition
reactions (Scheme 1d) [39]. Aside from nucleophile addition reactions, addition reactions
of electrophiles with δ-substitute allenoates have also been reported. Prior studies have
shown that most reactions between allenoates and electrophiles result in cyclizations. How-
ever, Xu and Li separately reported a notable phosphine-catalyzed δ-umpolung addition
of isatin derivatives (Scheme 1e) or para-quinone methides (Scheme 1f) with δ-substitute
allenoates [40,41]. Despite the recent advances, further diversification of allenoates is still
necessary to foster the development of new addition reactions and versatile product motifs.

Our group has recently presented a novel set of α-succinimide-substituted allenoates,
demonstrating the ability to undergo [4+2] annulation reactions with 1,1-dicyanoalkenes
under phosphine catalysis, specifically involving the γ′-carbon of the allenoates [42]. How-
ever, as far as we know, the phosphine-mediated γ′-addition reaction of allenoates has been
uncommon until now.

In this work, we introduce a new phosphine-catalyzed direct isomerization of α-
succinimide-substituted allenoates, leading to cascade γ′-addition reactions with imine
derivatives. It is conceivable that the attack of a phosphine on α-succinimide-substituted
allenoates, along with subsequent proton transfers, could result in the formation of a
putative intermediate where the remote γ′-carbon becomes nucleophilic, initiating fresh
reactions. These reactions progress smoothly, yielding good to high yields of corresponding
3,4-disubstituted maleimide adducts under mild conditions (Scheme 1g).
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of nucleophiles; (b): phosphine-catalyzed β-Michael additions to allenoates; (c): phosphine-catalyzed
β′-umpolung addition; (d): phosphine-catalyzed ε-carbon 1,7-addition reactions; (e): phosphine-catalyzed
δ-umpolung addition of isatin derivatives; (f): phosphine-catalyzed δ-umpolung addition of para-quinone
methides; (g): phosphine-catalyzed isomerization cascade γ′-addition reaction.

2. Results and Discussion

The investigation began by combining N-tosyl (Ts) imine 1a with α-succinimide-
substituted allenoate 2a in the presence of PBu3 (20 mol %) in DCM (2 mL) at room
temperature, resulting in a 40% yield of 3a (Table 1, entry 1). Further examination of the
tertiary phosphine catalysts revealed that PMe3, MePPh2, EtPPh2, and PrPPh2 facilitated
the addition reactions, yielding 37%, 43%, 55%, and 48%, respectively (Table 1, entries 2–5).
Among these, EtPPh2 demonstrated the highest catalytic activity, producing the highest
product yield (entry 4). The solvent exploration showed that DCE provided similar results
to toluene (entries 6 and 8), while THF, CH3CN, and EtOAc yielded inferior results (entries 7,
9, and 10). In some phosphine-catalyzed reactions, protic reagents like phenol or benzoic
acid were found to promote [1, 2], [1, 3], or [1, n] proton shifts and accelerate the reaction
rates. Hence, various acidic protic additives were screened. The addition of the additives
proved crucial to achieving higher yields (Table 1, entries 11–14). Using 30 mol % 3,5-
(OH)2BzOH as an additive increased the yield to 73%. Adjusting the feeding ratio to
1a:2a = 1:1.5 resulted in more efficient reaction progress and an 81% product yield (Table 1,
entry 15). Consequently, the optimal reaction conditions were determined: DCM as the
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solvent, at room temperature, 20 mol % of the EtPPh2 as the catalyst, and 30 mol % 3,5-
(OH)2BzOH as an additive.

Table 1. Reaction yields at different reaction conditions a.
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Under the optimized conditions, we investigated the performance of various imines 1
and allenoates 2 in the γ′-addition reaction. The outcomes are outlined in Table 2. We
observed that, when employing different substituted imines 1 (1a–1n) as substrates, the
reaction proceeded effectively, yielding the desired product 3 in moderate to good yields
(Table 2, entries 1–14). However, the presence of the electron-donating groups on the aro-
matic rings of the imines exhibited higher reactivity compared to the electron-withdrawing
groups. Imine substrates 1b–1i with electron-donating groups on the benzene ring yielded
the desired products in moderate to good yields (72–86%) (Table 2, entries 2–9). Conversely,
imines 1j–1n with halogen substitutions on the benzene ring resulted in slightly lower
yields (49–67%) (Table 2, entries 10–14). Unfortunately, when attempting to use alkyl imine
(1o) as a reactant, no desired product was observed (Table 2, entry 15). Substituting the
N-substituents in allenoates 2 with the 2-MeCH2C6H4 (2b), 4-MeCH2C6H4 (2c), and 4-
OMeCH2C6H4 (2d) groups did not significantly alter the reactivity. Using these allenoates,
the reaction proceeded smoothly to yield the desired products 3 in 59–64% yields (Table 2,
entries 16–18).

Moreover, the configurations and stereochemical properties of compound 3 were elu-
cidated using NMR, high-resolution mass spectrometry (HRMS) data, and crystallographic
analysis via X-ray diffraction (Figure 2). For detailed information on single crystal of 3da,
see Tables S1–S6 in the Supplementary Materials. The crystallographic data for 3da have
been submitted to the Cambridge Crystallographic Data Centre with deposition number
CCDC 2258229 [43].
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Table 2. Substrate scope of phosphine-catalyzed γ′-addition reaction of α-succinimide-substituted
allenoates a.
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To demonstrate the applicability of our approach, we conducted a reaction at a larger
scale. As shown in Scheme 2, under optimal conditions, the reaction between 1a and
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α-succinimide-substituted allenoate 2a proceeded smoothly, resulting in the production of
the desired product 3aa at the gram scale with no observable loss of yield.
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Scheme 2. The scale-up reaction.

A plausible reaction mechanism is presented in Scheme 3 [42]. This addition reac-
tion begins with the nucleophilic addition of a phosphine to the allenoates 2, forming
zwitterionic intermediates (A←→ A′). Subsequently, proton transfer occurs, leading to
the formation of intermediate B, followed by the generation of intermediate D through
isomerization and proton transfer. Intermediate D then reacts with imines 1, producing
intermediate E. Subsequently, the intermediate E undergoes a series of H-transfers to form
intermediate G. The elimination of PR3 from G yields product 3 and regenerates PR3 to
complete the catalytic cycle.
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3. Materials and Methods

Unless otherwise stated, all reagents were purchased from commercial suppliers
and used without further purification. All solvents were filtered and dried according to
standard procedures before use. All reactions were performed in dry glass vessels under
nitrogen and magnetic stirring. The reaction was monitored by thin-layer chromatography
(TLC) on silica precoated glass plates. The chromatogram was viewed under 254 nm UV
light. Qingdao Marine flash silica gel (100–200 mesh) (Qingdao, China) was used for flash
column chromatography. The 1H and 13C NMR spectra of CDCl3 were recorded using a
500 MHz NMR instrument. Melting point was measured using an X-4 digital micromelting
point meter (Shanghai, China). Accurate mass measurements were conducted using Agilent
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instruments and ESI-MS technology (Santa Clara, CA, USA). X-ray crystallographic data
were obtained using a Bruker D8 VENTURE instrument (Billerica, Germany).

3.1. General Procedure for the Synthesis of N-Tosyl Imines 1

Molecular Sieves (MS) 4Å was preactivated by microwave and dried under vacuum.
A screw capped vial was charged with aldehyde (1.2 mmol), TsNH2 (1.0 mmol), and
preactivated MS 4Å (1.0 g). Dried dichloromethane (3.0 mL) and pyrrolidine (6.22 µL,
0.10 mmol) were then added to the mixture. The resultant mixture was stirred at 60 ◦C for
24 h. The mixture was cooled to rt and filtered through a short pad of Celite® from Tianjin
Heowns (Tianjin, China). The organic phase was concentrated under reduced pressure,
and the crude product was purified by crystallization (hexane/ethyl acetate system). The
resulting solid was collected by filtration and then dried under vacuum.

3.2. General Procedure for the Synthesis of α-Succinimide-Substituted Allenoate 2

Maleimide (0.15 mmol), allene (0.30 mmol), DABCO (0.030 mmol), and 1,4-dioxane
(1.0 mL) were added into a Schlenk tube. The reaction mixture was stirred at room tem-
perature for 3 h or at room temperature for 3 h, the solvent was removed under reduced
pressure, and the residue was purified by flash column chromatography (PE/EA = 4/1~2/1)
to afford products 2a–2d.

3.3. General Procedure for the Isomerization Cascade γ′-Addition Reaction

Under argon atmosphere, to a mixture of N-tosyl imines 1 (0.10 mmol), α-succinimide-
substituted allenoate 2 (0.15 mmol), catalyst PR3 (20 mol %, 0.02 mmol), and the additive
(30 mol %, 0.03 mmol) in a Schlenk tube, 2 mL of DCM was added at room temperature.
The resulting mixture was stirred until the starting material was completely consumed
(monitored by TLC) and then was concentrated to dryness. The residue was purified
through flash column chromatography (EtOAc/PE) to afford the corresponding products 3.

4. Conclusions

In conclusion, we have established a novel method for synthesizing functionalized
3,4-disubstituted maleimides in good yields. This reaction involves a phosphine-catalyzed
isomerization cascade γ′-addition reaction between α-succinimide-substituted allenoates
and aryl imine derivatives. Given the numerous biologically active natural products
and industrially useful compounds containing 3,4-disubstituted maleimide components
reported in the literature, our methodology offers a new protocol for efficiently synthesizing
these compounds.
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mentary Materials.

Author Contributions: Conceptualization, Z.G. and L.L.; methodology, X.Z.; validation, B.N. and
H.L.; formal analysis, X.C.; investigation, J.W.; data curation, X.Z.; writing—original draft preparation,
Z.G.; writing—review and editing, X.W.; supervision, X.W.; project administration, L.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by project ZR2021MB110 supported by Shandong Province
Natural Science Foundation, the National Natural Science Foundation of China (No. 22101002),
the Support Plan on Science and Technology for Youth Innovation of Universities in Shandong
Province (2022KJ111), Guangyue Young Scholar Innovation Team Foundation of Liaocheng University
(LCUGYTD2022–04), and the Special Construction Project Fund for Shandong Province Taishan
Scholars.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms25136916/s1
https://www.mdpi.com/article/10.3390/ijms25136916/s1


Int. J. Mol. Sci. 2024, 25, 6916 8 of 9

Data Availability Statement: The data presented in this study are available on request from the
authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Panov, A.A.; Simonov, A.Y.; Lavrenov, S.N.; Lakatosh, S.A.; Trenin, A.S. 3,4-Disubstituted maleimides: Synthesis and biological

activity. Chem. Heterocycl. Comp. 2018, 54, 103–113. [CrossRef]
2. Anizon, F.; Golsteyn, R.M.; Léonce, S.; Pfeiffer, B.; Prudhomme, M. A three-step synthesis from rebeccamycin of an efficient

checkpoint kinase 1 inhibitor. Eur. J. Med. Chem. 2009, 44, 2234–2238. [CrossRef] [PubMed]
3. Merkel, A.L.; Meggers, E.; Ocker, M. PIM1 kinase as a target for cancer therapy. Expert. Opin. Investig. Drugs. 2012, 21, 425–436.

[CrossRef] [PubMed]
4. Smith, D.G.; Buffet, M.; Fenwick, A.E.; Haigh, D.; Lfe, R.J.; Saunders, M.; Slingsby, B.P.; Stacey, R.; Ward, R.W. 3-Anilino-4-

arylmaleimides: Potent and selective inhibitors of glycogen synthase kinase-3 (GSK-3). Bioorg. Med. Chem. Lett. 2001, 11, 635–639.
[CrossRef] [PubMed]

5. Sivaprakasam, P.; Xie, A.; Doerksen, R.J. Probing the physicochemical and structural requirements for glycogen synthase
kinase-3α inhibition: 2D-QSAR for 3-anilino-4-phenylmaleimides. Bioorg. Med. Chem. 2006, 14, 8210–8218. [CrossRef] [PubMed]

6. Sortino, M.; Garibotto, F.; Filho, V.; Gupta, M.; Enriz, R.; Zacchina, S. Antifungal, cytotoxic and SAR studies of a series of N-alkyl,
N-aryl and N-alkylphenyl-1,4-pyrrolediones and related compounds. Bioorg. Med. Chem. 2011, 19, 2823–2834. [CrossRef]
[PubMed]

7. Peifer, C.; Stoiber, T.; Unger, E.; Totzke, F.; Schächtele, C.; Marmé, D.; Brenk, R.; Klebe, G.; Schollmeyer, D.; Dannhardt, G. Design,
Synthesis, and Biological Evaluation of 3,4-Diarylmaleimides as Angiogenesis Inhibitors. J. Med. Chem. 2006, 49, 1271–1281.
[CrossRef]

8. Guo, H.C.; Fan, Y.C.; Sun, Z.H.; Wu, Y.; Kwon, O. Phosphine Organocatalysis. Chem. Rev. 2018, 118, 10049–10293. [CrossRef]
[PubMed]

9. Ni, H.Z.; Chan, W.-L.; Lu, Y.X. Phosphine-Catalyzed Asymmetric Organic Reactions. Chem. Rev. 2018, 118, 9344–9411. [CrossRef]
10. Fan, Y.C.; Kwon, O. Advances in nucleophilic phosphine catalysis of alkenes, allenes, alkynes, and MBHADs. Chem. Commun.

2013, 49, 11588–11619. [CrossRef]
11. Wei, Y.; Shi, M. Recent Advances in Organocatalytic Asymmetric Morita–Baylis–Hillman/aza-Morita–Baylis–Hillman Reactions.

Chem. Rev. 2013, 113, 6659–6690. [CrossRef] [PubMed]
12. Basavaiah, D.; Reddy, B.S.; Badsara, S.S. Recent Contributions from the Baylis–Hillman Reaction to Organic Chemistry. Chem. Rev.

2010, 110, 5447–5674. [CrossRef] [PubMed]
13. Wei, Y.; Shi, M. Multifunctional Chiral Phosphine Organocatalysts in Catalytic Asymmetric Morita–Baylis–Hillman and Related

Reactions. Acc. Chem. Res. 2010, 43, 1005–1018. [CrossRef] [PubMed]
14. Aroyan, C.E.; Miller, S.J. Enantioselective Rauhut–Currier Reactions Promoted by Protected Cysteine. J. Am. Chem. Soc. 2007, 129,

256–257. [CrossRef] [PubMed]
15. Nair, V.; Menon, R.S.; Sreekanth, A.R.; Abhilash, N.; Biju, A.T. Engaging Zwitterions in Carbon–Carbon and Carbon–Nitrogen

Bond–Forming Reactions: A Promising Synthetic Strategy. Acc. Chem. Res. 2006, 39, 520–530. [CrossRef] [PubMed]
16. Methot, J.L.; Roush, W.R. Nucleophilic Phosphine Organocatalysis. Adv. Synth. Catal. 2004, 346, 1035–1050. [CrossRef]
17. Lu, X.Y.; Zhang, C.M.; Xu, Z.R. Reactions of Electron-Deficient Alkynes and Allenes under Phosphine Catalysis. Acc. Chem. Res.

2001, 34, 535–544. [CrossRef] [PubMed]
18. Yoshioka, K.; Yamada, K.; Uraguchi, D.; Ooi, T. Unique site-selectivity control in asymmetric Michael addition of azlactone to

alkenyl dienyl ketones enabled by P-spiro chiral iminophosphorane catalysis. Chem. Commun. 2017, 53, 5495–5498. [CrossRef]
[PubMed]

19. Li, E.Q.; Jin, H.X.; Jia, P.H.; Dong, X.L.; Huang, Y. Bifunctional-Phosphine-Catalyzed Sequential Annulations of Allenoates and
Ketimines: Construction of Functionalized Poly-heterocycle Rings. Angew. Chem. Int. Ed. 2016, 55, 11591–11594. [CrossRef]

20. Ziegler, D.T.; Riesgo, L.; Ikeda, T.; Fujiwara, Y.; Fu, G.C. Biphenyl-Derived Phosphepines as Chiral Nucleophilic Catalysts:
Enantioselective [4+1] Annulations To Form Functionalized Cyclopentene. Angew. Chem. Int. Ed. 2014, 53, 13183–13187.
[CrossRef]

21. Gicquel, M.; Gomez, C.; Retailleau, P.; Voituriez, A.; Marinetti, A. Synthesis of 3,3′-Spirocyclic Oxindoles via Phosphine Catalyzed
[4+2] Cyclizations. Org. Lett. 2013, 15, 4002–4005. [CrossRef] [PubMed]

22. Han, X.Y.; Wang, Y.Q.; Zhong, F.R.; Lu, Y.X. Enantioselective [3+2] Cycloaddition of Allenes to Acrylates Catalyzed by Dipeptide-
Derived Phosphines: Facile Creation of Functionalized Cyclopentenes Containing Quaternary Stereogenic Centers. J. Am. Chem.
Soc. 2011, 133, 1726–1729. [CrossRef] [PubMed]

23. Wang, T.; Ye, S. Diastereoselective Synthesis of 6-Trifluoromethyl-5,6-dihydropyrans via Phosphine-Catalyzed [4+2] Annulation
of α-Benzylallenoates with Ketones. Org. Lett. 2010, 12, 4168–4171. [CrossRef] [PubMed]

24. Zhang, Q.M.; Yang, L.; Tong, X.F. 2-(Acetoxymethyl)buta-2,3-dienoate, a Versatile 1,4-Biselectrophile for Phosphine-Catalyzed
(4+n) Annulations with 1,n-Bisnucleophiles (n = 1, 2). J. Am. Chem. Soc. 2010, 132, 2550–2551. [CrossRef] [PubMed]

https://doi.org/10.1007/s10593-018-2240-z
https://doi.org/10.1016/j.ejmech.2008.05.023
https://www.ncbi.nlm.nih.gov/pubmed/18602198
https://doi.org/10.1517/13543784.2012.668527
https://www.ncbi.nlm.nih.gov/pubmed/22385334
https://doi.org/10.1016/S0960-894X(00)00721-6
https://www.ncbi.nlm.nih.gov/pubmed/11266159
https://doi.org/10.1016/j.bmc.2006.09.021
https://www.ncbi.nlm.nih.gov/pubmed/17010615
https://doi.org/10.1016/j.bmc.2011.03.038
https://www.ncbi.nlm.nih.gov/pubmed/21481593
https://doi.org/10.1021/jm0580297
https://doi.org/10.1021/acs.chemrev.8b00081
https://www.ncbi.nlm.nih.gov/pubmed/30260217
https://doi.org/10.1021/acs.chemrev.8b00261
https://doi.org/10.1039/c3cc47368f
https://doi.org/10.1021/cr300192h
https://www.ncbi.nlm.nih.gov/pubmed/23679920
https://doi.org/10.1021/cr900291g
https://www.ncbi.nlm.nih.gov/pubmed/20735052
https://doi.org/10.1021/ar900271g
https://www.ncbi.nlm.nih.gov/pubmed/20232829
https://doi.org/10.1021/ja067139f
https://www.ncbi.nlm.nih.gov/pubmed/17212388
https://doi.org/10.1021/ar0502026
https://www.ncbi.nlm.nih.gov/pubmed/16906748
https://doi.org/10.1002/adsc.200404087
https://doi.org/10.1021/ar000253x
https://www.ncbi.nlm.nih.gov/pubmed/11456471
https://doi.org/10.1039/C7CC01715D
https://www.ncbi.nlm.nih.gov/pubmed/28470245
https://doi.org/10.1002/anie.201605189
https://doi.org/10.1002/anie.201405854
https://doi.org/10.1021/ol401798w
https://www.ncbi.nlm.nih.gov/pubmed/23879566
https://doi.org/10.1021/ja1106282
https://www.ncbi.nlm.nih.gov/pubmed/21226456
https://doi.org/10.1021/ol101762z
https://www.ncbi.nlm.nih.gov/pubmed/20712333
https://doi.org/10.1021/ja100432m
https://www.ncbi.nlm.nih.gov/pubmed/20131904


Int. J. Mol. Sci. 2024, 25, 6916 9 of 9

25. Chung, Y.K.; Fu, G.C. Phosphine-Catalyzed Enantioselective Synthesis of Oxygen Heterocycle. Angew. Chem. Int. Ed. 2009, 48,
2225–2227. [CrossRef] [PubMed]

26. Wurz, R.P.; Fu, G.C. Catalytic Asymmetric Synthesis of Piperidine Derivatives through the [4+2] Annulation of Imines with
Allenes. J. Am. Chem. Soc. 2005, 127, 12234–12235. [CrossRef] [PubMed]

27. Zhu, X.-F.; Lan, J.; Kwon, O. An Expedient Phosphine-Catalyzed [4+2] Annulation: Synthesis of Highly Functionalized Tetrahy-
dropyridines. J. Am. Chem. Soc. 2003, 125, 4716–4717. [CrossRef] [PubMed]

28. Trost, B.M.; Li, C.-J. Novel “Umpolung” in C-C Bond Formation Catalyzed by Triphenylphosphine. J. Am. Chem. Soc. 1994, 116,
3167–3168. [CrossRef]

29. Zhang, C.; Lu, X. Umpolung Addition Reaction of Nucleophiles to 2,3-Butadienoates Catalyzed by a Phosphine. Synlett 1995, 6,
645–646. [CrossRef]

30. Lu, C.; Lu, X.Y. Unexpected results in the reaction of active methylene compounds with phenylsulfonyl-1,2-propadiene triggered
by triphenylphosphine. Tetrahedron 2004, 60, 6575–6579. [CrossRef]

31. Li, E.Q.; Xie, P.Z.; Yang, L.H.; Liang, L.; Huang, Y. Tuning Catalysts to Tune the Products: Phosphine-Catalyzed Aza-Michael
Addition Reaction of Hydrazones with Allenoates. Chem. Asian J. 2013, 8, 603–610. [CrossRef] [PubMed]

32. Gandi, V.R.; Lu, Y.X. Phosphine-catalyzed regioselective Michael addition to allenoates. Chem. Commun. 2015, 51, 16188–16190.
[CrossRef] [PubMed]

33. Zhou, Q.-F.; Zhang, K.; Cai, L.C.; Kwon, O. Phosphine-Catalyzed Intramolecular Cyclizations of α-Nitroethylallenoates Forming
(Z)-Furanone Oximes. Org. Lett. 2016, 18, 2954–2957. [CrossRef] [PubMed]

34. Huang, Z.S.; Yang, X.Q.; Yang, F.L.; Lu, T.; Zhou, Q.F. Phosphine-Catalyzed Domino β/γ-Additions of Benzofuranones with
Allenoates: A Method for Unsymmetrical 3,3-Disubstituted Benzofuranones. Org. Lett. 2017, 19, 3524–3527. [CrossRef] [PubMed]

35. Szeto, J.; Sriramurthy, V.; Kwon, O. Phosphine-Initiated General Base Catalysis: Facile Access to Benzannulated 1,3-Diheteroatom
Five-Membered Rings via Double-Michael Reactions of Allenes. Org. Lett. 2011, 13, 5420–5423. [CrossRef] [PubMed]

36. Vaishanv, N.K.; Zaheer, M.K.; Kant, R.; Mohanan, K. Phosphine-Catalyzed β-Selective Conjugate Addition of α-Fluoro-β-
ketoamides to Allenic Esters. Eur. J. Org. Chem. 2019, 35, 6138–6142. [CrossRef]

37. Martin, T.J.; Vakhshori, V.G.; Tran, Y.S.; Kwon, O. Phosphine-Catalyzed β′-Umpolung Addition of Nucleophiles to Activated
α-Alkyl Allenes. Org. Lett. 2011, 13, 2586–2589. [CrossRef]

38. Guan, X.-Y.; Wei, Y.; Shi, M. Phosphane-Catalyzed Umpolung Addition Reaction of Nucleophiles to Ethyl 2-Methyl-2,3-
butadienoate. Eur. J. Org. Chem. 2011, 2011, 2673–2677. [CrossRef]

39. Feng, J.X.; Huang, Y. Phosphine-Catalyzed Remote 1,7-Addition for Synthesis of Diene Carboxylates. ACS Catal. 2020, 10,
3541–3547. [CrossRef]

40. Wang, D.; Song, Z.-F.; Wang, W.-J.; Xu, T. Highly Regio- and Enantioselective Dienylation of p-Quinone Methides Enabled by an
Organocatalyzed Isomerization/Addition Cascade of Allenoates. Org. Lett. 2019, 21, 3963–3967. [CrossRef]

41. Wu, L.L.; Chen, K.H.; Huang, Y.; Li, E.-Q. Phosphine-Catalyzed δ-Addition Reaction of γ-Substituted Allenoates with Isatin
Derivatives. Asian J. Org. Chem. 2020, 9, 1179–1182. [CrossRef]

42. Gao, Z.; Zhou, X.; Xie, L.; Wang, X.; Wang, S.; Liu, H.; Guo, H. Phosphine-Catalyzed [4+2] Annulation of Allenoates Bearing
Acidic Hydrogen with 1,1-Dicyanoalkenes. J. Org. Chem. 2024, 89, 7169–7174. [CrossRef] [PubMed]

43. Crystallographic Datas for 3da Has Been Deposited with the Cambridge Crystallographic Data Centre as Deposition Number
CCDC 2258229. [CrossRef]

44. Morales, S.; Guijarro, F.G.; Ruano, J.G.; Cid, M.B. A general aminocatalytic method for the synthesis of aldimines. J. Am. Chem.
Soc. 2014, 136, 1082. [CrossRef] [PubMed]

45. Zhao, Q.Y.; Pei, C.K.; Guan, X.Y.; Shi, M. Enantioselective Intermolecular Rauhut–Currier Reaction of Electron-Deficient Allenes
with Maleimides. Adv. Synth. Catal. 2011, 353, 1973–1979. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/anie.200805377
https://www.ncbi.nlm.nih.gov/pubmed/19212998
https://doi.org/10.1021/ja053277d
https://www.ncbi.nlm.nih.gov/pubmed/16131196
https://doi.org/10.1021/ja0344009
https://www.ncbi.nlm.nih.gov/pubmed/12696883
https://doi.org/10.1021/ja00086a074
https://doi.org/10.1055/s-1995-5042
https://doi.org/10.1016/j.tet.2004.06.081
https://doi.org/10.1002/asia.201201087
https://www.ncbi.nlm.nih.gov/pubmed/23297116
https://doi.org/10.1039/C5CC06197K
https://www.ncbi.nlm.nih.gov/pubmed/26392131
https://doi.org/10.1021/acs.orglett.6b01299
https://www.ncbi.nlm.nih.gov/pubmed/27232451
https://doi.org/10.1021/acs.orglett.7b01482
https://www.ncbi.nlm.nih.gov/pubmed/28598165
https://doi.org/10.1021/ol201730q
https://www.ncbi.nlm.nih.gov/pubmed/21932819
https://doi.org/10.1002/ejoc.201901199
https://doi.org/10.1021/ol200697m
https://doi.org/10.1002/ejoc.201100095
https://doi.org/10.1021/acscatal.0c00588
https://doi.org/10.1021/acs.orglett.9b01110
https://doi.org/10.1002/ajoc.202000246
https://doi.org/10.1021/acs.joc.4c00564
https://www.ncbi.nlm.nih.gov/pubmed/38679873
https://doi.org/10.5517/ccdc.csd.cc2fsw37
https://doi.org/10.1021/ja4111418
https://www.ncbi.nlm.nih.gov/pubmed/24359453
https://doi.org/10.1002/adsc.201100434

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Procedure for the Synthesis of N-Tosyl Imines 1 
	General Procedure for the Synthesis of -Succinimide-Substituted Allenoate 2 
	General Procedure for the Isomerization Cascade '-Addition Reaction 

	Conclusions 
	References

