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ABSTRACT: A Pd-catalyzed formal [4 + 1] cycloaddition
reaction of sulfur ylides and in situ-generated Pd-stabilized
zwitterions offers a convenient route to a series of functionalized
proline derivatives. The utility of this method is demonstrated by a
gram-scale synthesis and chemoselective functionalization of a
proline-based derivative.

Amphiphilic allylation reactions and related processes offer
a promising strategy for the rapid construction of

heterocyclic compounds through formal cycloaddition type
strategies.1 The design of metal-stabilized intermediates that
mediate these processes offers a platform to devise transition
metal-catalyzed transformations and typically endows the
corresponding products with useful functionality for down-
stream elaboration. In this regard, Trost’s Pd-trimethylene-
methane reagents serve as an exemplar for the synthesis of
carbocyclic and heterocyclic scaffolds.2

Inspired by the synthetic potential of Pd-stabilized
zwitterions, we and others have recently shown that N1-1,4-
dipole equivalents can be generated in situ in the presence of
Pd-catalysts and exploited in the synthesis of functionalized
piperidines.3 As shown in Scheme 1, we speculated that the use
of a carbene equivalent in place of an enolate surrogate could
allow us to access pyrrolidines in place of the already
established piperidine chemistry.4 Pyrrolidines are ranked the
top 5 nitrogen heterocycles in FDA-approved pharmaceuticals5

and are a key residue in controlling protein folding.6

Furthermore, within this particular class, 4-methyleneproline
has emerged as an important motif, as it is found in inhibitors
of proline dehydrogenase and tomaymycin analogues.7

We identified sulfur ylides as potential carbene surrogates
because of their intrinsic nucleophilic and electrophilic
properties. Moreover, their use in formal cycloaddition
processes has begun to emerge that confirmed their
compatibility with Pd-catalysis.8 We report herein the
successful realization of a formal [4 + 1] cycloaddition
strategy9 that provides functionalized pyrrolidines from readily
available starting materials.

■ RESULTS AND DISCUSSION

In order to confirm the viability of the proposed trans-
formation, we screened a range of Pd/ligand combinations in
an effort to promote the reaction of carbamate 1 with sulfur
ylide 2a, and selected results are shown in Table 1. Pd(PPh3)4

failed to produce 3a at room temperature (entry 1), whereas
Pd(dba)2, in conjunction with L1, gave a low conversion to the
desired pyrrolidine (entry 2). Increasing the reaction temper-
ature resulted in an improvement in conversion, and 3a was
isolated in 48% yield (entry 3). We were concerned that free
dba ligand could consume the sulfur ylide via cyclopropanation
and so switched instead to [η3-(C3H5)PdCl]2 as a precatalyst.
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Scheme 1. Amphiphilic Allylation Strategy to N-
Heterocycles
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Pleasingly, this reaction proceeded smoothly to generate the
desired product in 61% yield (entry 4). Exploring a range of
alternative solvents (e.g., PhMe, NMP, DCE) failed to improve
matters and so we opted to explore the scope of this method
under these conditions.
We first explored the scope of the method with respect to

zwitterion precursor 1. While the use of sulfone functional
groups tosyl (Ts), nosyl (Ns), and mesyl (Ms) 1a−c were
broadly effective, the reaction failed when using a Boc-
containing analogue, and only 1d was recovered. Next, we
investigated the scope of the Pd-catalyzed reaction of
carbamate 1a with sulfur ylides. The reactions of para-
substituted aromatic sulfur ylides containing both electron-
donating 4−5 and weak electron-withdrawing groups 6−8
were successful, giving similar yields (65−79%). More strongly
electron-withdrawing groups were less effective, leading to
complex crude reaction mixtures from which 9−10 were
isolated in low yields. A similar outcome was observed in the
case of the ortho-MeO containing example 11. Ylides bearing
meta-substituents, as well as 1-naphthyl and thiophene groups,
afforded the corresponding products 12−15 in acceptable
yields. In contrast, pyrrolidines prepared from ylides featuring
alkyl and ester functional groups 16−17 did not proceed
efficiently (Scheme 2).
The low yields observed in the formation of 17 (Scheme 2)

were particularly disappointing, as the potential to exploit this
chemistry in the synthesis of proline derivatives was a key
objective. Therefore, we speculated that the reactivity of the
corresponding ylide might be modulated by altering the nature
of the sulfonium cation. To this end, we changed to the
corresponding diphenyl sulfur ylide and were pleased to find
that the reaction proceeded smoothly at room temperature to
generate the desired product 17 in 69% yield. Interestingly, the
diphenylsulfonium group also delivered generally enhanced
yields in the case of aromatic ketone 9 and alkyl-substituted
ketone 18 as compared with the dimethyl sulfur ylides.
Encouraged by this result, we prepared sulfur ylide 19 bearing
an oxazolidinone auxiliary in an effort to control stereo-
chemistry at C2. Pleasingly, this also underwent the [4 + 1]
annulation to provide proline derivative 20 in 76% yield with
18:1 dr. Regarding the source of diastereocontrol in this case,

our working hypothesis is that this originates from the addition
of the Pd π-allyl complex to the open face of the enolate I,
followed by cyclization via II (Scheme 3).
Finally, we wanted to investigate the synthetic versatility of

these compounds. Accordingly, we performed the gram-scale
synthesis of 17 that served to highlight the scalability of this

Table 1. Catalyst Optimization Studies

entrya [Pd] ligand T (°C) yield (%)

1 Pd(PPh3)4 -- rt 0

2 Pd(dba)2 L1 rt 10

3 Pd(dba)2 L1 50 48

4 [η3-(C3H5)PdCl]2 L1 50 61
aCarbamate 1a (1.0 equiv), L1 (5.5 mol %), and [Pd] 5 mol % stirred
in anhydrous CH2Cl2 (0.5 mL per mmol of carbamate) at rt for 15
min, followed by addition of a solution of 2a (1.5 equiv) in CH2Cl2
(0.5 mL per mmol of carbamate) and the mixture stirred overnight at
rt or 50 °C.

Scheme 2. Scope of the [4 + 1] Annulation; Carbamate 1a−

d (1.0 Equiv), L1 (5.5 mol %), and [η3-(C3H5)PdCl]2 2.5
mol % Strirred in Anhydrous CH2Cl2 (0.5 mL per mmol of
Carbamate) at rt for 15 min, Followed by Addition of a
Solution of Ylide (1.5−3.0 Equiv) in CH2Cl2 (0.5 mL per
mmol of Carbamate) and the Mixture Stirred Overnight at
50 °C

Scheme 3. Reactivity of Diphenyl Sulfur Ylides

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c02178
J. Org. Chem. 2024, 89, 1552−1555

1553

https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=sch3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


method while delivering material to explore further function-
alization reactions. In this regard, the alkene underwent
efficient Ru-catalyzed oxidative cleavage to obtain 21 under
mild conditions. In addition, olefin metathesis generated the
corresponding dimethyl substituted olefin 22 in the presence
of catalytic amount of Hoveyda−Grubbs second generation
catalyst and Ti(OiPr)4.

10 Reduction of 17 provided alcohol 23
in high yield, while deprotection of the Ts group was achieved
using Mg/MeOH that also led to transesterification to
generate 24. The deprotected intermediate was conveniently
isolated as Boc derivative 24, albeit in a low overall yield.
Interestingly, attempts to remove the Ts group in 20 using
Mg/MeOH led to racemization; however, 20 could be
converted to Boc-protected pyrrolidine 26 with high stereo-
chemical retention while at the same time confirming the
absolute stereochemistry at C2 (see the Supporting Informa-
tion for details) (Scheme 4).

■ CONCLUSIONS

In summary, we have described a robust and versatile
palladium-catalyzed [4 + 1] annulation for the synthesis of
4-methyleneproline derivatives. These compounds have the
potential for orthogonal functionalization, and this, together
with their low molecular weight, makes them a useful class of
scaffolds for early-stage drug discovery programs.

■ ASSOCIATED CONTENT

Data Availability Statement

The data underlying this study are available in the published
article and its online Supporting Information.

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178.

Details of experimental procedures and spectroscopic
data; NMR spectral data are included (PDF)

■ AUTHOR INFORMATION

Corresponding Author

Joseph P. A. Harrity − Department of Chemistry, University of
Sheffield, Sheffield S3 7HF, U.K.; orcid.org/0000-0001-
5038-5699; Email: j.harrity@sheffield.ac.uk

Authors

Jiaxin Han − Department of Chemistry, University of Sheffield,
Sheffield S3 7HF, U.K.

Wenzheng Gao − Department of Chemistry, University of
Sheffield, Sheffield S3 7HF, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.3c02178

Notes

The authors declare no competing financial interest.

■ REFERENCES

(1) (a) Allen, B. D. W.; Lakeland, C. P.; Harrity, J. P. A. Utilizing
Palladium-Stabilized Zwitterions for the Construction of N-Hetero-
cycles. Chem. - Eur. J. 2017, 23, 13830−13857. (b) Zuo, L.; Liu, T.;
Chang, X.; Guo, W. An Update of Transition Metal-Catalyzed
Decarboxylative Transformations of Cyclic Carbonates and Carba-
mates. Molecules 2019, 24, 3930−3946.
(2) Trost, B. M.; Mata, G. Forging Odd-Membered Rings:
Palladium-Catalyzed Asymmetric Cycloadditions of Trimethylene-
methane. Acc. Chem. Res. 2020, 53, 1293−1305.
(3) (a) Wang, C.; Tunge, J. A. Decarboxylative ring contractions and
olefin insertions of vinyl oxazinanones. Org. Lett. 2006, 8, 3211−3214.
(b) Shintani, R.; Moriya, K.; Hayashi, T. Guiding the nitrogen
nucleophile to the middle: palladium-catalyzed decarboxylative
cyclopropanation of 2-alkylidenetrimethylene carbonates with iso-
cyanates. Chem. Commun. 2011, 47, 3057−3059. (c) Allen, B. D. W.;
Connolly, M. J.; Harrity, J. P. A. A Pd-Catalyzed Synthesis of
Functionalized Piperidines. Chem. - Eur. J. 2016, 22, 13000−13003.
(d) Wang, Y. N.; Xiong, Q.; Lu, L. Q.; Zhang, Q. L.; Wang, Y.; Lan,
Y.; Xiao, W. J. Inverse-Electron-Demand Palladium-Catalyzed
Asymmetric [4 + 2] Cycloadditions Enabled by Chiral P,S-Ligand
and Hydrogen Bonding. Angew. Chem., Int. Ed. 2019, 58, 11013−

11017. (e) García-Vázquez, V.; Hoteite, L.; Lakeland, C. P.; Watson,
D. W.; Harrity, J. P. A. A Pd-Catalyzed [4 + 2] Annulation Approach
to Fluorinated N-Heterocycles. Org. Lett. 2021, 23, 2811−2815.
(f) Han, J.; Hoteite, L.; Harrity, J. P. A. Development of an
Enantioselective Allylic Alkylation of Acyclic alpha-Fluoro-beta-
ketoesters for Asymmetric Synthesis of 3-Fluoropiperidines. Chem. -
Eur. J. 2022, 28, No. e202201595, DOI: 10.1002/chem.202201595.
(g) Yuan, S.-P.; Bao, Q.; Sun, T.-J.; Zhao, J.-Q.; Wang, Z.-H.; You, Y.;
Zhang, Y.-P.; Zhou, M.-Q.; Yuan, W.-C. Catalytic Enantioselective
alpha-Allylation of Deconjugated Butenolides with Aza-pi-allylpalla-
dium 1,4-Dipoles: Access to Optically Pure 2-Piperidones Bearing an
All-Carbon Quaternary Stereocenter. Org. Lett. 2022, 24, 8348−8353.
(h) Chen, B.-H.; Liu, S.-J.; Zhao, Q.; Hou, Q.; Yuan, J.-L.; Zhan, G.;
Yang, Q.-Q.; Huang, W. Palladium-catalyzed asymmetric [4 + 2]
annulation of vinyl benzoxazinanones with pyrazolone 4,5-diones to
access spirobenzoxazine frameworks. Chem. Commun. 2023, 59,

Scheme 4. Chemoselective Functionalization of Proline
Derivatives 17 and 20a

aReagents and conditions: (a) RuCl3 (0.3 equiv), NaIO4 (8 equiv),
MeCN/DCM/H2O (1:1:2 v/v/v), 0 °C to rt, 4 h; (b) H-G II (10
mol %), 2-methyl-2-butene, Ti(OiPr)4 (30 mol %), DCE, 50 °C, 16
h; (c) LiAlH4 (1.2 equiv), THF, 0 °C, 1 h; (d) Mg (70 equiv),
MeOH, ultrasonication, 6 h; Boc2O (2.0 equiv), TEA (2.2 equiv),
DMAP (10 mol %), DCM, rt, 16 h; (e) LiAlH4 (1.0 equiv), THF, 0
°C, 1 h; TBSCl (1.1 equiv), imidazole (1.1 equiv), DCM, rt, 16 h; and
(f) Mg (70 equiv), MeOH, ultrasonication, 60 °C, 6 h; Boc2O (2.0
equiv), TEA (2.2 equiv), DMAP (10 mol %), DCM, rt, overnight.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c02178
J. Org. Chem. 2024, 89, 1552−1555

1554

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c02178/suppl_file/jo3c02178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c02178/suppl_file/jo3c02178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c02178/suppl_file/jo3c02178_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c02178/suppl_file/jo3c02178_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+P.+A.+Harrity"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5038-5699
https://orcid.org/0000-0001-5038-5699
mailto:j.harrity@sheffield.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaxin+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenzheng+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?ref=pdf
https://doi.org/10.1002/chem.201702486
https://doi.org/10.1002/chem.201702486
https://doi.org/10.1002/chem.201702486
https://doi.org/10.3390/molecules24213930
https://doi.org/10.3390/molecules24213930
https://doi.org/10.3390/molecules24213930
https://doi.org/10.1021/acs.accounts.0c00152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0610744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0610744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1002/chem.201602586
https://doi.org/10.1002/chem.201602586
https://doi.org/10.1002/anie.201905993
https://doi.org/10.1002/anie.201905993
https://doi.org/10.1002/anie.201905993
https://doi.org/10.1021/acs.orglett.1c00752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202201595
https://doi.org/10.1002/chem.202201595
https://doi.org/10.1002/chem.202201595
https://doi.org/10.1002/chem.202201595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CC06621A
https://doi.org/10.1039/D2CC06621A
https://doi.org/10.1039/D2CC06621A
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02178?fig=sch4&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


1233−1236. (i) Gao, W.; Han, J.; Greaves, S.; Harrity, J. P. A.
Asymmetric Synthesis of Functionalizable Type II β-Turn-Inducing α-
Amino Acid Building Blocks. Org. Lett. 2023, 25, 6555−6559,
DOI: 10.1021/acs.orglett.3c02376.
(4) For selected approaches to alkene-functionalized pyrrolidines
see: (a) Kimura, M.; Tamaki, T.; Nakata, M.; Tohyama, K.; Tamaru,
Y. Convenient Synthesis of Pyrrolidines by Amphiphilic Allylation of
Imines with 2-Methylenepropane-1,3-diols. Angew. Chem., Int. Ed.
2008, 47, 5803−5805. (b) Lowe, M. A.; Ostovar, M.; Ferrini, S.;
Chen, C. C.; Lawrence, P. G.; Fontana, F.; Calabrese, A. A.; Aggarwal,
V. K. Palladium-mediated annulation of vinyl aziridines with Michael
acceptors: stereocontrolled synthesis of substituted pyrrolidines and
its application in a formal synthesis of (−)-alpha-kainic acid. Angew.
Chem., Int. Ed. 2011, 50, 6370−6374. (c) Cai, W.; Wu, J.; Zhang, H.;
Jalani, H. B.; Li, G.; Lu, H. Rh-Catalyzed Chemoselective [4 + 1]
Cycloaddition Reaction toward Diverse 4-Methyleneprolines. J. Org.
Chem. 2019, 84, 10877−10891. (d) Procopiou, G.; Lewis, W.;
Harbottle, G.; Stockman, R. A. Cycloaddition of Chiral tert-
Butanesulfinimines with Trimethylenemethane. Org. Lett. 2013, 15,
2030−2033.
(5) (a) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
structural diversity, substitution patterns, and frequency of nitrogen
heterocycles among US FDA approved pharmaceuticals: miniper-
spective. J. Med. Chem. 2014, 57, 10257−10274. (b) Galliford, C. V.;
Scheidt, K. A. Pyrrolidinyl-spirooxindole natural products as
inspirations for the development of potential therapeutic agents.
Angew. Chem., Int. Ed. 2007, 46, 8748−8758.
(6) (a) MacArthur, M. W.; Thornton, J. M. Influence of proline
residues on protein conformation. J. Mol. Biol. 1991, 218, 397−412.
(b) Yaron, A.; Naider, F.; Scharpe, S. Proline-dependent structural
and biological properties of peptides and proteins. Crit. Rev. Biochem.
Mol. Biol. 1993, 28, 31−81.
(7) (a) Manfre, F.; Kern, J. M.; Biellmann, J. F. Syntheses of proline
analogs as potential mechanism-based inhibitors of proline dehydro-
genase: 4-methylene-L-,(E)-and (Z)-4-(fluoromethylene)-L-, cis-and
trans-5-ethynyl-(±)-, and cis-and trans-5-vinyl-L-proline. J. Org. Chem.
1992, 57, 2060−2065. (b) Panday, S. K.; Griffart-Brunet, D.;
Langlois, N. A short and efficient synthesis of (S)-4-methylene
proline benzyl ester from (S)-pyroglutamic acid. Tetrahedron Lett.
1994, 35, 6673−6676.
(8) (a) Li, T. R.; Tan, F.; Lu, L. Q.; Wei, Y.; Wang, Y. N.; Liu, Y. Y.;
Yang, Q. Q.; Chen, J. R.; Shi, D. Q.; Xiao, W. J. Asymmetric trapping
of zwitterionic intermediates by sulphur ylides in a palladium-
catalysed decarboxylation-cycloaddition sequence. Nat. Commun.
2014, 5, No. 5500, DOI: 10.1038/ncomms6500. (b) Punna, N.;
Das, P.; Gouverneur, V.; Shibata, N. Highly diastereoselective
synthesis of trifluoromethyl indolines by interceptive benzylic
decarboxylative cycloaddition of nonvinyl, trifluoromethyl benzox-
azinanones with sulfur ylides under palladium catalysis. Org. Lett.
2018, 20, 1526−1529. (c) Lu, Y. X.; Zhu, L. W.; Lv, T. K.; Chen, B.
H. Synthesis of 2, 4-diarylthiazoles throuth palladium-catalyzed
cyclization of sulfoxonium ylides and benzothioamide. Tetrahedron
Lett. 2022, 105, No. 154051. (d) Wang, B. C.; Rao, L.; Fang, K. X.;
Qu, B. L.; Xiong, F. Y.; Feng, Y.; Tan, Y.; Lu, L. Q.; Xiao, W. J.
Dearomatization-Rearomatization Reaction of Metal-Polarized Aza-
ortho-Quinone Methides. Angew. Chem., Int. Ed. 2023, 62,
No. e202301592, DOI: 10.1002/anie.202301592.
(9) (a) Wang, Q.; Li, T. R.; Lu, L. Q.; Li, M. M.; Zhang, K.; Xiao, W.
J. Catalytic asymmetric [4+ 1] annulation of sulfur ylides with
copper−allenylidene intermediates. J. Am. Chem. Soc. 2016, 138,
8360−8363. (b) Chen, J. R.; Dong, W. R.; Candy, M.; Pan, F. F.;
Jörres, M.; Bolm, C. Enantioselective Synthesis of Dihydropyrazoles
by Formal [4 + 1] Cycloaddition of in Situ-Derived Azoalkenes and
Sulfur Ylides. J. Am. Chem. Soc. 2012, 134, 6924−6927. (c) Wang, Q.;
Qi, X.; Lu, L. Q.; Li, T. R.; Yuan, Z. G.; Zhang, K.; Li, B. J.; Lan, Y.;
Xiao, W. J. Iron-Catalyzed Decarboxylative (4 + 1) Cycloadditions:
Exploiting the Reactivity of Ambident Iron-Stabilized Intermediates.
Angew. Chem., Int. Ed. 2016, 55, 2840−2844. (d) Wang, Q.; Li, T. R.;
Lu, L. Q.; Li, M. M.; Zhang, K.; Xiao, W. J. Catalytic Asymmetric [4 +

1] Annulation of Sulfur Ylides with Copper−Allenylidene Inter-
mediates. J. Am. Chem. Soc. 2016, 138, 8360−8363. (e) Yang, Q. Q.;
Xiao, W. J. Catalytic Asymmetric Synthesis of Chiral Dihydrobenzo-
furans through a Formal [4 + 1] Annulation Reaction of Sulfur Ylides
and In Situ Generated ortho-Quinone Methides. Eur. J. Org. Chem.
2017, 2017, 233−236. (f) Shao, J.; Chen, W.; Zhao, M.; Shu, K.; Liu,
H.; Tang, P. Substrate- Controlled Synthesis of Spirocyclopropylpyr-
azolones and Bicyclic 4,5-Dihydropyrazoles from 1,2-Diaza-1,3-dienes
with Sulfur Ylides. Org. Lett. 2018, 20, 3992−3995. (g) Aher, R. D.;
Kumar, B. S.; Sudalai, A. Proline-Catalyzed Sequential syn-Mannich
and [4 + 1]-Annulation Cascade Reactions To Form Densely
Functionalized Pyrrolidines. J. Org. Chem. 2015, 80, 2024−2031.
(h) Zhao, S.; Wang, H.; Sun, S.; Guo, H.; Chen, Z.; Wang, J.; Wang,
L.; Liang, S.; Wang, G. An efficient synthesis of 2-isoxazolines from α-
haloketone oximes and dimethyl sulfonium salts. Tetrahedron Lett.
2019, 60, 382−385. (i) Ushakov, P. Y.; Ioffe, S. L.; Sukhorukov, A. Y.
Recent Advances in the Application of Ylide-Like Species in [4 + 1]-
Annulation Reactions: An Updated Review. Org. Chem. Front. 2022,
9, 5358−5382.
(10) Muthusamy, S.; Azhagan, D. Titanium Isopropoxide Promoted
Tandem Self-Cross and Ring-Closing Metathesis Approach for the
Synthesis of Macrotetralides. Eur. J. Org. Chem. 2014, 2014, 363−370.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c02178
J. Org. Chem. 2024, 89, 1552−1555

1555

https://doi.org/10.1021/acs.orglett.3c02376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c02376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c02376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200801252
https://doi.org/10.1002/anie.200801252
https://doi.org/10.1002/anie.201101389
https://doi.org/10.1002/anie.201101389
https://doi.org/10.1002/anie.201101389
https://doi.org/10.1021/acs.joc.9b01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol400720b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol400720b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200701342
https://doi.org/10.1002/anie.200701342
https://doi.org/10.1016/0022-2836(91)90721-H
https://doi.org/10.1016/0022-2836(91)90721-H
https://doi.org/10.3109/10409239309082572
https://doi.org/10.3109/10409239309082572
https://doi.org/10.1021/jo00033a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00033a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00033a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00033a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(00)73465-4
https://doi.org/10.1016/S0040-4039(00)73465-4
https://doi.org/10.1038/ncomms6500
https://doi.org/10.1038/ncomms6500
https://doi.org/10.1038/ncomms6500
https://doi.org/10.1038/ncomms6500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2022.154051
https://doi.org/10.1016/j.tetlet.2022.154051
https://doi.org/10.1002/anie.202301592
https://doi.org/10.1002/anie.202301592
https://doi.org/10.1002/anie.202301592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja301196x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja301196x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja301196x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201510413
https://doi.org/10.1002/anie.201510413
https://doi.org/10.1021/jacs.6b04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201601186
https://doi.org/10.1002/ejoc.201601186
https://doi.org/10.1002/ejoc.201601186
https://doi.org/10.1021/acs.orglett.8b01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo5028886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo5028886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo5028886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2018.12.062
https://doi.org/10.1016/j.tetlet.2018.12.062
https://doi.org/10.1039/D2QO00698G
https://doi.org/10.1039/D2QO00698G
https://doi.org/10.1002/ejoc.201301239
https://doi.org/10.1002/ejoc.201301239
https://doi.org/10.1002/ejoc.201301239
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

