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ABSTRACT: An unprecedented reductive [2 + 1] annulation of
α-keto esters with alkynones mediated by P(NMe2)3 is described.
Although this nonmetal cyclopropenation is a nucleophilic process,
attributed to the ester migration via a formal [2 + 2] cycloaddition
reaction of Kukhtin−Ramirez adducts and alkynones followed by a
fragmentation, cyclopropenes with an unbiased alkene scaffold are
formed in good to excellent yields, thus providing a promising
complementarity to electrophilic metal-catalyzed cyclopropenation.

As the smallest unsaturated carbocyclic compounds with an
endo-cyclic double bond, cyclopropenes are highly

strained and reactive and serve as important synthons in
organic synthesis.1 Therefore, considerable effort has been
devoted toward the synthesis of this class of molecules. Besides
the classical cyclopropene generation from 1,2-elimination of
halocyclopropanes2 and the rearrangement of the vinylcarbene
intermediates,3,4 carbene transfer to alkynes is one of the most
straightforward constructions of such carbocycles (Scheme 1).1

Nevertheless, most of such carbene transfer processes are
generally promoted by electrophilic transition metal cata-

lysts.1,5 Despite difluorocarbene is known to add direct to
alkynes for a long time,6,7 until recently transfer of non-
fluorinated carbenes to alkynes has been realized by the use of
the isolable N,N′-diamidocarbene8 or blue-light irradiation.9

Remarkably differing from the viability of alkene cyclo-
propanation with both electrophilic transition metal carbe-
noids and nucleophilic ylides,10 we intriguingly found that, to
the best of our acknowledge, cyclopropenation of activated
alkynes with the nucleophilic carbenoids like ylides is yet
unprecedented (Scheme 1),11 though alkenylation of ylides
with activated alkynes has been reported.12,13

The adducts of trivalent phosphorus agents with 1,2-
dicarbonyl compounds, known as the Kukhtin−Ramirez
adducts (KRAs), have been widely used as convenient
nucleophilic carbenoids in organic synthesis,14,15 especially
for rapid access to the highly substituted cyclopropanes from
electron-deficient alkenes.16 However, there is no report on the
reaction of KRAs with activated alkynes. In continuation of our
interest in the vinylated KRAs,17 we recently tried to prepare
the vinylated KRAs from simple KRAs with activated alkynes
via a formal [2 + 2] cycloaddition/fragmentation sequence like
insertion of alkynes/arynes into β-dicarbonyl compounds.18

To our surprise, we found that KRAs reacted smoothly with
activated alkynes to give cyclopropenes with the unbiased
alkene scaffold, featuring migration of the unreacted ester
group in 1,2-dicarbonyl substrates (Scheme 1). The stronger
leaving ability of P(V) oxides and the lack of the stabilizing α-
substituents in the in situ formed vinylated KRAs may account
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Scheme 1. Cyclopropenes via Carbene Transfer to Alkynes
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for the outcome of cyclopropenes. Due to the inherent low
reactivity of the related diazo compounds in transition-metal-
catalyzed cyclopropenation,5f preparation of the 3,3-acceptor/
acceptor cyclopropenes is often restricted to terminal
alkynes.19,20 Moreover, such transition-metal-catalyzed ap-
proaches for these cyclopropenes also suffer from the
cycloisomerization to the furan derivatives promoted by the
same electrophilic transition-metal catalysts.21 In this context,
we herein report a metal-free P(III) reagent mediated
cyclopropenation reaction for such unbiased cyclopropenes
as a promising alternative.
Initially, the KRA derived from methyl benzoylformate (1a)

and P(NMe2)3 was subjected to react with alkynone 2a in
frozen CH3CN, which, after slowly warmed to rt and stirred at
rt for 11 h, afforded cyclopropene 4 in 49% yield with no
formation of 3 (Scheme 2). Compound 3 was independently

synthesized by blue-light induced cyclopropenation of the
propargylic alcohol with diazo compound followed by the
Dess−Martin oxidation.9b Furthermore, 3 was not an
intermediate product of the reaction, since no conversion of
3 to 4 under the reaction condition was observed. The
structure of 4 was unambiguously confirmed by single-crystal
X-ray crystallography of its analogues 10 and 37.
The unexpected formation of 4, featuring the shift of an

ester group and an olefinic bond, prompts us to investigate the
reaction further. Among the examined solvents, DCM is the
most effective (Table 1, entries 1−3). While reactions in DCE
and DCM at −35 °C gave comparable reaction efficiency
(Table 1, entries 4 and 5), an improved yield of 4 was obtained
from the reaction in DCM at −53 °C (Table 1, entry 6), at

which temperature DCE is frozen. The addition of P(NMe2)3
to the mixture of 1a and 2a slightly affect the reaction (Table
1, entry 7); on the other hand, the warming rate of the reaction
is critical, since the immediate removal of the cooling bath after
the addition of 2a resulted in an evident jump of the yield
(Table 1, entry 8). Pleasingly, the reaction performed in a
higher concentration remarkably improved the product yield of
4 to 89% (Table 1, entry 9). The yield of 4 was slightly
improved by the use of 1.50 equiv of the KRAs (Table 1, entry
10). By contrast, trimethyl phosphite is not an effective
promoter (Table 1, entry 11).
As depicted in Table 2, this nonmetal cyclopropenation

reaction tolerates a wide range of various functionalities. Ethyl
(1b) and benzyl (1c) benzoylformates are as reactive as 1a;
however, the hindered alkyl benzoylformates are much less
efficient (Table 2, entries 3 and 4). Reactions with α-keto
esters 1 bearing the electron-withdrawing groups at the para-
position of the aromatic ring gave the desired products in goodScheme 2. Cyclopropenation of Alkynone 2a with KRA

Table 1. Optimization of Reaction Conditions

entry 2a (c) (M) T (°C) time (min) solvent 4a (yield, %)

1 0.1 −78 10 THF 32
2 0.1 −78 10 PhCH3 18
3 0.1 −78 10 DCM 44
4b 0.1 −35 DCE 57
5b 0.1 −35 DCM 58
6 0.1 −53 5 DCM 65
7b 0.1 −53 DCM 63
8c 0.1 −53 5 DCM 47
9d 0.2 −53 5 DCM 89
10d,e 0.2 −53 5 DCM 93
11d,f 0.2 M −53 5 DCM <5

aPerformed on a 0.20 mmol scale of 2a. Isolated yield. b1a and 2a
were first dissolved in solvent before cooling. cThe cooling bath was
removed after stirring for 10 min with the addition of 2a. d2a (0.40
mmol). e1a (1.50 equiv) and P(NMe2)3 (1.58 equiv). fP(OMe3)
(1.26 equiv) was used as the promoter.

Table 2. Nonmetal Cyclopropenation of Alkynones (2) with
Various Aryl α-Ketoesters (1)

entry 1 (X, R) 2 (Ar1, Ar2) yielda (%)

1 1b (H, Et) 2a (Ph, Ph) 5, 79
2 1c (H, Bn) 2a (Ph, Ph) 6, 85
3 1d (H, iPr) 2a (Ph, Ph) 7, 43
4 1e (H, tBu) 2a (Ph, Ph) 8, 13
5 1f (4-Cl, Me) 2a (Ph, Ph) 9, 94
6 1g (4-Br, Me) 2a (Ph, Ph) 10, 94
7 1h (4-F, Me) 2a (Ph, Ph) 11, 66
8 1i (4-Me, Me) 2a (Ph, Ph) 12, 54
9 1j (4-OMe, Me) 2a (Ph, Ph) 13, 16
10 1k (4-CN, Me) 2a (Ph, Ph) 14, 90
11 1l (4-I, Et) 2a (Ph, Ph) 15, 88
12 1m (3-F, Me) 2a (Ph, Ph) 16, 97
13 1n (3-Cl, Me) 2a (Ph, Ph) 17, 81
14 1o (3-Br, Me) 2a (Ph, Ph) 18, 90
15 1p (3-Me, Me) 2a (Ph, Ph) 19, 76
16 1q (3-OMe, Me) 2a (Ph, Ph) 20, 87
17 1r (3-Br,4-F, Me) 2a (Ph, Ph) 21, 88
18 1a (H, Me) 2b (4-ClC6H4, Ph) 9, 71
19 1a (H, Me) 2c (4-BrC6H4, Ph) 10, 72
20 1a (H, Me) 2d (4-FC6H4, Ph) 11, 90
21 1a (H, Me) 2e (4-MeC6H4, Ph) 12, 77b

22 1a (H, Me) 2f (4-MeOC6H4, Ph) 13, 83b

23 1a (H, Me) 2g (4-NCC6H4, Ph) 14, 70b

24 1a (H, Me) 2h (3-MeC6H4, Ph) 19, 71
25 1a (H, Me) 2i (2-ClC6H4, Ph) 22, 43
26 1a (H, Me) 2j (Ph, 4-FC6H4) 23, 84
27 1a (H, Me) 2k (Ph, 4-ClC6H4) 24, 75
28 1a (H, Me) 2l (Ph, 4-BrC6H4) 25, 72
29 1a (H, Me) 2m (Ph, 4-MeC6H4) 26, 80b

30 1a (H, Me) 2n (Ph, 4-MeOC6H4) 27, 77c

31 1a (H, Me) 2o (Ph, 3-MeC6H4) 28, 68b

32 1a (H, Me) 2p (Ph, 2-MeC6H4) 29, 89b

aPerformed on a 0.40 mmol scale of 2. Isolated yield. b1a (1.50
equiv) and P(NMe2)3 (1.58 equiv). c1a (1.58 equiv) and P(NMe2)3
(1.65 equiv).
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to excellent yields, whereas reactions with those substituted by
the electron-donating groups at the para-position produced the
desired products in much lower yields (Table 2, entries 5−11).
A small electronic effect of the meta-substituents in aryl α-keto
esters was observed (Table 2, entries 12−17).
Benefiting from the shift of the ester group and the olefinic

bond, the aryl groups in α-keto esters and alkynones converted
to the unbiased cyclopropenes are equivalent to each other,
thus providing two alternatives for these strained carbocycles.
For example, 9−14 and 19 were also successfully prepared
from the cyclopropenation of alkynones 2b−h with 2a and
P(NMe2)3 in good yields (Table 2, entries 18−24), although
alkynones with electron-donating or strongly electron-with-
drawing aryl groups are not as reactive as 2a. Notably, for the
challenging electron-rich α-keto esters 1j (Table 2, entry 9),
the other method was proved to be promising, which gave the
target product 13 in 83% yield with the use of 1.50 equiv of 1a
(Table 2, entry 22). Even though ortho-substituted aryl α-keto
esters were unreactive, o-chlorophenyl cyclopropene 22 could
be obtained in 43% yield from ortho-substituted aryl alkynone
2i with 1a (Table 2, entry 25).
With respect to the aroyl groups of alkynones, those

substituted by the electron-withdrawing halo groups (2j−l) are
generally more reactive than those functionalized with
electron-donating methyl or methoxy groups (2m−p),
regardless of the substituted position on the aromatic ring.
Gratifyingly, for the latter cases, good isolated yields of the
products remained accessible by using more equivalents of α-
keto esters and P(NMe2)3 (Table 2, entries 29−32).
Heteroaryl-substituted cyclopropenes are also accessible by

this P(NMe2)3-mediated nucleophilic cyclopropenation reac-
tion. As shown in Figure 1, thienyl-derived cyclopropenes were

generally obtained in better yields than either pyridinyl- or
furyl-substituted ones, presumably due to the weak electronic
effect of the thienyl ring. Like the aryl substrates, two synthetic
routes for the heteroaryl cyclopropenes like 30 are effective as
well and improved product yields could be obtained by using
more equivalents of KRAs, for example, the synthesis of 34.
Unfortunately, alkyl substituents in both reagents, such as

phenylethyl-, methyl-, and tert-butyl-substituted α-keto esters
or methyl- and tert-butyl-substituted alkynones, are problem-
atic for this reaction at this stage.
To show the synthetic complementarity of this reaction to

the transition-metal carbenoid method, cyclopropenes 36 and
37 were selectively prepared from α-keto esters 1u and 1v
bearing an alkenyl or an alkynyl group with suitable alkynones
in good yields, respectively, which otherwise would be quite
cumbersome to prepare by transition-metal-catalyzed carbene
transfer to alkynes (Figure 2). For the synthesis of 36, the

metal carbenoid intermediate bearing the allyl group prefers
intramolecular cyclopropanation.14c,22 On the other hand, the
discrimination of the metal carbenoid toward the two alkynyl
units with small electronic and steric differences in the diyne
38 is apparently challenging.23

As shown in Scheme 3, gram-scale cyclopropene 4 was
readily obtained by this nonmetal cyclopropenation without
any loss of the product yield. Besides the potential decoration
of cyclopropenes such as 10, 15, and 25 via cross-coupling
reactions, 4 was converted to compounds 39−42 by selective
reduction, cycloisomerization,21c and Wittig-olefination as well
(Scheme 3).
In summary, we have developed a nucleophilic cyclo-

propenation reaction of alkynones with the Kukhtin−Ramirez
adducts derived from α-keto esters and P(NMe2)3, which
involves an unexpected migration of the ester group, thereby
giving cyclopropenes with the unbiased endo-cyclic double
bond. The mild and efficient nonmetal access to unbiased
cyclopropenes in a nucleophilic manner would provide a
promising complementarity to the well-explored electrophilic
metal-catalyzed cyclopropenation in both reactivity and
selectivity issues.

Figure 1. Access to heteroaryl-substituted cyclopropenes: 1 (0.48
mmol), 2 (0.40 mmol, 0.2 M), and P(NMe2)3 (0.50 mmol) in DCM.
Isolated yield. (a) 1a (1.50 equiv) and P(NMe2)3 (1.58 equiv).

Figure 2. Selective synthesis of 36 and 37. Thermal ellipsoid is set at
50% probability.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c00498
Org. Lett. 2021, 23, 2590−2594

2592

https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=fig2&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00498?rel=cite-as&ref=PDF&jav=VoR


■ ASSOCIATED CONTENT
*sı Supporting Information

TThe Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498.

Mass spectra list reports (PDF)
Experimental procedures, characterization data, and
spectra (PDF)

Accession Codes

CCDC 2059829−2059830 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

Sunewang R. Wang − Chang-Kung Chuang Institute, School
of Chemistry and Molecular Engineering and Shanghai
Engineering Research Center of Molecular Therapeutics and
New Drug Development, East China Normal University,
Shanghai 200241, China; orcid.org/0000-0002-7099-
2928; Email: rxwang@chem.ecnu.edu.cn

Authors

Pengwei Tan − Chang-Kung Chuang Institute, School of
Chemistry and Molecular Engineering, East China Normal
University, Shanghai 200241, China

Haoran Wang − Chang-Kung Chuang Institute, School of
Chemistry and Molecular Engineering, East China Normal
University, Shanghai 200241, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.1c00498

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was sponsored by the National Natural Science
Foundation of China (No. 22071059), the Program for
Professor of Special Appointment (Eastern Scholar) at
Shanghai Institutions of Higher Learning, Shanghai Pujiang
Program (Grant No. 19PJ1402700), and the East China

Normal University (ECNU). We thank Prof. Xiao-Li Zhao
(ECNU) for assistance with X-ray diffraction analysis.

■ REFERENCES
(1) Reviews with topics on cyclopropenes: (a) Zhu, Z.-B.; Wei, Y.;
Shi, M. Recent Developments of Cyclopropene Chemistry. Chem. Soc.
Rev. 2011, 40, 5534. (b) Marek, I.; Simaan, S.; Masarwa, A.
Enantiomerically Enriched Cyclopropene Derivatives: Versatile
Building Blocks in Asymmetric Synthesis. Angew. Chem., Int. Ed.
2007, 46, 7364. (c) Carter, F. L.; Frampton, V. L. Review of the
Chemistry of Cyclopropene Compounds. Chem. Rev. 1964, 64, 497.
(d) Rubin, M.; Rubina, M.; Gevorgyan, V. Transition Metal
Chemistry of Cyclopropenes and Cyclopropanes. Chem. Rev. 2007,
107, 3117. (e) Archambeau, A.; Miege, F.; Meyer, C.; Cossy, J.
Intramolecular Cyclopropanation and C−H Insertion Reactions with
Metal Carbenoids Generated from Cyclopropenes. Acc. Chem. Res.
2015, 48, 1021−1031. (f) Miege, F.; Meyer, C.; Cossy, J. When
Cyclopropenes Meet Gold Catalysts. Beilstein J. Org. Chem. 2011, 7,
717. (g) Deng, Y.; Doyle, M. P. Versatile Donor−Acceptor
Cyclopropenes in Metal Carbene Transformations. Isr. J. Chem.
2016, 56, 399. (h) Fox, J. M.; Yan, N. Metal Mediated and Catalyzed
Nucleophilic Additions to Cyclopropenes. Curr. Org. Chem. 2005, 9,
719.
(2) Sherrill, W. M.; Kim, R.; Rubin, M. Improved Preparative Route
Toward 3-Arylcyclopropenes. Tetrahedron 2008, 64, 8610.
(3) Deng, Y.; Jing, C.; Doyle, M. P. Dinitrogen Extrusion from
Enoldiazocompounds under Thermal Conditions: Synthesis of
Donor−Acceptor Cyclopropenes. Chem. Commun. 2015, 51, 12924.
(4) An elegant example on cyclopropenation of alkylidene carbenes:
Li, J.; Sun, C.; Lee, D. Cyclopropenation of Alkylidene Carbenes
Derived from α-Silyl Ketones. J. Am. Chem. Soc. 2010, 132, 6640.
(5) Recent examples on transition-metal-catalyzed cyclopropenation
of alkynes: (a) Chen, K.; Arnold, F. H. Engineering Cytochrome
P450s for Enantioselective Cyclopropenation of Internal Alkynes. J.
Am. Chem. Soc. 2020, 142, 6891. (b) Zhang, Z.-Q.; Zheng, M.-M.;
Xue, X.-S.; Marek, I.; Zhang, F.-G.; Ma, J.-A. Catalytic Enantiose-
lective Cyclopropenation of Internal Alkynes: Access to Difluor-
omethylated Three-Membered Carbocycles. Angew. Chem., Int. Ed.
2019, 58, 18191. (c) Liu, Z.; Li, Q.; Liao, P.; Bi, X. Silver-Catalyzed
[2 + 1] Cyclopropenation of Alkynes with Unstable Diazoalkanes: N-
Nosylhydrazones as Room-Temperature Decomposable Diazo
Surrogates. Chem. - Eur. J. 2017, 23, 4756. (d) Briones, J. F.;
Davies, H. M. L. Gold(I)-Catalyzed Asymmetric Cyclopropenation of
Internal Alkynes. J. Am. Chem. Soc. 2012, 134, 11916. (e) Uehara, M.;
Suematsu, H.; Yasutomi, Y.; Katsuki, T. Enantioenriched Synthesis of
Cyclopropenes with a Quaternary Stereocenter, Versatile Building
Blocks. J. Am. Chem. Soc. 2011, 133, 170. (f) Cui, X.; Xu, X.; Lu, H.;
Zhu, S.; Wojtas, L.; Zhang, X. P. Enantioselective Cyclopropenation
of Alkynes with Acceptor/Acceptor-Substituted Diazo Reagents via
Co(II)-Based Metalloradical Catalysis. J. Am. Chem. Soc. 2011, 133,
3304. (g) Briones, J. F.; Davies, H. M. L. Silver Triflate-Catalyzed
Cyclopropenation of Internal Alkynes with Donor-/Acceptor-
Substituted Diazo Compounds. Org. Lett. 2011, 13, 3984.
(h) Morandi, B.; Carreira, E. M. Rhodium-Catalyzed Cyclo-
propenation of Alkynes: Synthesis of Trifluoromethyl-Substituted
Cyclopropenes. Angew. Chem., Int. Ed. 2010, 49, 4294.
(6) (a) Chen, Q.-Y.; Cheng, Z.-L. Difluorocarbene Chemistry:
Synthesis of gem-Difluorocyclopropenyl Ketones and gem-Difluori-
nated Dihydrofurans. Synlett 2006, 478. (b) Hang, X.-C.; Gu, W.-P.;
Chen, Q.-Y.; Xiao, J.-C. Reaction of Difluorocarbene with Propargyl
Esters and Efficient Synthesis of Difluorocyclopropyl Ketones.
Tetrahedron 2009, 65, 6320. (c) Li, L.; Wang, F.; Ni, C.; Hu, J.
Synthesis of gem-Difluorocyclopropa(e)nes and O-, S-, N-, and P-
Difluoromethylated Compounds with TMSCF2Br. Angew. Chem., Int.
Ed. 2013, 52, 12390. (d) Wang, F.; Luo, T.; Hu, J.; Wang, Y.;
Krishnan, H. S.; Jog, P. V.; Ganesh, S. K.; Prakash, G. K. S.; Olah, G.
A. Synthesis of gem-Difluorinated Cyclopropanes and Cyclopropenes:
Trifluoromethyltrimethylsilane as a Difluorocarbene Source. Angew.
Chem., Int. Ed. 2011, 50, 7153. (e) Rullier̀e, P.; Cyr, P.; Charette, A. B.

Scheme 3. Gram-Scale Cyclopropenation and Conversions

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c00498
Org. Lett. 2021, 23, 2590−2594

2593

https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00498/suppl_file/ol1c00498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00498/suppl_file/ol1c00498_si_002.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2059829&id=doi:10.1021/acs.orglett.1c00498
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2059830&id=doi:10.1021/acs.orglett.1c00498
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunewang+R.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7099-2928
http://orcid.org/0000-0002-7099-2928
mailto:rxwang@chem.ecnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengwei+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoran+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?ref=pdf
https://doi.org/10.1039/c1cs15074j
https://doi.org/10.1002/anie.200604774
https://doi.org/10.1002/anie.200604774
https://doi.org/10.1021/cr60231a001
https://doi.org/10.1021/cr60231a001
https://doi.org/10.1021/cr050988l
https://doi.org/10.1021/cr050988l
https://doi.org/10.1021/acs.accounts.5b00016
https://doi.org/10.1021/acs.accounts.5b00016
https://doi.org/10.3762/bjoc.7.82
https://doi.org/10.3762/bjoc.7.82
https://doi.org/10.1002/ijch.201500083
https://doi.org/10.1002/ijch.201500083
https://doi.org/10.2174/1385272053765006
https://doi.org/10.2174/1385272053765006
https://doi.org/10.1016/j.tet.2008.06.087
https://doi.org/10.1016/j.tet.2008.06.087
https://doi.org/10.1039/C5CC05006E
https://doi.org/10.1039/C5CC05006E
https://doi.org/10.1039/C5CC05006E
https://doi.org/10.1021/ja101998w
https://doi.org/10.1021/ja101998w
https://doi.org/10.1021/jacs.0c01313
https://doi.org/10.1021/jacs.0c01313
https://doi.org/10.1002/anie.201911701
https://doi.org/10.1002/anie.201911701
https://doi.org/10.1002/anie.201911701
https://doi.org/10.1002/chem.201605335
https://doi.org/10.1002/chem.201605335
https://doi.org/10.1002/chem.201605335
https://doi.org/10.1002/chem.201605335
https://doi.org/10.1021/ja304506g
https://doi.org/10.1021/ja304506g
https://doi.org/10.1021/ja1089217
https://doi.org/10.1021/ja1089217
https://doi.org/10.1021/ja1089217
https://doi.org/10.1021/ja111334j
https://doi.org/10.1021/ja111334j
https://doi.org/10.1021/ja111334j
https://doi.org/10.1021/ol201503j
https://doi.org/10.1021/ol201503j
https://doi.org/10.1021/ol201503j
https://doi.org/10.1002/anie.201000787
https://doi.org/10.1002/anie.201000787
https://doi.org/10.1002/anie.201000787
https://doi.org/10.1055/s-2006-926266
https://doi.org/10.1055/s-2006-926266
https://doi.org/10.1055/s-2006-926266
https://doi.org/10.1016/j.tet.2009.06.019
https://doi.org/10.1016/j.tet.2009.06.019
https://doi.org/10.1002/anie.201306703
https://doi.org/10.1002/anie.201306703
https://doi.org/10.1002/anie.201101691
https://doi.org/10.1002/anie.201101691
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00498?fig=sch3&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00498?rel=cite-as&ref=PDF&jav=VoR


Difluorocarbene Addition to Alkenes and Alkynes in Continuous
Flow. Org. Lett. 2016, 18, 1988.
(7) Aryl(trifluoromethyl)carbenes were recently reported to be
possibly formed from their precursor tosylhydrazone salts under
heating and transfer direct to alkynes: Barroso, R.; Jiménez, A.; Pérez-
Aguilar, M. C.; Cabal, M.-P.; Valdés, C. Chem. Commun. 2016, 52,
3677.
(8) Moerdyk, J. P.; Bielawski, C. W. Alkyne and Reversible Nitrile
Activation: N,N′-Diamidocarbene-Facilitated Synthesis of Cyclo-
propenes, Cyclopropenones, and Azirines. J. Am. Chem. Soc. 2012,
134, 6116.
(9) (a) Hommelsheim, R.; Guo, Y.; Yang, Z.; Empel, C.; Koenigs, R.
M. Blue-Light-Induced Carbene-Transfer Reactions of Diazoalkanes.
Angew. Chem., Int. Ed. 2019, 58, 1203. (b) He, F.; Koenigs, R. M.
Visible Light Mediated, Metal-Free Carbene Transfer Reactions of
Diazoalkanes with Propargylic Alcohols. Chem. Commun. 2019, 55,
4881.
(10) (a) Kulinkovich, O. G. Cyclopropanes in Organic Synthesis; John
Wiley & Sons, Inc., 2015; pp 57−98. (b) Ebner, C.; Carreira, E. M.
Cyclopropanation Strategies in Recent Total Syntheses. Chem. Rev.
2017, 117, 11651. (c) Wu, W.; Lin, Z.; Jiang, H. Recent Advances in
the Synthesis of Cyclopropanes. Org. Biomol. Chem. 2018, 16, 7315.
(11) Difluorocarbene and N,N′-diamidocarbene are capable of
adding onto the electron-deficient alkynes; see refs 6a and 8.
(12) Michael addition of ylides onto activated alkynes to allylic
ylides: (a) Vaitla, J.; Bayer, A.; Hopmann, K. H. Iron-Catalyzed
Carbenoid-Transfer Reactions of Vinyl Sulfoxonium Ylides: An
Experimental and Computational Study. Angew. Chem., Int. Ed.
2018, 57, 16180. (b) Carbó, M.; Marín, N.; Navarro, R.; Urriolabeitia,
E. P. Synthesis and Structure of Pd and Pt Complexes with Doubly
Stabilized Phosphorus Ylides. Eur. J. Inorg. Chem. 2006, 2006, 4629.
(c) Ide, J.; Kishida, Y. Formation of Stable Sulfoxonium Ylides from
Acetylenic Compounds. Chem. Pharm. Bull. 1968, 16, 784.
(d) Trippett, S. The Addition of Wittig Reagents to Activated
Carbon-Carbon Double Bonds. J. Chem. Soc. 1962, 4733.
(13) [2 + 2]-Cycloaddition followed by fragmentation rearrange-
ment of phosphorus ylides with activated alkynes to allylic ylides:
(a) Kolodiazhnyi, O. I. Phosphorus Ylides: Chemistry and Application in
Organic Synthesis; Wiley-VCH: New York, 1999; pp 108−112.
(b) Barluenga, J.; Lopez, F.; Palacios, F.; Sánchez-Ferrando, F.
Mechanistic Aspects of the Reaction of Some Phosphonium Ylides
with Alkyl Propynoates. Tetrahedron Lett. 1988, 29, 381.
(14) (a) Liu, Y.; Sun, F.; He, Z. Recent Renewed Interest in The
Classical Kukhtin-Ramirez Adducts. Tetrahedron Lett. 2018, 59, 4136.
(b) Osman, F. H.; El-Samahy, F. A. Reactions of α-Diketones and o-
Quinones with Phosphorus Compounds. Chem. Rev. 2002, 102, 629.
(c) Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. A Nonmetal
Approach to α-Heterofunctionalized Carbonyl Derivatives by Formal
Reductive X−H Insertion. Angew. Chem., Int. Ed. 2012, 51, 10605.
(d) Zhao, W.; Yan, P. K.; Radosevich, A. T. A Phosphetane Catalyzes
Deoxygenative Condensation of α-Keto Esters and Carboxylic Acids
via PIII/PV=O Redox Cycling. J. Am. Chem. Soc. 2015, 137, 616.
(15) (a) Jin, S.; Dang, H. T.; Haug, G. C.; Nguyen, V. D.; Arman, H.
D.; Larionov, O. V. Deoxygenative α-Alkylation and α-Arylation of
1,2-Dicarbonyls. Chem. Sci. 2020, 11, 9101. (b) Choi, G.; Kim, H. E.;
Hwang, S.; Jang, H.; Chung, W.-j. Phosphorus(III)-Mediated,
Tandem Deoxygenative Geminal Chlorofluorination of 1,2-Diketones.
Org. Lett. 2020, 22, 4190. (c) Eckert, K. E.; Ashfeld, B. L. Aroyl
Isocyanates as 1,4-Dipoles in a Formal [4 + 1]-Cycloaddition
Approach toward Oxazolone Construction. Org. Lett. 2018, 20,
2315. (d) Zhou, R.; Zhang, H.; Liu, J.; Liu, R.; Gao, W.-C.; Qiao, Y.;
Li, R. Chemoselective P(NMe2)3-Mediated Reductive Epoxidation
between Two Different Carbonyl Electrophiles: Synthesis of Highly
Functionalized Unsymmetrical Epoxides. J. Org. Chem. 2018, 83,
8272. (e) Liu, Y.; Li, H.; Zhou, X.; He, Z. P(NMe2)3-Mediated
Reductive (1 + 4) Annulation Reaction of Isatins with Nitroalkenes:
An Access to Spirooxindolyl Isoxazoline N-Oxides and Their
Corresponding Isoxazolines. J. Org. Chem. 2017, 82, 10997.
(f) Wang, S. R.; Radosevich, A. T. P(NMe2)3-Mediated Umpolung

Alkylation and Nonylidic Olefination of α-Keto Esters. Org. Lett.
2015, 17, 3810. (g) Zhang, W.-Z.; Xia, T.; Yang, X.-T.; Lu, X.-B.
Synthesis of Oxazolidine-2,4-diones by a Tandem Phosphorus-
Mediated Carboxylative Condensation−Cyclization Reaction Using
Atmospheric Carbon Dioxide. Chem. Commun. 2015, 51, 6175.
(16) (a) Fauduet, H.; Burgada, R. A Convenient Synthesis of
Polysubstituted Cyclopropanes. Synthesis 1980, 1980, 642. (b) Zhang,
L.; Lu, H.; Xu, G.-Q.; Wang, Z.-Y.; Xu, P.-F. PPh3 Mediated
Reductive Annulation Reaction between Isatins and Electron
Deficient Dienes to Construct Spirooxindole Compounds. J. Org.
Chem. 2017, 82, 5782. (c) Deng, Y.-H.; Chu, W.-D.; Shang, Y.-H.; Yu,
K.-Y.; Jia, Z.-L.; Fan, C.-A. P(NMe2)3-Mediated Umpolung
Spirocyclopropanation Reaction of p-Quinone Methides: Diaster-
eoselective Synthesis of Spirocyclopropane-Cyclohexadienones. Org.
Lett. 2020, 22, 8376. (d) Zhang, J.; Hao, J.; Huang, Z.; Han, J.; He, Z.
PIII-Mediated Intramolecular Cyclopropanation and Metal-Free
Synthesis of Cyclopropane-Fused Heterocycles. Chem. Commun.
2020, 56, 10251. (e) Luo, S.-Q.; Liu, W.; Ruan, B.-F.; Fan, S.-L.;
Zhu, H.-X.; Tao, W.; Xiao, H. P(NMe2)3 Mediated Cyclopropanation
of α-Methylene-β-lactams for Rapid Syntheses of Spirocyclopropyl β-
Lactams. Org. Biomol. Chem. 2020, 18, 4599.
(17) (a) Wang, S. R.; Radosevich, A. T. Reductive Homocondensa-
tion of Benzylidene- and Alkylidenepyruvate Esters by a P(NMe2)3-
Mediated Tandem Reaction. Org. Lett. 2013, 15, 1926. (b) Tan, P.;
Wang, S. R. Reductive (3 + 2) Annulation of Benzils with Pyrylium
Salts: Stereoselective Access to Furyl Analogues of cis-Chalcones. Org.
Lett. 2019, 21, 6029.
(18) Insertion of the triple bond into the C−C σ-bond: (a) Zhou,
Y.; Tao, X.; Yao, Q.; Zhao, Y.; Li, Y. Insertion of Isolated Alkynes into
Carbon−Carbon σ-Bonds of Unstrained Cyclic β-Ketoesters via
Transition-Metal-Free Tandem Reactions: Synthesis of Medium-
Sized Ring Compounds. Chem. - Eur. J. 2016, 22, 17936. (b) Tambar,
U. K.; Stoltz, B. M. The Direct Acyl-Alkylation of Arynes. J. Am.
Chem. Soc. 2005, 127, 5340. (c) Yoshida, H.; Watanabe, M.; Ohshita,
J.; Kunai, A. Facile Insertion Reaction of Arynes into Carbon−Carbon
σ-Bonds. Chem. Commun. 2005, 3292.
(19) (a) Gonzalez-Bobes, F.; Fenster, M. D. B.; Kiau, S.; Kolla, L.;
Kolotuchin, S.; Soumeillant, M. Rhodium-Catalyzed Cyclopropana-
tion of Alkenes with Dimethyl Diazomalonate. Adv. Synth. Catal.
2008, 350, 813. (b) Martínez-García, H.; Morales, D.; Pérez, J.;
Puerto, M.; Miguel, D. 1,3,5-Tris(thiocyanatomethyl)mesitylene as a
Ligand. Pseudooctahedral Molybdenum, Manganese, and Rhenium
Carbonyl Complexes and Copper and Silver Dimers. Copper-
Catalyzed Carbene- and Nitrene-Transfer Reactions. Inorg. Chem.
2010, 49, 6974.
(20) Lin, S.; Li, M.; Dong, Z.; Liang, F.; Zhang, J. Hypervalent
Iodine(III)-Mediated Cyclopropa(e)nation of Alkenes/Alkynes under
Mild Conditions. Org. Biomol. Chem. 2014, 12, 1341.
(21) (a) Briones, J. F.; Davies, H. M. L. Rh2(S-PTAD)4-Catalyzed
Asymmetric Cyclopropenation of Aryl Alkynes. Tetrahedron 2011, 67,
4313. (b) Phun, L. H.; Aponte-Guzman, J.; France, S. Indium-
Catalyzed Cycloisomerizations of Cyclopropene-3,3-Dicarbonyl Com-
pounds: Efficient Access to Benzo-Fused Heteroaromatics and
Heterobiaryls. Angew. Chem., Int. Ed. 2012, 51, 3198. (c) Ma, S.;
Zhang, J. 2,3,4- or 2,3,5-Trisubstituted Furans: Catalyst-Controlled
Highly Regioselective Ring-Opening Cycloisomerization Reaction of
Cyclopropenyl Ketones. J. Am. Chem. Soc. 2003, 125, 12386.
(22) Huang, X.; Klimczyk, S.; Veiros, L. F.; Maulide, N.
Stereoselective Intramolecular Cyclopropanation Through Catalytic
Olefin Activation. Chem. Sci. 2013, 4, 1105.
(23) Tran, U. P. N.; Hommelsheim, R.; Yang, Z.; Empel, C.; Hock,
K. J.; Nguyen, T. V.; Koenigs, R. M. Catalytic Synthesis of
Trifluoromethyl Cyclopropenes and Oligo-Cyclopropenes. Chem. -
Eur. J. 2020, 26, 1254.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c00498
Org. Lett. 2021, 23, 2590−2594

2594

https://doi.org/10.1021/acs.orglett.6b00573
https://doi.org/10.1021/acs.orglett.6b00573
https://doi.org/10.1021/ja3014105
https://doi.org/10.1021/ja3014105
https://doi.org/10.1021/ja3014105
https://doi.org/10.1002/anie.201811991
https://doi.org/10.1039/C9CC00927B
https://doi.org/10.1039/C9CC00927B
https://doi.org/10.1021/acs.chemrev.6b00798
https://doi.org/10.1039/C8OB01187G
https://doi.org/10.1039/C8OB01187G
https://doi.org/10.1002/anie.201810451
https://doi.org/10.1002/anie.201810451
https://doi.org/10.1002/anie.201810451
https://doi.org/10.1002/ejic.200600599
https://doi.org/10.1002/ejic.200600599
https://doi.org/10.1248/cpb.16.784
https://doi.org/10.1248/cpb.16.784
https://doi.org/10.1016/S0040-4039(00)80102-1
https://doi.org/10.1016/S0040-4039(00)80102-1
https://doi.org/10.1016/j.tetlet.2018.10.023
https://doi.org/10.1016/j.tetlet.2018.10.023
https://doi.org/10.1021/cr0000325
https://doi.org/10.1021/cr0000325
https://doi.org/10.1002/anie.201205604
https://doi.org/10.1002/anie.201205604
https://doi.org/10.1002/anie.201205604
https://doi.org/10.1021/ja511889y
https://doi.org/10.1021/ja511889y
https://doi.org/10.1021/ja511889y
https://doi.org/10.1039/D0SC03118F
https://doi.org/10.1039/D0SC03118F
https://doi.org/10.1021/acs.orglett.0c01258
https://doi.org/10.1021/acs.orglett.0c01258
https://doi.org/10.1021/acs.orglett.8b00656
https://doi.org/10.1021/acs.orglett.8b00656
https://doi.org/10.1021/acs.orglett.8b00656
https://doi.org/10.1021/acs.joc.8b00995
https://doi.org/10.1021/acs.joc.8b00995
https://doi.org/10.1021/acs.joc.8b00995
https://doi.org/10.1021/acs.joc.7b01962
https://doi.org/10.1021/acs.joc.7b01962
https://doi.org/10.1021/acs.joc.7b01962
https://doi.org/10.1021/acs.joc.7b01962
https://doi.org/10.1021/acs.orglett.5b01784
https://doi.org/10.1021/acs.orglett.5b01784
https://doi.org/10.1039/C5CC01530H
https://doi.org/10.1039/C5CC01530H
https://doi.org/10.1039/C5CC01530H
https://doi.org/10.1055/s-1980-29152
https://doi.org/10.1055/s-1980-29152
https://doi.org/10.1021/acs.joc.7b00595
https://doi.org/10.1021/acs.joc.7b00595
https://doi.org/10.1021/acs.joc.7b00595
https://doi.org/10.1021/acs.orglett.0c02998
https://doi.org/10.1021/acs.orglett.0c02998
https://doi.org/10.1021/acs.orglett.0c02998
https://doi.org/10.1039/D0CC04086J
https://doi.org/10.1039/D0CC04086J
https://doi.org/10.1039/D0OB00826E
https://doi.org/10.1039/D0OB00826E
https://doi.org/10.1039/D0OB00826E
https://doi.org/10.1021/ol400576e
https://doi.org/10.1021/ol400576e
https://doi.org/10.1021/ol400576e
https://doi.org/10.1021/acs.orglett.9b02182
https://doi.org/10.1021/acs.orglett.9b02182
https://doi.org/10.1002/chem.201603798
https://doi.org/10.1002/chem.201603798
https://doi.org/10.1002/chem.201603798
https://doi.org/10.1002/chem.201603798
https://doi.org/10.1021/ja050859m
https://doi.org/10.1039/b505392g
https://doi.org/10.1039/b505392g
https://doi.org/10.1002/adsc.200800027
https://doi.org/10.1002/adsc.200800027
https://doi.org/10.1021/ic1006082
https://doi.org/10.1021/ic1006082
https://doi.org/10.1021/ic1006082
https://doi.org/10.1021/ic1006082
https://doi.org/10.1039/c3ob42123f
https://doi.org/10.1039/c3ob42123f
https://doi.org/10.1039/c3ob42123f
https://doi.org/10.1016/j.tet.2011.04.029
https://doi.org/10.1016/j.tet.2011.04.029
https://doi.org/10.1002/anie.201107717
https://doi.org/10.1002/anie.201107717
https://doi.org/10.1002/anie.201107717
https://doi.org/10.1002/anie.201107717
https://doi.org/10.1021/ja036616g
https://doi.org/10.1021/ja036616g
https://doi.org/10.1021/ja036616g
https://doi.org/10.1039/c2sc21914j
https://doi.org/10.1039/c2sc21914j
https://doi.org/10.1002/chem.201904680
https://doi.org/10.1002/chem.201904680
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00498?rel=cite-as&ref=PDF&jav=VoR

