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ABSTRACT: Herein, we report a reaction that selectively generates 3-arylpyridine and quinoline motifs by inserting aryl carbynyl
cation equivalents into pyrrole and indole cores, respectively. By employing a-chlorodiazirines as thermal precursors to the
corresponding chlorocarbenes, the traditional haloform-based protocol central to the parent Ciamician-Dennstedt rearrangement
can be modified to directly afford 3-(hetero)arylpyridines and quinolines. Chlorodiazirines are conveniently prepared in a single step
by oxidation of commercially available amidinium salts. Selectivity as a function of pyrrole substitution pattern was examined, and a
predictive model based on steric effects is put forward, with DFT calculations supporting a selectivity-determining cyclopropanation
step. Computations surprisingly indicate that the stereochemistry of cyclopropanation is of little consequence to the subsequent
electrocyclic ring opening that forges the pyridine core, due to a compensatory homoaromatic stabilization that counterbalances
orbital-controlled torquoselectivity effects. The utility of this skeletal transform is further demonstrated through the preparation of
quinolinophanes and the skeletal editing of pharmaceutically relevant pyrroles.
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and limitations. The Ciamician—Dennstedt rearrangement -Z ; G, I J
(Figure 1B) represents a stark example of such a trans-

formation; the attractive underlying retrosynthetic logic is
hindered by practical limitations that have largely precluded its

widespread adoption.'”*° The reaction is principally limited to
the production of 3-halopyridines through haloform-derived

pyrrole / |ndo|e pyridine / quinoline

Figure 1. Introduction. (A) selected recent examples of peripheral
editing of pyrroles and indoles; (B) the classical Ciamician—
Dennstedt Rearrangement; (C) skeletal editing logic for heterocycle

carbenes, and typical yields and functional group tolerances are diversification (this work).
low, due in part to competitive Reimer—Tiemann formyla-

tion.”’ The potential of the underlying transformation, Received: June 17, 2021
however, spurred us to identify an alternative protocol to Published: July 21, 2021

access polysubstituted pyridines and quinolines. These targets
are prevalent motifs among medicinal compounds, with

contributions from numerous laboratories to their synthesis
22-36

in recent years.
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Figure 2. Scope of the indole-to-quinoline ring expansion. Conditions:
Isolated yields, 0.1—0.3 mmol scale. *5 equiv of 1. *48 h.

2 (1 equiv), 1 (3 equiv), Na,COj; (3 equiv), CH;CN (0.1 M), 50 °C, 12 h.

The key intermediate for the desired transformation is a
carbenic center bearing an appropriate leaving group (ie., a
carbynyl cation equivalent). Though benzal halides have been
employed toward this purpose, the procedures are typically low
yielding.>” a-halo diazoalkanes have similarly been r Oported
but their intrinsic instability has limited their use.”*™*° Suero
has recently reported the related a-iodonium diazo compounds
as surprisingly stable, isolable carbynyl cation equivalents,
though despite increased stability relative to the parent a-halo
compounds, Suero reagents retain the requirement of a
stabilizing electron-withdrawing group.“_44 Moreover, the
associated oxidizing capacity of iodine(III) limits their
application to reducing substrates such as pyrroles and indoles.

Aware of these limitations, we turned our attention to
diazirines, which are the cyclic valence isomers of diazo
compounds.*’ Though similarly capable of serving as carbene
precursors through extrusion of N,, diazirines are typically
more stable, allowing isolation of carbene precursors lacking
electron-withdrawing functionality.**~*° The most commonly
encountered diazirines are the trifluoromethyl derivatives,
which are often applied as photoaffinity probes in biological
applications.®"*> However, importantly for our purposes, the
corresponding a-chlorodiazirines (1) are much more easily
prepared than their trifluoromethyl analogues via the single-
step Graham oxidation of amidine precursors (Figure 1C).>>>*
Simple treatment with bleach directly affords a diverse range of
chlorodiazirines (see the experimental Supporting Information
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(SI) for details). Indeed, hundreds of amidine precursors
bearing diverse substitution patterns are commercially
available, enabling the straightforward preparation of a library
of reagents.>

With these compounds in hand, we examined their potential
for Ciamician—Dennstedt-type ring expansions, initially with
indole substrates (Figure 2). Optimization revealed that
sodium carbonate in acetonitrile afforded high yields, with
inorganic bases proving critical for the formation of the desired
quinoline products (3). We suspect this beneficial effect to be a
consequence of chloride-scavenging by sodium, given that
addition of Bu,NCI causes dramatic decreases in the isolated
yield of 3, with attendant formation of benzal chloride (see the
experimental SI Section VIA).**™*° Solvents other than
acetonitrile aﬁorded varying quantities of carbene-trapping
side products.”” Though the reaction proceeded with similar
yields at a range of temperatures, heating at 50 °C allowed the
process to proceed at a convenient rate, generally reaching full
conversion in 12 h.

Indoles substituted at the 2-position were found to be
particularly effective substrates, though substitution at multiple
positions was well-tolerated provided that the indole was
relatively electron-rich. This allowed for the preparation of
diversely substituted quinolines (entries 3a—3x). Though a
protected tryptophan derivative could be converted to the
corresponding quinoline 3x in 41% yield, in the absence of a 2-
substituent, yields were generally lower (see the experimental
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Figure 3. Scope and selectivity of the pyrrole-to-pyridine ring expansion. Conditions: 4 (1 equiv), 1 (3 equiv), Na,CO; (3 equiv), CH;CN (0.1
M), 50 °C, 12 h. Isolated yields, 0.1—0.3 mmol scale. “48 h. Regioisomer assignments supported by "H-NOE. Selectivity model based on the
difference between the Boltzmann averaged buried volume in a 3.75 A sphere at C3 vs C4.

SI for additional examples). We suspect decomposition via
pyridinium ylide intermediates is a deleterious pathway, as
addition of 3 equiv of quinoline to the reaction of 2-phenyl
indole with phenylchlorodiazirine afforded 30 in 15% yield,
compared to 68% in its absence.’

The synthesis of cyclophanes exemplifies the unique
retrosynthetic logic enabled by this protocol. 2,3-Ring-fused
indoles, easily prepared from cycloalkanones via a Fischer
indole synthesis, afford ring expanded quinolinophanes 3y and
3z, providing ready access to an otherwise challenging class of
compounds.”>~%*

Various diazirenes were found to be effective coupling
partners, including ortho, meta, and para substituted arenes, as
well as several heteroaryl carbene precursors. Products such as

11339

3f, 3n, and 3s, which bear heteroaryl-heteroaryl linkages, are
considered challenging to prepare using cross-coupling; by
formally moving the retrosynthetic disconnection inward by
one carbon, indoles can be employed as analogues to 3-
quinolyl nucleophiles.”® Even in cases where such heterocyclic
diazirines are not employed, this method may offer an
advantage—sequential application of the classical Cicami-
cian—Dennstedt (excess CHCl;, aq. NaOH, BnEt;NCI)
followed by Suzuki coupling with 3-fluorophenylboronic acid
afforded 3k in 22% yield over 2 steps, compared with 82%
under the title conditions. A limitation was observed in moving
to electron-rich diazirines, which exclusively afforded the
corresponding aldehydes.”>®” Aliphatic diazirines were sim-
ilarly poor coupling partners, either isomerizing to vinyl

https://doi.org/10.1021/jacs.1c06287
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Figure 4. Unusual ortho and para isomers and computational investigation of their mechanism of formation. Conditions: 4 (l equiv), 1 (3 equiv),
Na,CO; (3 equiv), CH;CN (0.1 M), 50 °C, 12 h. Isolated yields, 0.1—0.3 mmol scale. “Unassigned minor isomer detected. *Carbene-C2 bond was

frozen at length from B3LYP-D3/6-31g(d) optimization.

chlorides or undergoing competitive dimerization (see the
experimental SI section V). %57

Pyrroles (4) represent a more complex substrate class due to
the potential for regioisomeric products derived from insertion
into the two “olefinic” sites of the substrate (Figure 3).”” The
reaction was found to proceed efficiently with a range of
pyrroles (though again displaying the 2-substitution constraint
observed for indoles), affording good yields of the correspond-
ing pyridines with tolerance for ester (4d and 4w), thiophene
(40), and amide (4p and 4r) functionality. Free alcohols,
halopyrroles, and trialkyl pyrroles were not tolerated (see the
experimental SI for details). In addition to symmetric pyrroles
such as 4a (which do not pose a regiochemical question),
trisubstituted pyrroles (4b—4e) were found to give exquisite
selectivity for insertion into the less-substituted side of the
pyrrole.

In asymmetric disubstituted pyrroles, mixtures of products
were observed, allowing for structure-selectivity trends to be
discerned. Though inspection of subsets of the pyrroles (e.g.,
{4f, 4m, 4n} vs {4f, 4g, 4h}) suggests a more significant role
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for steric effects than electronic effects, we sought a
quantitative, predictive model applicable to the full data set
and potentially of use to those seeking to adopt this method to
other pyrroles.”” Molecular descriptors capturing steric and
electronic features of the pyrroles were extracted as Boltzmann
averages from Density Functional Theory (DFT) optimized
conformers and correlated against the experimental product
distribution. To maintain generality beyond the present data
set, descriptors derived from either a difference or quotient of
properties representing each side of the pyrrole were
calculated. Accordingly, the best model was found to be a
difference in buried volume at C3 and C4 of the pyrrole at a
radius of 3.75 A. This univariate model not only captured the
high selectivity of trisubstituted pyrroles but also was able to
accurately predict low-selectivity substrates such as 4o.
Substrate 4p was observed as an outlier in most models
surveyed, and we hypothesized that this was due to hydrogen
bonding between the —NHBz moiety and the carbene in the
selectivity-determining step.”*™7° To probe this, we prepared

the doubly protected analogue 4q, which blocked such

https://doi.org/10.1021/jacs.1c06287
J. Am. Chem. Soc. 2021, 143, 11337—11344
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hydrogen bonding effects. This substrate was effectively
predicted by the steric model, consistent with the hydrogen-
bonding hypothesis.

Armed with this insight into selectivity, we examined the
late-stage skeletal editing of 4r (N-des-alkyl Lipitor) and 4s
(Molindone). Both compounds afforded one major isomer—
Sr showing hydrogen-bond-donor-controlled selectivity and Ss
with a regioselectivity that was accurately predicted by our
quantitative model. We note despite our moderate yields that
the classical Ciamician—Dennstedt induces decomposition of
molindone with no detectable pyridine formation. These
examples showcase the potential for skeletal editing approaches
to offer access to new chemical space in a medicinal chemistry
campaign.

For some substrates, unusual ortho and para insertion
products were observed (5t, Sv, Sw). These cannot be
accounted for by a 2,3-cyclopropanation mechanism alone,
forcing us to reexamine the potential reaction pathways
(Figure 4).”7”® We considered the possibility that cyclo-
propanation is followed by cyclization to afford an
azabenzvalene intermediate.””~*> However, DFT computa-
tions suggest that such a mechanism is implausible. The
transition state for azabenzvalene formation from the exo-
chlorocyclopropane 6 is predicted to be ~16 kcal/mol higher
in energy than the corresponding electrocyclic ring opening to
afford St. Instead, we suggest that cyclopropanation (or
aziridination) of the 3,4 (or 1,2) linkage (respectively) is
operative in the generation of the unusual regioisomeric
products St’, Sv’, and Sw. A plausible pathway was located
computationally in which metastable zwitterionic 3,4-cyclo-
propane 7 forms through stepwise attack and ring closure (see
the computational SI, Figure S6 for details). Intermediate 7 is
likely stabilized by its phenyl substituent, as evidenced by the
exclusive formation of the typical meta isomer from di-tert-
butylpyrrole 4u.

Finally, because our reagent generates a monochlorocarbene,
cyclopropanation can in principle afford diastereomeric
cyclopropanes, unlike the classical use of dichlorocarbene.
Based on precedent in cyclopropyltosylate solvolyses, these
diastereomers were expected to exhibit dramatically different
rates of ring 0pening.83_85 Our computational investigations
suggest that the intrinsic diastereoselectivity of the initial
cyclopropanation is quite low, such that both diastereomers are
likely formed under the reaction conditions. Despite these
considerations, no cyclopropane byproducts have been
detected, and experimental yields range as high as 90%.
Moreover, the computationally predicted barrier for ring
opening by the putatively forbidden pathway is surprisingly
low.

In order to better understand this unexpected phenomenon,
we analyzed the bond lengths and Nucleus Independent
Chemical Shift (NICS) of each transition state.”®®” As
expected, the disallowed transition state (TS,-exo, red)
shows a lesser degree of C—Cl bond breaking than the
allowed transition state (TS,-endo, blue), 1.85 A vs 1.95 A.
However, this is accompanied by a greater degree of
cyclopropane C—C bond-breaking (2.00 A vs 1.86 A), and a
far more negative NICS, value (—14.9 vs —11.4, compared to
—11.5 for the parent pyrrole) indicating a greater degree of
aromaticity in the disallowed transition state. Taken together,
these results indicate that a substantial degree of homoar-
omaticity in the pyrrolic ring of the disallowed transition state
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compensates for the lack of C—C (6) — C-Cl (o%*)
interaction in the transition state.”*"’

In conclusion, we have demonstrated that chlorodiazirine
reagents enable a versatile new ring expansion reaction of
pyrrole and indole substrates through the generation of aryl
carbynyl cation equivalents. Mechanistic experiments and
computations indicate that the regioselectivity is controlled
by steric effects in a selectivity-determining cyclopropanation
step, with diminished torquoselectivity effects in the
subsequent ring opening due to homopyrrole character in
the product-forming transition state. Ring expansion of fused
indoles allows access to otherwise challenging quinolino-
phanes, and the method is applicable to the skeletal editing of
medicinally relevant compounds. This method, coupled with
the predictive model for its deployment, promises to enable
direct interrogation of aromatic heterocycle skeletal editing as
an innovative approach to synthetic and structural optimiza-
tion campaigns.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c06287.

Experimental procedures and characterization data
(PDF)

Computational procedures and data (PDF)

Accession Codes

CCDC 2090443 contains 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 Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Author
Mark D. Levin — Department of Chemistry, University of
Chicago, Chicago, Illinois 60637, United States;
orcid.org/0000-0002-4461-363X; Email: marklevin@
uchicago.edu

Authors
Balu D. Dherange — Department of Chemistry, University of
Chicago, Chicago, Illinois 60637, United States;
orcid.org/0000-0002-4123-5012
Patrick Q. Kelly — Department of Chemistry, University of
Chicago, Chicago, Illinois 60637, United States
Jordan P. Liles — Department of Chemistry, University of
Utah, Salt Lake City, Utah 84112, United States
Matthew S. Sigman — Department of Chemistry, University of
Utah, Salt Lake City, Utah 84112, United States;
orcid.org/0000-0002-5746-8830

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c06287

Funding

M.D.L. thanks the ACS PRE (61497-DNI1). M.S.S. would like
to thank the NIH (R35 GM136271).

Notes

The authors declare no competing financial interest.

https://doi.org/10.1021/jacs.1c06287
J. Am. Chem. Soc. 2021, 143, 11337—11344


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06287/suppl_file/ja1c06287_si_002.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06287?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06287/suppl_file/ja1c06287_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06287/suppl_file/ja1c06287_si_002.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2090443&id=doi:10.1021/jacs.1c06287
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="Mark+D.+Levin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4461-363X
https://orcid.org/0000-0002-4461-363X
mailto:marklevin@uchicago.edu
mailto:marklevin@uchicago.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Balu+D.+Dherange"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4123-5012
https://orcid.org/0000-0002-4123-5012
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Q.+Kelly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+P.+Liles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+S.+Sigman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5746-8830
https://orcid.org/0000-0002-5746-8830
https://pubs.acs.org/doi/10.1021/jacs.1c06287?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

B ACKNOWLEDGMENTS

Dr. Alexander Filatov and Dr. Andrew McNeece are thanked
for assistance with X-ray crystallography. The University of
Chicago’s Research Computing Center is thanked for
computational resources. We thank Prof. Yiming Wang
(University of Pittsburgh) and Prof. Zach Wickens (University
of Wisconsin) for helpful discussions.

B REFERENCES

(1) Jun, C.-H. Transition Metal-Catalyzed Carbon—Carbon Bond
Activation. Chem. Soc. Rev. 2004, 33 (9), 610—618.

(2) Szpilman, A. M.; Carreira, E. M. Probing the Biology of Natural
Products: Molecular Editing by Diverted Total Synthesis. Angew.
Chem., Int. Ed. 2010, 49 (50), 9592—9628.

(3) Huigens, R. W,, III; Morrison, K. C.; Hicklin, R. W.; Flood, T.
A, Jr; Richter, M. F.; Hergenrother, P. J. A Ring-Distortion Strategy
to Construct Stereochemically Complex and Structurally Diverse
Compounds from Natural Products. Nat. Chem. 2013, S (3), 195—
202.

(4) Cernak, T.; Dykstra, K. D.; Tyagarajan, S.; Vachal, P.; Krska, S.
W. The Medicinal Chemist’s Toolbox for Late Stage Functionaliza-
tion of Drug-like Molecules. Chem. Soc. Rev. 2016, 45 (3), 546—576.

(5) Chen, P,; Billett, B. A.; Tsukamoto, T.; Dong, G. Cut and Sew”
Transformations via Transition-Metal-Catalyzed Carbon—Carbon
Bond Activation. ACS Catal. 2017, 7 (2), 1340—1360.

(6) Meucci, E. A;; Nguyen, S. N.; Camasso, N. M; Chong, E;
Ariafard, A.; Canty, A. J.; Sanford, M. S. Nickel(IV)-Catalyzed C—H
Trifluoromethylation of (Hetero)Arenes. J. Am. Chem. Soc. 2019, 141
(32), 12872—12879.

(7) Wang, Z.-J.; Chen, X.; Wu, L.; Wong, J. J.; Liang, Y,; Zhao, Y,;
Houk, K. N.; Shi, Z. Metal-Free Directed C—H Borylation of Pyrroles.
Angew. Chem., Int. Ed. 2021, 60 (15), 8500—8504.

(8) Schweitzer-Chaput, B.; Horwitz, M. A,; de Pedro Beato, E.;
Melchiorre, P. Photochemical Generation of Radicals from Alkyl
Electrophiles Using a Nucleophilic Organic Catalyst. Nat. Chem.
2019, 11 (2), 129—135.

(9) Hu, Y.; Stumpfe, D.; Bajorath, J. Recent Advances in Scaffold
Hopping. J. Med. Chem. 2017, 60 (4), 1238—1246.

(10) Blakemore, D. C.; Castro, L.; Churcher, I; Rees, D. C,;
Thomas, A. W.; Wilson, D. M.; Wood, A. Organic Synthesis Provides
Opportunities to Transform Drug Discovery. Nat. Chem. 2018, 10
(4), 383—394.

(11) Kennedy, S. H.; Dherange, B. D.; Berger, K. J.; Levin, M. D.
Skeletal Editing through Direct Nitrogen Deletion of Secondary
Amines. Nature 2021, 593 (7858), 223—227.

(12) Morofuji, T.; Kinoshita, H.; Kano, N. Connecting a Carbonyl
and a 7-Conjugated Group through a p-Phenylene Linker by (S + 1)
Benzene Ring Formation. Chem. Commun. 2019, 55 (59), 8575—
8578.

(13) Roque, J. B; Kuroda, Y.; Gottemann, L. T.; Sarpong, R.
Deconstructive Diversification of Cyclic Amines. Nature 2018, 564
(7735), 244—248.

(14) Wang, G.-W.; Sokolova, O. O.; Young, T. A.; Christodoulou, E.
M. S.; Butts, C. P.; Bower, J. F. Carbonylative C—C Bond Activation
of Aminocyclopropanes Using a Temporary Directing Group
Strategy. J. Am. Chem. Soc. 2020, 142 (4S), 19006—19011.

(15) Silva, L. F. Ring Contraction Reactions in the Total Synthesis
of Biologically Active Natural Products. Stereoselective Synthesis of
Drugs and Natural Products; American Cancer Society: 2013; pp 1—
20. DOI: 10.1002/9781118596784.ssd018.

(16) Donald, J. R; Unsworth, W. P. Ring-Expansion Reactions in
the Synthesis of Macrocycles and Medium-Sized Rings. Chem. - Eur. J.
2017, 23 (37), 8780—8799.

(17) Leemans, E.; D’hooghe, M.; De Kimpe, N. Ring Expansion of
Cyclobutylmethylcarbenium Ions to Cyclopentane or Cyclopentene
Derivatives and Metal-Promoted Analogous Rearrangements. Chem.
Rev. 2011, 111 (5), 3268—3333.

(18) Candeias, N. R.; Paterna, R; Gois, P. M. P. Homologation
Reaction of Ketones with Diazo Compounds. Chem. Rev. 2016, 116
(5), 2937-2981.

(19) Ciamician, G. L.; Dennstedt, M. Ueber Die Einwirkung Des
Chloroforms Auf Die Kaliumverbindung Pyrrols. Ber. Dtsch. Chem.
Ges. 1881, 14 (1), 1153—1163.

(20) Ciamician-Dennstedt Reaction. Comprehensive Organic Name
Reactions and Reagents; American Cancer Society: 2010; pp 646—648.
DOI: 10.1002/9780470638859.conrr143.

(21) Wynberg, H. The Reimer-Tiemann Reaction. Chem. Rev. 1960,
60 (2), 169—184.

(22) Boger, D. L.; Panek, J. S. Diels-Alder Reaction of Heterocyclic
Azadienes. I. Thermal Cycloaddition of 1,2,4-Triazine with Enamines:
Simple Preparation of Substituted Pyridines. J. Org. Chem. 1981, 46
(10), 2179—2182.

(23) Fischer, D. F.; Sarpong, R. Total Synthesis of (+)-Complana-
dine A Using an Iridium-Catalyzed Pyridine C—H Functionalization.
J. Am. Chem. Soc. 2010, 132 (17), 5926—5927.

(24) Seiple, 1. B.; Su, S.; Rodriguez, R. A.; Gianatassio, R.; Fujiwara,
Y.; Sobel, A. L; Baran, P. S. Direct C—H Arylation of Electron-
Deficient Heterocycles with Arylboronic Acids. J. Am. Chem. Soc.
2010, 132 (38), 13194—13196.

(25) Goetz, A. E; Garg, N. K. Regioselective Reactions of 3,4-
Pyridynes Enabled by the Aryne Distortion Model. Nat. Chem. 2013,
5 (1), 54—60.

(26) Goetz, A. E.; Shah, T. K; Garg, N. K. Pyridynes and Indolynes
as Building Blocks for Functionalized Heterocycles and Natural
Products. Chem. Commun. 2015, 51 (1), 34—4S.

(27) Hilton, M. C.; Dolewski, R. D.; McNally, A. Selective
Functionalization of Pyridines via Heterocyclic Phosphonium Salts.
J. Am. Chem. Soc. 2016, 138 (42), 13806—13809.

(28) Hilton, M. C.; Zhang, X.; Boyle, B. T.; Alegre-Requena, J. V,;
Paton, R. S.; McNally, A. Heterobiaryl Synthesis by Contractive C—C
Coupling via P(V) Intermediates. Science 2018, 362 (6416), 799—
804.

(29) Patel, C.; Mohnike, M.; Hilton, M. C.; McNally, A. A Strategy
to Aminate Pyridines, Diazines, and Pharmaceuticals via Heterocyclic
Phosphonium Salts. Org. Lett. 2018, 20 (9), 2607—2610.

(30) Proctor, R. S. J; Davis, H. J; Phipps, R. J. Catalytic
Enantioselective Minisci-Type Addition to Heteroarenes. Science
2018, 360 (6387), 419—422.

(31) Gribble, M. W.; Guo, S.; Buchwald, S. L. Asymmetric Cu-
Catalyzed 1,4-Dearomatization of Pyridines and Pyridazines without
Preactivation of the Heterocycle or Nucleophile. J. Am. Chem. Soc.
2018, 140 (15), 5057—5060.

(32) Koniarczyk, J. L.; Greenwood, J. W.; Alegre-Requena, J. V,;
Paton, R. S; McNally, A. A Pyridine—Pyridine Cross-Coupling
Reaction via Dearomatized Radical Intermediates. Angew. Chem., Int.
Ed. 2019, 58 (42), 14882—14886.

(33) Zhao, Z.; Wei, H.; Xiao, K; Cheng, B.; Zhai, H; Li, Y. Facile
Synthesis of Pyridines from Propargyl Amines: Concise Total
Synthesis of Suaveoline Alkaloids. Angew. Chem., Int. Ed. 2019, S8
(4), 1148—1152.

(34) Fier, P. S;; Kim, S.; Cohen, R. D. A Multifunctional Reagent
Designed for the Site-Selective Amination of Pyridines. J. Am. Chem.
Soc. 2020, 142 (19), 8614—8618.

(35) Zhou, M.; Tsien, J,; Qin, T. Sulfur(IV)-Mediated Unsym-
metrical Heterocycle Cross-Couplings. Angew. Chem., Int. Ed. 2020,
59 (19), 7372—7376.

(36) Desaintjean, A.; Haupt, T.; Bole, L. J.; Judge, N. R;; Hevia, E,;
Knochel, P. Regioselective Bromine/Magnesium Exchange for the
Selective Functionalization of Polyhalogenated Arenes and Hetero-
cycles. Angew. Chem,, Int. Ed. 2021, 60 (3), 1513—1518.

(37) In our hands, when 2-methylindole was reacted with benzal
chloride with either potassium tert-butoxide or potassium carbonate,
<5% of the corresponding quinoline was observed.

(38) Bonge, H. T.; Pintea, B.; Hansen, T. Highly Efficient Formation
of Halodiazoacetates and Their Use in Stereoselective Synthesis of
Halocyclopropanes. Org. Biomol. Chem. 2008, 6 (20), 3670—3672.

https://doi.org/10.1021/jacs.1c06287
J. Am. Chem. Soc. 2021, 143, 11337—11344


https://doi.org/10.1039/B308864M
https://doi.org/10.1039/B308864M
https://doi.org/10.1002/anie.200904761
https://doi.org/10.1002/anie.200904761
https://doi.org/10.1038/nchem.1549
https://doi.org/10.1038/nchem.1549
https://doi.org/10.1038/nchem.1549
https://doi.org/10.1039/C5CS00628G
https://doi.org/10.1039/C5CS00628G
https://doi.org/10.1021/acscatal.6b03210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b03210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b03210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202016573
https://doi.org/10.1038/s41557-018-0173-x
https://doi.org/10.1038/s41557-018-0173-x
https://doi.org/10.1021/acs.jmedchem.6b01437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/s41586-021-03448-9
https://doi.org/10.1038/s41586-021-03448-9
https://doi.org/10.1039/C9CC04012A
https://doi.org/10.1039/C9CC04012A
https://doi.org/10.1039/C9CC04012A
https://doi.org/10.1038/s41586-018-0700-3
https://doi.org/10.1021/jacs.0c08973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9781118596784.ssd018
https://doi.org/10.1002/9781118596784.ssd018
https://doi.org/10.1002/9781118596784.ssd018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201700467
https://doi.org/10.1002/chem.201700467
https://doi.org/10.1021/cr100295j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100295j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100295j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.188101401240
https://doi.org/10.1002/cber.188101401240
https://doi.org/10.1002/9780470638859.conrr143
https://doi.org/10.1002/9780470638859.conrr143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60204a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00323a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00323a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00323a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101893b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101893b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1066459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1066459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.1504
https://doi.org/10.1038/nchem.1504
https://doi.org/10.1039/C4CC06445C
https://doi.org/10.1039/C4CC06445C
https://doi.org/10.1039/C4CC06445C
https://doi.org/10.1021/jacs.6b08662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aas8961
https://doi.org/10.1126/science.aas8961
https://doi.org/10.1021/acs.orglett.8b00813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aar6376
https://doi.org/10.1126/science.aar6376
https://doi.org/10.1021/jacs.8b02568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201906267
https://doi.org/10.1002/anie.201906267
https://doi.org/10.1002/anie.201811812
https://doi.org/10.1002/anie.201811812
https://doi.org/10.1002/anie.201811812
https://doi.org/10.1021/jacs.0c03537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201915425
https://doi.org/10.1002/anie.201915425
https://doi.org/10.1002/anie.202012496
https://doi.org/10.1002/anie.202012496
https://doi.org/10.1002/anie.202012496
https://doi.org/10.1039/b814374a
https://doi.org/10.1039/b814374a
https://doi.org/10.1039/b814374a
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

(39) Bonge, H. T.; Hansen, T. Intermolecular C-H and Si-H
Insertion Reactions with Halodiazoacetates. Synthesis 2009, 2009
(o1), 91-96.

(40) Mortén, M,; Hennum, M.; Bonge-Hansen, T. Synthesis of
Quinoline-3-Carboxylates by a Rh(II)-Catalyzed Cyclopropanation-
Ring Expansion Reaction of Indoles with Halodiazoacetates. Beilstein
J. Org. Chem. 2015, 11 (1), 1944—1949.

(41) Wang, Z.; Herraiz, A. G; del Hoyo, A. M,; Suero, M. G.
Generating Carbyne Equivalents with Photoredox Catalysis. Nature
2018, 554 (7690), 86—91.

(42) Wang, Z.; Jiang, L.; Sarré, P.; Suero, M. G. Catalytic Cleavage
of C(sp*)—C(sp®) Bonds with Rh-Carbynoids. J. Am. Chem. Soc. 2019,
141 (39), 15509—15514.

(43) Jiang, L; Wang, Z; Armstrong, M,; Suero, M. G. f-
Diazocarbonyl Compounds: Synthesis and Their Rh(II)-Catalyzed
1,3 C—H Insertions. Angew. Chem,, Int. Ed. 2021, 60 (11), 6177—
6184.

(44) Li, X; Golz, C.; Alcarazo, M. a-Diazo Sulfonium Triflates:
Synthesis, Structure, and Application to the Synthesis of 1-
(Dialkylamino)-1,2,3-Triazoles. Angew. Chem. Int. Ed. 2021, 60
(13), 6943—6948.

(45) Moss, R. A. Diazirines: Carbene Precursors Par Excellence. Acc.
Chem. Res. 2006, 39 (4), 267—272.

(46) Moss, R. A. Carbenic Reactivity Revisited. Acc. Chem. Res.
1989, 22 (1), 15—21.

(47) Doyle, M. P.; Taunton, J; Oon, S.-M,; Liu, M. T. H;
Soundararajan, N.; Platz, M. S.; Jackson, J. E. Reactivity and
Selectivity in Intermolecular Insertion Reactions of Chlorophenylcar-
bene. Tetrahedron Lett. 1988, 29 (46), 5863—5866.

(48) Moss, R. A; Tian, J.; Chu, G.; Sauers, R. R;; Krogh-Jespersen,
K. New Mechanisms Centered on Reactive Intermediates: Examples
from Diazirine and Carbene Chemistry. Pure Appl. Chem. 2007, 79
(6), 993—1001.

(49) Liu, M. The Thermolysis and Photolysis of Diazirines. Chem.
Soc. Rev. 1982, 11 (2), 127—140.

(50) Korneev, S. M. Valence Isomerization between Diazo
Compounds and Diazirines. Eur. J. Org. Chem. 2011, 2011 (31),
6153—6175.

(51) Hill, J. R; Robertson, A. A. B. Fishing for Drug Targets: A
Focus on Diazirine Photoaffinity Probe Synthesis. J. Med. Chem. 2018,
61 (16), 6945—6963.

(52) Chandrachud, P. P.; Wojtas, L.; Lopchuk, J. M. Decarboxylative
Amination: Diazirines as Single and Double Electrophilic Nitrogen
Transfer Reagents. J. Am. Chem. Soc. 2020, 142 (52), 21743—21750.

(53) Graham, W. H. The Halogenation of Amidines. I. Synthesis of
3-Halo- and Other Negatively Substituted Diazirines1. J. Am. Chem.
Soc. 1965, 87 (19), 4396—4397.

(54) Liu, M. T. H. 3-Chloro-3-Phenyldiazirine. In Encyclopedia of
Reagents for Organic Synthesis; American Cancer Society: 2001.
DOI: 10.1002/047084289X.rc143m.

(55) A Reaxys search conducted in March 2021 indicated over 1,600
commercially available aryl or heteroaryl amidines.

(56) These products are also observed when Cs,COj is employed as
a base, likely due to the higher solubility of CsCl in acetonitrile. We
cannot exclude the possibility that alkali-metal-coordinated carbe-
noids are intermediates in the reaction.

(57) Moss, R. A;; Mallon, C. B; Ho, C.-T. The Correlation of
Carbenic Reactivity. J. Am. Chem. Soc. 1977, 99 (12), 4105—4110.

(58) Moss, R. A; Fedorynski, M.; Shieh, W.-C. Unification of the
Carbenic Selectivity Spectrum. The Ambiphilicity of Methoxychlor-
ocarbene. J. Am. Chem. Soc. 1979, 101 (16), 4736—4738.

(59) Moss, R. A. Carbenic Selectivity in Cyclopropanation
Reactions. Acc. Chem. Res. 1980, 13 (2), 58—64.

(60) Rosenberg, M. G.; Brinker, U. H. Inter- and Innermolecular
Reactions of Chloro(Phenyl)Carbene. J. Org. Chem. 2003, 68 (12),
4819—4832.

(61) Jackson, J. E.; Soundararajan, N.; Platz, M. S;; Liu, M. T. H.
Pyridine Ylide Formation by Capture of Phenylchlorocarbene and

Tert-Butylchlorocarbene. Reaction Rates of an Alkylchlorocarbene by
Laser Flash Photolysis. J. Am. Chem. Soc. 1988, 110 (16), 5595—5596.
(62) van Eis, M. J.; Lutz, M.; Spek, A. L; de Wolf, W. H,;
Bickelhaupt, F. Trapping of the Highly Strained [5](2,4)-
Quinolinophane System. Tetrahedron 2007, 63 (7), 1689—1694.

(63) Dhanak, D.; Reese, C. B. Synthesis of [6](2,4)Pyridinophanes.
J. Chem. Soc., Perkin Trans. 1 1987, No. 0, 2829—2832.

(64) Kotha, S.; Shirbhate, M. E.; Waghule, G. T. Selected Synthetic
Strategies to Cyclophanes. Beilstein J. Org. Chem. 2015, 11 (1), 1274—
1331.

(65) Willis, M. C.; Cook, X. A. F.; de Gombert, A.; McKnight, J.;
Pantaine, L. R. E. The 2-Pyridyl Problem: Challenging Nucleophiles
in Cross-Coupling Arylations. Angew. Chem., Int. Ed. 2021, 60 (20),
11068—11091.

(66) Liu, M. T. H.; Kokosi, J. Transformation of Phenyl-
chlorodiazirines to 1,3-Dioxolanes and a 1,3-Dithiolane. Heterocycles
1985, 23 (12), 3049—3053.

(67) Moya-Barrios, R;; Cozens, F. L. Generation and Reactivity of
Simple Chloro(Aryl)Carbenes within the Cavities of Nonacidic
Zeolites. J. Am. Chem. Soc. 2006, 128 (46), 14836—14844.

(68) Sanrame, C. N.; Suhrada, C. P.; Dang, H.; Garcia-Garibay, M.
A. Photochemistry of Crystalline Chlorodiazirines: The Influence of
Conformational Disorder and Intermolecular Cl---NN Interactions on
the Solid-State Reactivity of Singlet Chlorocarbenes. J. Phys. Chem. A
2003, 107 (18), 3287—3294.

(69) Moss, R. A; Ma, W.; Yan, S.; Zheng, F. Rearrangements of
Cyclopropylmethylchlorocarbene and Dicyclopropylmethylchlorocar-
bene. Tetrahedron Lett. 2001, 42 (51), 8923—8926.

(70) White, W. R;; Platz, M. S. Concurrent Hydrogen Migration and
Nitrogen Extrusion in the Excited States of Alkylchlorodiazirines. J.
Org. Chem. 1992, 57 (10), 2841—2846.

(71) Doyle, M. P,; Devia, A. H.; Bassett, K. E.; Terpstra, J. W,;
Mabhapatro, S. N. Unsymmetrical Alkenes by Carbene Coupling from
Diazirine Decomposition in the Presence of Diazo Compounds. J.
Org. Chem. 1987, 52 (8), 1619—1621.

(72) Tabba, H. D.; Smith, K. M. Anodic Oxidation Potentials of
Substituted Pyrroles: Derivation and Analysis of Substituent Partial
Potentials. . Org. Chem. 1984, 49 (11), 1870—187S.

(73) Sigman, M. S.; Harper, K. C.; Bess, E. N.; Milo, A. The
Development of Multidimensional Analysis Tools for Asymmetric
Catalysis and Beyond. Acc. Chem. Res. 2016, 49 (6), 1292—1301.

(74) Alkorta, L; Elguero, J. Carbenes and Silylenes as Hydrogen
Bond Acceptors. J. Phys. Chem. 1996, 100 (50), 19367—19370.

(75) Arduengo, A. J. L; Gamper, S. F.; Tamm, M.; Calabrese, J. C,;
Davidson, F.; Craig, H. A. A Bis(Carbene)-Proton Complex:
Structure of a C-H-C Hydrogen Bond. J. Am. Chem. Soc. 1995, 117
(1), 572—573.

(76) Cowan, J. A; Clyburne, J. A. C.; Davidson, M. G.; Harris, R. L.
W.; Howard, J. A. K; Kiipper, P.; Leech, M. A,; Richards, S. P. On the
Interaction between N-Heterocyclic Carbenes and Organic Acids:
Structural Authentication of the First N—H---C Hydrogen Bond and
Remarkably Short C—H---O Interactions. Angew. Chem., Int. Ed. 2002,
41 (8), 1432—1434.

(77) Busby, R. E.; Igbal, M.; Khan, M. A,; Parrick, J.; Shaw, C. J. G.
Reactions of Halogenomethanes in the Vapour Phase. Part 1.
Reactions of Chloroform with Pyrrole and Methylpyrroles at 550
°C. J. Chem. Soc.,, Perkin Trans. 1 1979, No. 0, 1578—1582.

(78) Busby, R. E.; Hussain, S. M.; Igbal, M.; Khan, M. A,; Parrick, J;
Shaw, C. J. G. Reactions of Halogenomethanes in the Vapour Phase.
Part 2. Reactions of Chloroform with Indoles and Pyrrolo[2,3-
b]Pyridines at 550 °C. J. Chem. Soc., Perkin Trans. 1 1979, No. 0,
2782—278S.

(79) Padwa, A.; Akiba, M.; Cohen, L.; Gingrich, H.; Kamigata, N.
Small Ring Heterocycles. Role of Azabenzvalenes in the Thermolysis
of 3-Cyclopropenyl Substituted Oxazolinones. J. Am. Chem. Soc. 1982,
104 (1), 286—288.

(80) Padwa, A.; Blacklock, T. J.; Getman, D.; Hatanaka, N.; Loza, R.
Photochemical Transformations of Small Ring Compounds. 95. The
Problem of Regioselectivity in the Photochemical Ring-Opening

https://doi.org/10.1021/jacs.1c06287
J. Am. Chem. Soc. 2021, 143, 11337—11344


https://doi.org/10.1055/s-0028-1083272
https://doi.org/10.1055/s-0028-1083272
https://doi.org/10.3762/bjoc.11.210
https://doi.org/10.3762/bjoc.11.210
https://doi.org/10.3762/bjoc.11.210
https://doi.org/10.1038/nature25185
https://doi.org/10.1021/jacs.9b08632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202015077
https://doi.org/10.1002/anie.202015077
https://doi.org/10.1002/anie.202015077
https://doi.org/10.1002/anie.202014775
https://doi.org/10.1002/anie.202014775
https://doi.org/10.1002/anie.202014775
https://doi.org/10.1021/ar050155h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00157a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(00)82210-8
https://doi.org/10.1016/S0040-4039(00)82210-8
https://doi.org/10.1016/S0040-4039(00)82210-8
https://doi.org/10.1351/pac200779060993
https://doi.org/10.1351/pac200779060993
https://doi.org/10.1039/cs9821100127
https://doi.org/10.1002/ejoc.201100224
https://doi.org/10.1002/ejoc.201100224
https://doi.org/10.1021/acs.jmedchem.7b01561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00947a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00947a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/047084289X.rc143m
https://doi.org/10.1002/047084289X.rc143m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00454a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00454a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00510a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00510a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00510a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50146a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50146a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo026521h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo026521h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00224a068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00224a068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00224a068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2006.11.075
https://doi.org/10.1016/j.tet.2006.11.075
https://doi.org/10.1039/p19870002829
https://doi.org/10.3762/bjoc.11.142
https://doi.org/10.3762/bjoc.11.142
https://doi.org/10.1002/anie.202010631
https://doi.org/10.1002/anie.202010631
https://doi.org/10.3987/R-1985-12-3049
https://doi.org/10.3987/R-1985-12-3049
https://doi.org/10.1021/ja064779+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja064779+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja064779+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp026641t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp026641t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp026641t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)01968-2
https://doi.org/10.1016/S0040-4039(01)01968-2
https://doi.org/10.1016/S0040-4039(01)01968-2
https://doi.org/10.1021/jo00036a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00036a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00384a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00384a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00185a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00185a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00185a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9623857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9623857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00106a082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00106a082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1521-3773(20020415)41:8<1432::AID-ANIE1432>3.0.CO;2-M
https://doi.org/10.1002/1521-3773(20020415)41:8<1432::AID-ANIE1432>3.0.CO;2-M
https://doi.org/10.1002/1521-3773(20020415)41:8<1432::AID-ANIE1432>3.0.CO;2-M
https://doi.org/10.1002/1521-3773(20020415)41:8<1432::AID-ANIE1432>3.0.CO;2-M
https://doi.org/10.1039/P19790001578
https://doi.org/10.1039/P19790001578
https://doi.org/10.1039/P19790001578
https://doi.org/10.1039/P19790002782
https://doi.org/10.1039/P19790002782
https://doi.org/10.1039/P19790002782
https://doi.org/10.1021/ja00365a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00365a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00402a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00402a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

Reaction of 3-Phenyl- and 3-Vinyl-Substituted Cyclopropenes to
Indenes and 1,3-Cyclopentadienes. J. Org. Chem. 1978, 43 (8), 1481—
1492.

(81) Padwa, A.; Cohen, L. A; Gingrich, H. L. On the Mechanism of
the Thermal Conversion of Cyclopropenyl-Substituted Oxazolinones
to Pyridines. J. Am. Chem. Soc. 1984, 106 (4), 1065—1073.

(82) Veals, J. D; Davis, S. R. Isomerization Barriers for the
Disrotatory and Conrotatory Isomerizations of 3-Aza-Benzvalene and
3,4-Diaza-Benzvalene to Pyridine and Pyridazine. Phys. Chem. Chem.
Phys. 2013, 15 (32), 13593—13600.

(83) DePuy, C. H. The Chemistry of Cyclopropanols. Acc. Chem.
Res. 1968, 1 (2), 33—41.

(84) Schollkopf, U.; Fellenberger, K.; Patsch, M.; von R. Schleyer,
P.; Su, T.; van Dine, G. W. Acetolyse von endo- und exo-bicyclo-
(n,1,0)-alkyl-tosylaten. Tetrahedron Lett. 1967, 8 (37), 3639—3644.

(85) Mills, L. R;; Monteith, J. J.; Rousseaux, S. A. L. Boronic Acid-
Mediated Ring-Opening and Ni-Catalyzed Arylation of 1-Arylcyclo-
propyl Tosylates. Chem. Commun. 2020, 56 (83), 12538—12541.

(86) Schleyer, P. v. R;; Maerker, C.; Dransfeld, A.; Jiao, H; van
Eikema Hommes, N. J. R. Nucleus-Independent Chemical Shifts: A
Simple and Efficient Aromaticity Probe. J. Am. Chem. Soc. 1996, 118
(26), 6317—6318.

(87) Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R;
Schleyer, P. v. R. Nucleus-Independent Chemical Shifts (NICS) as an
Aromaticity Criterion. Chem. Rev. 2005, 105 (10), 3842—3888.

(88) Williams, R. V. Homoaromaticity. Chem. Rev. 2001, 101 (5),
1185—1204.

(89) Sonnleitner, C. M.; Park, S.; Eckl, R; Ertl, T.; Reiser, O.
Stereoselective Synthesis of Tropanes via a 67-Electrocyclic Ring-
Opening/ Huisgen [3 + 2]-Cycloaddition Cascade of Monocyclo-
propanated Heterocycles. Angew. Chem., Int. Ed. 2020, S9 (41),
18110—1811S.

11344

https://doi.org/10.1021/jacs.1c06287
J. Am. Chem. Soc. 2021, 143, 11337—11344


https://doi.org/10.1021/jo00402a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00402a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00316a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00316a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00316a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cp51283e
https://doi.org/10.1039/c3cp51283e
https://doi.org/10.1039/c3cp51283e
https://doi.org/10.1021/ar50002a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)89813-0
https://doi.org/10.1016/S0040-4039(01)89813-0
https://doi.org/10.1039/D0CC05895E
https://doi.org/10.1039/D0CC05895E
https://doi.org/10.1039/D0CC05895E
https://doi.org/10.1021/ja960582d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja960582d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030088+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030088+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9903149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202006030
https://doi.org/10.1002/anie.202006030
https://doi.org/10.1002/anie.202006030
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

