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ABSTRACT: A metal-free protocol for the synthesis of substituted 1,6-dihydropyridines with quaternary stereogenic centers via a
cascade aza-Wittig/6π-electrocyclization process has been developed. The high functional group compatibility and broad scope of
this method were demonstrated by using a wide range of easily available vinyliminophosphoranes and ketones, with yields up to 97%.
A modification of the obtained products allowed for an increase in complexity and chemical diversity. Finally, attempts for
asymmetric synthesis of 1,6-dihydropyridines are demonstrated.

Dihydropyridines (DHPs) are a valuable chemical
structure that can be found as the core scaffold in

numerous compounds with varied biological and pharmaco-
logical activities.1,2 DHPs are also versatile synthetic
intermediates due to their ability to undergo further chemical
transformations, providing access to a variety of aza-hetero-
cycles.3 Regarding the scaffold of dihydropyridines, 1,4- and
1,2- or 1,6-DHPs represent the most populated group whereas
the latter has only recently gained significant attention.4

Several synthetic methods have been reported for the
construction of 1,2-dihydropyridines by means of nucleophilic
addition onto N-alkyl or N-acylpyridinium salts,3a,5 dearoma-
tization of pyridines,6 transition-metal catalyzed reactions,3c,7

and the establishment of both Lewis acid8 and Brønsted acid
catalyzed approaches9 (Scheme 1a). Furthermore, a pericyclic
fashion was employed as an additional strategy to access these
scaffolds. Palacios and co-workers have reported the synthesis
of 1,2-dihydropyridines through a [4 + 2] cycloaddition
reaction of 2-azadienes (readily prepared by aza-Wittig
reactions) and enamines (Scheme 1b).10 Tejedor et al. has
developed a convenient domino access to substituted alkyl 1,2-
dihydropyridine-3-carboxylates from propargyl enol ethers and
primary amines by means of a Claisen rearrangement/
isomerization/amine condensation/6π-aza-electrocyclization
process (Scheme 1c).11 Very recently, Yu, Zhou et al. reported
the enantioselective synthesis of 1,2-dihydropyridines, using a
chiral amine catalyst.12 Metal-free protocols that allow rapid
access to substituted DHPs and their derivatives are in high
demand.
On the other hand, the incorporation of fluorine-containing

derivatives into organic compounds is of high importance in
pharmaceutical, agricultural, and material science. Introducing
a C−F instead of a C−H bond in a molecule can modify its
physical, chemical, and biological properties.13 Within these

organofluorides, the trifluoromethyl group is considered one of
the most important motifs. In particular, pyridinyl motifs with
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Scheme 1. Synthesis of 1,2-Dihydropyridines
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trifluoromethyl-substituents proved to have wide applications
in different fields.14 To the best of our knowledge, there is no
synthetic method that enables the construction of multi-
substituted 1,2-dihydropyridines bearing mainly fluorinated all-
carbon quaternary centers. Having interest in developing new
methods for the synthesis and functionalization of hetero-
cycles,15 herein we report a metal-free 6π-electrocyclic
transformation of in situ generated aza-hexatrienes (Scheme
1d). The aza-hexatrienes are derived from an aza-Wittig
reaction of phosphazenes with the corresponding carbonyl
compounds.
To establish the reaction method, initial screening studies

were conducted with different easily available N-vinylic-λ5-
phosphazenes 1a and 2,2,2-trifluoroacetophenone 2a. As
shown in Table 1, when the N-vinylic- λ5-phosphazene bearing

a triphenylphosphine substituent was reacted with the
trifluoromethyl ketone 2a, in dichloromethane at ambient
temperature, only the formation of the acyclic imine 3a was
observed in low yield (entry 1). Varying the substituent on the
phosphorus atom of the N-vinylic- λ5-phosphazene, thus
inducing changes of the electronic properties of the
phosphorus, led to an increase in reactivity that resulted in
improved yields of acyclic imine 3a. However, the desired
cyclized product 4a was not observed at ambient temperature
regardless of the reaction time (entries 2−4). Remarkably,
changing the solvent to chloroform and heating the reaction to
60 °C yielded the desired product 4a, albeit in low yield and
with the acyclic imine still present (entry 5). Gratifyingly, by
changing to the more reactive λ5-phosphazene bearing a
trimethylphosphine substituent, the reaction proceeded
smoothly and resulted to the cyclized product 4a in 84%
yield (entry 6). Further attempts, using toluene as solvent and
high temperature did not improve the reaction outcome (entry
7).
With the optimized conditions in hand, we first explored the

scope and limitations of our method by using a series of readily
available ketones 2. The aryl group of the ketone was
systematically varied (Scheme 2). Both para- and meta-
substituted ketones with electron-donating or electron-with-
drawing groups were well tolerated and provided the desired
products (4a−4j) in moderate to excellent yields (43−93%).
In the case of ortho-substituted ketones, the yields were notably
decreased and afforded the product 4k in 24% yield due to the
steric hindrance. It is noteworthy that, in the case of example

4l, the standard conditions afforded mainly the noncyclized
imine and only traces of the cyclized one. To obtain the
desired cyclized product for this substrate, alternative
conditions were used, in which the isolated acyclic imine in
toluene was heated to 110 °C for 72 h. Strikingly, the scope
could also be extended to heteroaryl-substituted ketones
providing product 4m in 60%. To our delight, this method
was also applicable to ketones bearing difluoromethyl,
chlorodifluoromethyl, and ethoxycarbonyl groups, affording
the products (4n−4p) in moderate to excellent yields (48−
97%). Remarkably, the 7-fluoroisatin could be used in our
method, affording the valuable dihydropyridine-based spiroox-
indole 4q, albeit in moderate yield, 45%. Unfortunately, when
acetophenone and aliphatic trifluoromethyl ketones such as
1,1,1-trifluoroacetone were tested under the standard con-
ditions, the reaction did not take place, probably due to
isomerization of imine to enamine.
To rapidly expand the chemical space accessible via our

method, we further explored the transformation with a series of

Table 1. Optimization of Reaction Conditionsa

yield (%)b

entry PR3 solvent [0.1 M] temp (°C) time (h) 3a 4a

1 PPh3 CH2Cl2 rt 72 20 −
2 PPh2Me CH2Cl2 rt 48 70 −
3 PMe3 CH2Cl2 rt 12 92 −
4 PMe3 CH2Cl2 rt 96 92 −
5 PPh3 CHCl3 60 72 25 30
6 PMe3 CHCl3 60 72 − 84
7 PMe3 PhMe 110 72 − 80

aReaction conditions: 1a (0.15 mmol) and 2a (0.15 mmol) were
stirred at given temperature for given time. bIsolated yield.

Scheme 2. Substrate Scope with Different Ketonesa,b

aReaction conditions: 1a (0.15 mmol), 2 (0.15 mmol), in CHCl3 [0.1
M] were stirred at 60 °C for 72 h. bIsolated yield. cReaction was
conducted by heating the corresponding isolated noncyclized product
in toluene, at 110 °C for 72 h. dIsolated as inseparable mixture with
the intermediate acyclic imine in a ratio of 4:1.
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substituted vinyliminiphosphoranes 1. As illustrated in Scheme
3, a range of products 5 were obtained. Pleasingly, ortho-,

meta-, and para-substituted phenyl rings were well tolerated.
Moreover, the presence of electron-donating as well as
electron-withdrawing substituents still resulted in high
reactivity affording the desired products 5a−5l in moderate
to excellent yields (49−94%). Compound 5a was obtained in a
scale up experiment, and its structure was confirmed by X-ray
crystallographic analysis. A similar trend was observed with the
heterocycle-containing compounds yielding the products 5m
and 5k in 89% and 83% yield, respectively. Notably, switching
to vinyliminophosphorane bearing an aliphatic moiety, in this
case methyl, led to a dramatic decrease in reactivity, and only
traces of product 5o were obtained. We tested whether a direct
protocol which does not require the preparation of vinylimino-
phosphoranes is feasible. Unfortunately, a one-pot procedure,
using vinyl-azide (precursor of compound 1), trimethylphos-
phine, and ketone 2a did not lead to the formation of the
desired product.

Based on the above results and the reported literature7f,16 a
putative reaction mechanism is proposed (Scheme 4). The

reaction proceeds via an aza-Wittig reaction between the
vinyliminophospharene 1a and ketone 2a to afford the
corresponding azatriene 3a through formation of imine and
elimination of trimethyl phosphine oxide. The linear imine s-
trans, s-trans 3a (confirmed by X-ray analysis, Scheme 4) must
be converted to the “cyclization-reactive” s-cis, s-cis conformer
3a′ through bond rotations in order to undergo 1,6-
electrocyclization. This isomerization to the reactive con-
formation is thermodynamically unfavored and can therefore
be accessed under thermal conditions. The subsequent thermal
6π disrotatory electrocyclization provides the intermediate A
which, by means of a [1,5]-hydride shift, results in the final
product 4a.
Furthermore, product 4a could be converted onto its

tetrahydropyridine 6a or piperidine moiety 6b as a single
diastereomer upon reduction with hydrogen over Pd/C
catalyst by simply changing the temperature and the reaction
time (Scheme 5). Not only does this allow access to a novel
range of compounds, but it also provides an option to explore a
different dimension of chemical space.
Finally, asymmetric 6π-electrocyclization reactions are a

challenging task with several successful examples in literature.17

Scheme 3. Substrate Scope with Different
Vinyliminophosphoranesa,b

aReaction conditions: 1 (0.15 mmol), 2a (0.15 mmol), in CHCl3 [0.1
M] were stirred at 60 °C for 72 h. bIsolated yield. cIsolated yield for
1.00 mmol scale.

Scheme 4. Proposed Reaction Mechanism

Scheme 5. Further Transformation of 4a
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In this context, we performed a preliminary investigation on
the catalytic asymmetric version of our method employing
chiral Brønsted acids. As shown in Table 2, in the presence of

several representative chiral phosphoric acids (7 and 8) and
chiral disulfonimide 9, the electrocyclization of substrate 3b
was achieved in generally good yields. However, the
enantioselectivities in all cases were low (up to 34% ee).
Among these catalysts, chiral phosphoric acid 7e afforded
product 5b in comparatively lower yield but with a promising
level of enantioselectivity (24%, entry 5). When decreasing the
temperature from 60 to 50 °C, an increase in the
enantioselectivity was observed, although it resulted in a
lower yield (entry 6). A further decrease in temperature led to
traces of product (entry 7). The low enantioselectivity of the
reaction might be partly ascribed to the strong background
reaction because the electrocyclization of substrate 3b could
occur in the absence of any catalysts (Table 1, entry 6).
In summary, we have developed a metal-free and efficient

approach for the synthesis of unprecedented 1,6-dihydropyr-
idines with quaternary stereocenters via an aza-Wittig/6π-
electrocyclization process. This protocol provides an access to
a new class of pyridine frameworks under mild reaction
conditions, featuring good functional group tolerance and
operational simplicity. These novel building blocks could
access interesting bioactivities through a range of synthetic
transformations. A plausible reaction mechanism for the
developed cascade process is proposed. Finally, asymmetric

synthesis of 1,6-dihydropyridines was studied using various
Brønsted acids.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02099.

Experimental procedures, characterization data, and 1H,
13C, 19 F NMR spectra (PDF)

Accession Codes

CCDC 2046566, 2046825, 2060066, and 2081540 contain the
supplementary crystallographic 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

Andrey P. Antonchick − Max-Planck-Institut für Molekulare
Physiologie, Abteilung Chemische Biologie, 44227 Dortmund,
Germany; Technische Universität Dortmund, Fakultät für
Chemie und Chemische Biologie, 44227 Dortmund,
Germany; Nottingham Trent University, Department of
Chemistry and Forensics, NG11 8NS Nottingham, United
Kingdom; orcid.org/0000-0003-0435-9443;
Email: andrey.antonchick@ntu.ac.uk

Authors

Vasiliki Polychronidou − Max-Planck-Institut für Molekulare
Physiologie, Abteilung Chemische Biologie, 44227 Dortmund,
Germany; Technische Universität Dortmund, Fakultät für
Chemie und Chemische Biologie, 44227 Dortmund, Germany

Anna Krupp − Technische Universität Dortmund, Fakultät für
Chemie und Chemische Biologie, 44227 Dortmund, Germany

Carsten Strohmann − Technische Universität Dortmund,
Fakultät für Chemie und Chemische Biologie, 44227
Dortmund, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.1c02099

Author Contributions

A.P.A. and V.P. designed experiments. A.P.A supervised the
project. V.P. performed the experiments. C.S. and A.K. carried
out the X-ray crystallographic analysis. A.P.A. and V.P.
discussed the results, commented, and wrote the manuscript.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
A.P.A. acknowledges the support of the DFG (AN 1064/4-1)
and the Boehringer Ingelheim Foundation (Plus 3). V.P.
acknowledges the International Max Planck Research School
for Living Matter (Dortmund, Germany).

■ REFERENCES
(1) (a) Safak, C.; Simsek, R. Fused 1,4-Dihydropyridines as
Potential Calcium Modulatory Compounds. Mini-Rev. Med. Chem.
2006 , 6, 747−755. (b) Edraki, N.; Mehdipour, A. R.;

Table 2. Preliminary Investigation of the Asymmetric
Electrocyclization of Substrate 3ba

entry cat. temp (°C) yield (%)b ee (%)c

1 (R)-7a 60 90 5
2 (S)-7b 60 88 3
3 (R)-7c 60 90 16
4 (R)-7d 60 70 13
5 (R)-7e 60 75 24
6 (R)-7e 50 40 34
7 (R)-7e 30 traces −
8 8 60 80 3
9 9 60 85 2

aReaction conditions: 3b (0.025 mmol) in CHCl3 [0.1 M] using 20
mol % of chiral catalyst for 72 h. bIsolated yield. cValues of ee were
determined using chiral HPLC.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c02099
Org. Lett. 2021, 23, 6024−6029

6027

https://pubs.acs.org/doi/10.1021/acs.orglett.1c02099?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c02099/suppl_file/ol1c02099_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2046566&id=doi:10.1021/acs.orglett.1c02099
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2046825&id=doi:10.1021/acs.orglett.1c02099
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2060066&id=doi:10.1021/acs.orglett.1c02099
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2081540&id=doi:10.1021/acs.orglett.1c02099
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+P.+Antonchick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0435-9443
mailto:andrey.antonchick@ntu.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasiliki+Polychronidou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Krupp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carsten+Strohmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02099?ref=pdf
https://doi.org/10.2174/138955706777698606
https://doi.org/10.2174/138955706777698606
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02099?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02099?fig=tbl2&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c02099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Khoshneviszadeh, M.; Miri, R. Dihydropyridines: Evaluation of Their
Current and Future Pharmacological Applications. Drug Discovery
Today 2009, 14, 1058−1066. (c) Talwan, P.; Chaudhary, S.; Kumar,
K.; Rawal, R. K. Chemical and Medicinal Versatility of Substituted
1,4-Dihydropyridines. Curr. Bioact. Compd. 2017, 13, 109−120.
(2) (a) Schroeder, G. M.; An, Y.; Cai, Z.-W.; Chen, X.-T.; Clark, C.;
Cornelius, L. A. M.; Dai, J.; Gullo-Brown, J.; Gupta, A.; Henley, B.;
Hunt, J. T.; Jeyaseelan, R.; Kamath, A.; Kim, K.; Lippy, J.; Lombardo,
L. J.; Manne, V.; Oppenheimer, S.; Sack, J. S.; Schmidt, R. J.; Shen,
G.; Stefanski, K.; Tokarski, J. S.; Trainor, G. L.; Wautlet, B. S.; Wei,
D.; Williams, D. K.; Zhang, Y.; Zhang, Y.; Fargnoli, J.; Borzilleri, R. M.
Discovery of N-(4-(2-Amino-3-chloropyridin-4-yloxy)-3-fluorophen-
yl)-4-ethoxy-1-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-carboxa-
mide (BMS-777607), a Selective and Orally Efficacious Inhibitor of
the Met Kinase Superfamily. J. Med. Chem. 2009, 52, 1251−1254.
(b) Al-Said, M. S.; Bashandy, M. S.; Al-qasoumi, S. I.; Ghorab, M. M.
Anti-breast Cancer Activity of Some Novel 1,2-Dihydropyridine,
Thiophene and Thiazole Derivatives. Eur. J. Med. Chem. 2011, 46,
137−141. (c) Salama, I.; Abdel-Fattah, M. A. O.; Hany, M. S.; El-
Sharif, S. A.; El-Naggar, M. A. M.; Rashied, R. M. H.; Piazza, G. A.;
Abadi, A. H. CoMFA and CoMSIA Studies of 1,2-Dihydropyridine
Derivatives as Anticancer Agents. Med. Chem. 2012, 8, 372−383.
(3) (a) Charette, A. B.; Grenon, M.; Lemire, A.; Pourashraf, M.;
Martel, J. Practical and Highly Regio- and Stereoselective Synthesis of
2-Substituted Dihydropyridines and Piperidines: Application to the
Synthesis of (−)-Coniine. J. Am. Chem. Soc. 2001, 123, 11829−11830.
(b) Chai, L.; Zhao, Y.; Sheng, Q.; Liu, Z.-Q. Aromatization of
Hantzsch 1,4-Dihydropyridines and 1,3,5-Trisubstituted Pyrazolines
with HIO3 and I2O5 in Water. Tetrahedron Lett. 2006, 47, 9283−
9285. (c) Colby, D. A.; Bergman, R. G.; Ellman, J. A. Synthesis of
Dihydropyridines and Pyridines from Imines and Alkynes via C−H
Activation. J. Am. Chem. Soc. 2008, 130, 3645−3651. (d) Duttwyler,
S.; Lu, C.; Rheingold, A. L.; Bergman, R. G.; Ellman, J. A. Highly
Diastereoselective Synthesis of Tetrahydropyridines by a C−H
Activation−Cyclization−Reduction Cascade. J. Am. Chem. Soc.
2012, 134, 4064−4067. (e) Martin, R. M.; Bergman, R. G.; Ellman,
J. A. Synthesis of Isoquinuclidines from Highly Substituted
Dihydropyridines via the Diels−Alder Reaction. Org. Lett. 2013, 15,
444−447. (f) Silva, E. M. P.; Rocha, D. H. A.; Silva, A. M. S. Diels−
Alder Reactions of 1,2-Dihydropyridines: An Efficient Tool for the
Synthesis of Isoquinuclidines. Synthesis 2018, 50, 1773−1782.
(g) Satoh, N.; Akiba, T.; Yokoshima, S.; Fukuyama, T. A Practical
Synthesis of (−)-Oseltamivir. Angew. Chem., Int. Ed. 2007, 46, 5734−
5736.
(4) (a) Lavilla, R. Recent Developments in the Chemistry of
Dihydropyridines. J. Chem. Soc. Perkin Trans. I 2002, 1141−1156.
(b) Sharma, V. K.; Singh, S. K. Synthesis, Utility and Medicinal
importance of 1,2- & 1,4-Dihydropyridines. RSC Adv. 2017, 7, 2682−
2732. (c) Nakano, H.; Osone, K.; Takeshita, M.; Kwon, E.; Seki, C.;
Matsuyama, H.; Takano, N.; Kohari, Y. A Novel Chiral Oxazolidine
Organocatalyst for the Synthesis of an Oseltamivir Intermediate using
a Highly Enantioselective Diels−Alder reaction of 1,2-Dihydropyr-
idine. Chem. Commun. 2010, 46, 4827−4829. (d) Silva, E. M. P.;
Varandas, P. A. M. M.; Silva, A. M. S. Developments in the Synthesis
of 1,2-Dihydropyridines. Synthesis 2013, 45, 3053−3089.
(5) (a) Comins, D. L.; Hong, H.; Salvador, J. M. An efficient
Asymmetric Synthesis of 1-acyl-2-alkyl-1,2-Dihydropyridines. J. Org.
Chem. 1991, 56, 7197−7199. (b) Ichikawa, E.; Suzuki, M.; Yabu, K.;
Albert, M.; Kanai, M.; Shibasaki, M. New Entries in Lewis Acid−
Lewis Base Bifunctional Asymmetric Catalyst: Catalytic Enantiose-
lective Reissert Reaction of Pyridine Derivatives. J. Am. Chem. Soc.
2004, 126, 11808−11809.
(6) Heusler, A.; Fliege, J.; Wagener, T.; Glorius, F. Substituted
Dihydropyridine Synthesis by Dearomatization of Pyridines. Angew.
Chem., Int. Ed. 2021, 60, 13793−13797.
(7) (a) Wei, H.; Wang, Y.; Yue, B.; Xu, P.-F. Synthesis of Substituted
1,2-Dihydropyridines from Propargyl Vinyl Ethers and Allenic Vinyl
Ethers by Gold-Catalyzed Claisen Rearrangement and 6π-Aza-
electrocyclization. Adv. Synth. Catal. 2010, 352, 2450−2454.

(b) Motamed, M.; Bunnelle, E. M.; Singaram, S. W.; Sarpong, R.
Pt(II)-Catalyzed Synthesis of 1,2-Dihydropyridines from Aziridinyl
Propargylic Esters. Org. Lett. 2007, 9, 2167−2170. (c) Oshima, K.;
Ohmura, T.; Suginome, M. Regioselective Synthesis of 1,2-
Dihydropyridines by Rhodium-Catalyzed Hydroboration of Pyridines.
J. Am. Chem. Soc. 2012, 134, 3699−3702. (d) Fallon, B. J.; Garsi, J.-B.;
Derat, E.; Amatore, M.; Aubert, C.; Petit, M. Synthesis of 1,2-
Dihydropyridines Catalyzed by Well-Defined Low-Valent Cobalt
Complexes: C−H Activation Made Simple. ACS Catal. 2015, 5,
7493−7497. (e) Maestre, L.; Fructos, M. R.; Díaz-Requejo, M. M.;
Pérez, P. J. Copper-Catalyzed Nitrene Transfer as a Tool for the
Synthesis of N-Substituted 1,2-Dihydro- and 1,2,3,4-Tetrahydropyr-
idines. Organometallics 2012, 31, 7839−7843. (f) Zavyalov, K. V.;
Novikov, M. S.; Khlebnikov, A. F.; Rostovskii, N. V.; Starova, G. L.
Rh2(OAc)4-catalyzed Reaction of 2-(2-carbonylvinyl)-3-phenyl-2H-
azirines with Diazo esters. Russ. J. Org. Chem. 2017, 53, 1214−1221.
(g) Harschneck, T.; Kirsch, S. F. One-Pot Synthesis of 1,2-
Dihydropyridines: Expanding the Diverse Reactivity of Propargyl
Vinyl Ethers. J. Org. Chem. 2011, 76, 2145−2156.
(8) (a) Du, L.-J.; Zhang, Y.; Zhang, H.-Y.; Yin, G.; Wang, X.-Y.;
Zhao, J.; Han, Y.-P. Synthesis of 1,6-Dihydropyridine-3-carbonitrile
Derivatives via Lewis Acid-Catalyzed Annulation of Propargylic
Alcohols with (E)-3-Amino-3-phenylacrylonitriles. J. Org. Chem.
2020, 85, 9863−9875. (b) Shao, Y.; Zhu, K.; Qin, Z.; Li, E.; Li, Y.
Lewis Acid-Catalyzed Cyclization of Enaminones with Propargylic
Alcohols: Regioselective Synthesis of Multisubstituted 1,2-Dihydro-
pyridines. J. Org. Chem. 2013, 78, 5731−5736.
(9) Xie, Y.-B.; Ye, S.-P.; Chen, W.-F.; Hu, Y.-L.; Li, D.-J.; Wang, L.
Brønsted-Acid-Catalyzed Multicomponent One-Pot Reaction: Effi-
cient Synthesis of Polysubstituted 1,2-Dihydropyridines. Asian J. Org.
Chem. 2017, 6, 746−750.
(10) Palacios, F.; Alonso, C.; Rubiales, G.; Ezpeleta, J. M.
Cycloaddition Reactions of Neutral 2-Azadienes with Enamines −
Regiospecific Synthesis of Highly Substituted Dihydropyridines and
Pyridines. Eur. J. Org. Chem. 2001, 2001, 2115−2122.
(11) (a) Tejedor, D.; Méndez-Abt, G.; García-Tellado, F. A
Convenient Domino Access to Substituted Alkyl 1,2-Dihydropyr-
idine-3-carboxylates from Propargyl Enol Ethers and Primary Amines.
Chem. - Eur. J. 2010, 16, 428−431. (b) Tejedor, D.; Cotos, L.;
Méndez-Abt, G.; García-Tellado, F. General Synthesis of Substituted
1,2-Dihydropyridines. J. Org. Chem. 2014, 79, 10655−10661.
(12) Mu, B.-S.; Cui, X.-Y.; Zeng, X.-P.; Yu, J.-S.; Zhou, J. Modular
Synthesis of Chiral 1,2-Dihydropyridines via Mannich/Wittig/Cyclo-
isomerization Sequence that Internally Reuses Waste. Nat. Commun.
2021, 12, 2219.
(13) (a) Müller, K.; Faeh, C.; Diederich, F. Fluorine in
Pharmaceuticals: Looking Beyond Intuition. Science 2007, 317,
1881−1886. (b) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur,
V. Fluorine in Medicinal Chemistry. Chem. Soc. Rev. 2008, 37, 320−
330. (c) Petrov, V. A. Fluorinated Heterocyclic Compounds: Synthesis,
Chemistry, and Applications; John Wiley & Sons: 2009. (d) Maienfisch,
P.; Hall, R. G. The Importance of Fluorine in the Life Science
Industry. Chimia 2004, 58, 93−99.
(14) Burriss, A.; Edmunds, A. J.; Emery, D.; Hall, R. G.; Jacob, O.;
Schaetzer, J. The Importance of Trifluoromethyl Pyridines in Crop
Protection. Pest Manage. Sci. 2018, 74, 1228−1238.
(15) (a) Puthanveedu, M.; Polychronidou, V.; Antonchick, A. P.
Catalytic Selective Metal-Free Cross-Coupling of Heteroaromatic N-
Oxides with Organosilanes. Org. Lett. 2019, 21, 3407−3411.
(b) Bering, L.; D’Ottavio, L.; Sirvinskaite, G.; Antonchick, A. P.
Nitrosonium Ion Catalysis: Aerobic, Metal-free Cross-Dehydrogen-
ative Carbon−Heteroatom Bond Formation. Chem. Commun. 2018,
54, 13022−13025. (c) Shan, G.; Flegel, J.; Li, H.; Merten, C.; Ziegler,
S.; Antonchick, A. P.; Waldmann, H. C−H Bond Activation for the
Synthesis of Heterocyclic Atropisomers Yields Hedgehog Pathway
Inhibitors. Angew. Chem., Int. Ed. 2018, 57, 14250−14254. (d) Bering,
L.; Paulussen, F. M.; Antonchick, A. P. Aerobic, Metal-Free, and
Catalytic Dehydrogenative Coupling of Heterocycles: En Route to
Hedgehog Signaling Pathway Inhibitors. Org. Lett. 2018, 20, 1978−

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c02099
Org. Lett. 2021, 23, 6024−6029

6028

https://doi.org/10.1016/j.drudis.2009.08.004
https://doi.org/10.1016/j.drudis.2009.08.004
https://doi.org/10.2174/1573407212666160607090202
https://doi.org/10.2174/1573407212666160607090202
https://doi.org/10.1021/jm801586s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm801586s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm801586s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm801586s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2010.10.024
https://doi.org/10.1016/j.ejmech.2010.10.024
https://doi.org/10.2174/157340612800786598
https://doi.org/10.2174/157340612800786598
https://doi.org/10.1021/ja017136x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017136x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017136x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2006.10.108
https://doi.org/10.1016/j.tetlet.2006.10.108
https://doi.org/10.1016/j.tetlet.2006.10.108
https://doi.org/10.1021/ja7104784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja7104784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja7104784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2119833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2119833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2119833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol303040r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol303040r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0037-1609418
https://doi.org/10.1055/s-0037-1609418
https://doi.org/10.1055/s-0037-1609418
https://doi.org/10.1002/anie.200701754
https://doi.org/10.1002/anie.200701754
https://doi.org/10.1039/b101371h
https://doi.org/10.1039/b101371h
https://doi.org/10.1039/C6RA24823C
https://doi.org/10.1039/C6RA24823C
https://doi.org/10.1039/c0cc00110d
https://doi.org/10.1039/c0cc00110d
https://doi.org/10.1039/c0cc00110d
https://doi.org/10.1039/c0cc00110d
https://doi.org/10.1055/s-0033-1338537
https://doi.org/10.1055/s-0033-1338537
https://doi.org/10.1021/jo00026a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00026a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045966f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045966f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045966f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202104115
https://doi.org/10.1002/anie.202104115
https://doi.org/10.1002/adsc.201000292
https://doi.org/10.1002/adsc.201000292
https://doi.org/10.1002/adsc.201000292
https://doi.org/10.1002/adsc.201000292
https://doi.org/10.1021/ol070658i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol070658i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3002953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3002953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om3008234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om3008234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om3008234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S1070428017080097
https://doi.org/10.1134/S1070428017080097
https://doi.org/10.1021/jo102545m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo102545m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo102545m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4005553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4005553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4005553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.201700127
https://doi.org/10.1002/ajoc.201700127
https://doi.org/10.1002/1099-0690(200106)2001:11<2115::AID-EJOC2115>3.0.CO;2-P
https://doi.org/10.1002/1099-0690(200106)2001:11<2115::AID-EJOC2115>3.0.CO;2-P
https://doi.org/10.1002/1099-0690(200106)2001:11<2115::AID-EJOC2115>3.0.CO;2-P
https://doi.org/10.1002/chem.200902140
https://doi.org/10.1002/chem.200902140
https://doi.org/10.1002/chem.200902140
https://doi.org/10.1021/jo501991s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo501991s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-22374-y
https://doi.org/10.1038/s41467-021-22374-y
https://doi.org/10.1038/s41467-021-22374-y
https://doi.org/10.1126/science.1131943
https://doi.org/10.1126/science.1131943
https://doi.org/10.1039/B610213C
https://doi.org/10.2533/000942904777678091
https://doi.org/10.2533/000942904777678091
https://doi.org/10.1002/ps.4806
https://doi.org/10.1002/ps.4806
https://doi.org/10.1021/acs.orglett.9b01141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC08328B
https://doi.org/10.1039/C8CC08328B
https://doi.org/10.1002/anie.201809680
https://doi.org/10.1002/anie.201809680
https://doi.org/10.1002/anie.201809680
https://doi.org/10.1021/acs.orglett.8b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c02099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


1981. (e) Puthanveedu, M.; Khamraev, V.; Brieger, L.; Strohmann,
C.; Antonchick, A. P. Electrochemical Dehydrogenative C(sp2)−H
Amination. Chem. - Eur. J. 2021, 27, 8008−8012.
(16) Barluenga, J.; Ferrero, M.; Palacios, F. Reactivity and Selectivity
of N-vinylic λ,5-phosphazenes Towards Electrophiles. Synthesis of 2-
aza-1,3-dienes. J. Chem. Soc., Perkin Trans. 1 1990, 2193−2197.
(17) (a) Yin, X.-P.; Zeng, X.-P.; Liu, Y.-L.; Liao, F.-M.; Yu, J.-S.;
Zhou, F.; Zhou, J. Asymmetric Triple Relay Catalysis: Enantiose-
lective Synthesis of Spirocyclic Indolines through a One-Pot Process
Featuring an Asymmetric 6π Electrocyclization. Angew. Chem., Int. Ed.
2014, 53, 13740−13745. (b) Maciver, E. E.; Thompson, S.; Smith, M.
D. Catalytic Asymmetric 6π Electrocyclization: Enantioselective
Synthesis of Functionalized Indolines. Angew. Chem., Int. Ed. 2009,
48, 9979−9982. (c) Müller, S.; List, B. A Catalytic Asymmetric 6 π
Electrocyclization: Enantioselective Synthesis of 2-Pyrazolines. Angew.
Chem., Int. Ed. 2009, 48, 9975−9978. (d) Das, A.; Volla, C. M. R.;
Atodiresei, I.; Bettray, W.; Rueping, M. Asymmetric Ion Pair Catalysis
of 6π Electrocyclizations: Brønsted Acid Catalyzed Enantioselective
Synthesis of Optically Active 1,4-Dihydropyridazines. Angew. Chem.,
Int. Ed. 2013, 52, 8008−8011.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c02099
Org. Lett. 2021, 23, 6024−6029

6029

https://doi.org/10.1002/chem.202100960
https://doi.org/10.1002/chem.202100960
https://doi.org/10.1039/P19900002193
https://doi.org/10.1039/P19900002193
https://doi.org/10.1039/P19900002193
https://doi.org/10.1002/anie.201407677
https://doi.org/10.1002/anie.201407677
https://doi.org/10.1002/anie.201407677
https://doi.org/10.1002/anie.200905169
https://doi.org/10.1002/anie.200905169
https://doi.org/10.1002/anie.200905035
https://doi.org/10.1002/anie.200905035
https://doi.org/10.1002/anie.201301638
https://doi.org/10.1002/anie.201301638
https://doi.org/10.1002/anie.201301638
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c02099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

