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ABSTRACT: Acetylene has been underexploited despite being a
highly valuable feedstock for chemical synthesis. We have
developed the first true gold(I)-catalyzed intermolecular three-
component reaction between acetylene, alkenes, and alcohols to
afford B-vinyl hemiaminal scaffolds from N-vinyl amides. Unusual
biscyclopropyl and 3-vinyl N-heterocyclic scaffolds were obtained
through the incorporation of a second N-vinyl unit or tethered
alkene into the starting material.

ue to its high abundancy and high reactivity, acetylene

has become one of the major chemical feedstocks in
chemical synthesis.'~* Another important aspect of the
utilization of acetylene gas in organic synthesis is its high
atom economical potential, well suited for growing demands
for green and financially viable synthetic protocols to tackle
current environmental and economic challenges.” In spite of
these highly desired attributes of acetylene, the current
industrial applications encompass uncatalyzed vinylation® and
hydrochlorination processes. Despite recent advances in the
development of transition metal mediated methodologies,”””
more examples are desired for the full utilization of the
intriguing properties of acetylene.

Gold(I)-catalysts have been shown to be highly efficient in
the electrophilic activation of alkynes, which has been applied
in a wide variety of organic transformations.® One example is
the reaction of alkenes with alkynes, known to proceed via a
well-established cyclopropyl gold(I)-carbene intermediate
following initial reaction between the two reagents.” Even
though there are several intermolecular examples in the
literature (such as the [2 + 2] cycloaddition of alkenes and
alkynes),”'? a majority of the reported examples are intra-
molecular (such as the cyclization of 1,n-enynes).”"" We have
previously reported the successful gold(I)-catalyzed reaction
between acetylene gas and alkenes to perform (Z,Z)-1,3-diene
formations and biscyclopropanations, through ligand-con-
trolled product distribution (Scheme 1a).° Additionally, we
recently showed that, by including an O-nucleophile tethered
to the alkene, the corresponding cyclopropyl gold(I)-carbene
intermediate could be trapped to afford 3-vinyl chromane
scaffolds, including one of the first examples of enantioselective
catalysis using acetylene gas (Scheme 1b).” In these studies we
found that overactivity toward polymerization was a major

© 2024 The Authors. Published by
American Chemical Society

v ACS Publications 6375

1
I/ __________ \ R2 Ph N
| ROH ERZN/\j H giR2
L A R
I Mono e} OR OR
H—=>—H, or )\/5\0
Diaddition N
o)

Scheme 1. Use of Acetylene Gas in Gold(I)-Catalyzed
Transformations

a) Activation of Acetylene Gas in the Presence of Alkenes

1 2
H=G=0—H pauT R R - R!
+ - > bo—od or R?2 - R2
R1’\/R2 RE "R1 n
[NHCAULT [RgPAULT*
b) Intramolecular Aryloxyvinylation using Acetylene Gas
R2 Aul®
. B X via . \]
N = R? [LAuUL'] ‘
| + H—=0-H—> KA R? X 9
7o R O R | R?
R AN 3
1 O— R
R H

c) This work: Fully Intermolecular Alkoxyvinylation and N-Heterocycle Formation

H—=>—H ' H—=>—H
ROH : 2 (
OR : R [Au()] n\ g2
R RS [Au(l)] oA —>[)£::
N R &A N A
H N

'RY A R® N" 'R3

R? H R2Rs | R’

issue to overcome, as the products of the reaction also contain
alkenes which can again partake in the reaction to generate
oligomeric products. This has been the major hindrance
toward the development of a truly intermolecular three-
component protocol where none of the alkynes, alkenes, and
nucleophiles are covalently linked.
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Herein we report the first three-component gold(I)-
catalyzed intermolecular acetylene/alkene/nucleophile three-
component reaction in the formation of S-vinyl hemiaminal
products from the corresponding N-vinyl amides (Scheme 1c).
Hemiaminals are widely present in bioactive natural products
and pharmaceuticals, and are also utilized as N-heterocyclic
carbene and ionic liquid precursors."” We also report the
synthesis of pyrrolidine and piperidine derivatives through the
biscyclopropanation of N,N-divinyl amide and aminovinylation
of amine-tethered alkenes. Pyrrolidines and piperidines are
some of the most sought-after organic scaffolds in the
development of new pharmaceutical and agrochemical
molecules."

Through our initial attempts to achieve a three-component
intermolecular gold(I)-catalyzed alkoxyvinylation between
acetylene, alkenes, and alcohols, we encountered a significant
hurdle of undesired oligomerization/polymerization in the
screening of suitable alkenes. N-Vinyl amides were pleasingly
found to be promising substrates, due to an apparent
disfavored formation of these side-products. We performed
an optimization of the reaction parameters for the standard
reaction between N-vinyl benzamide la and methanol under
an acetylene atmosphere to afford the corresponding hemi-
aminal product (Tables S1—S4). It was found that
commercially available [JohnPhosAu(NCMe)]SbF, (Au-A)
was the most efficient catalyst for the reaction, chloroform was
the best solvent, and an excess of alcohol improved the yield of
the reaction, leading to the conditions used for the reaction
scope (Scheme 2).

For the reaction scope, we screened a variety of alcohols
(Scheme 2a) for the f-vinyl hemiaminal formation, and the
reaction was found to tolerate primary, secondary, and tertiary
alcohols (2a—d). Benzylic alcohols (2e—k) performed
particularly well both with electron-withdrawing (2h, 2j) and
-neutral substituents (2e, 2i, 2k). Electron-donating sub-
stituents could also be employed, though the stronger para-
methoxy substituent led to a diminished yield of the product
2g. Phenol nucleophiles (21—o0) were also successfully used,
and in contrast to the benzylic alcohols, the more electron-rich
phenols afforded higher yields. We were delighted to find that
allylic alcohols (2p—r) also were tolerated under the reaction
conditions, despite containing substituted alkenes, which could
react further with acetylene themselves.

When exploring the scope of the N-vinyl amides (Scheme
2b) it was found that electron-withdrawing and -donating
substituents on the benzamide afforded the $-vinyl hemiaminal
products (2s—v) in moderate to excellent yields. Both alkyl
amides (2w—y) and protected N-vinyl enamines (2y—aa)
could be employed, though at slightly diminished yields
compared with the aryl amide derivatives. The modification of
the alkene substituents to a cyclopentyl group afforded
spirocyclic product 2ac in good yield, while removal of the
alkene substituents (2ab) led to only products of polymer-
ization. Removal of a single methyl substituent did allow for
the formation of product 2ad in poor yield for both the E- and
Z-alkenes. Employing an E-phenyl substituted N-vinyl
benzamide afforded product 2ae in moderate yield.

Despite not yielding any desired product 2ab (derived from
N-vinylbenzamide), it was found that N-vinyl phthalimide 3
did afford an hemiaminal product, though with the addition of
two units of the alcohol (Scheme 3a). In this case,
stoichiometric methanol could be used to afford hemiaminal
4a in excellent yield. Electron neutral and poor benzylic
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Scheme 2. Synthesis of Hemiaminals by Gold(I)-Catalyzed
Three-Component Reaction with Acetylene Gas
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“Au-A = [JohnPhosAuNCMe]SbF,.

alcohols (4b, 4d, 4e) again performed well in the reaction,
though with no formation of the desired product 4c using an
electron-donating para-methoxy substituent. To highlight the
versatility of the products, the hemiaminal of 4a was activated
by a Lewis acid in the presence of a nucleophile to yield the
allylated product 5§ in good yield.

To gain some insight into why the second addition of the
alcohols occurred, we performed a few mechanistic experi-
ments (Scheme 2b). No deuterium scrambling was observed
when the reaction was performed using deuterated acetylene
(formed from CaC, and D,0)° or methanol with only the
expected incorporation on the two terminal carbons. These
experiments support a mechanism in which the intermediate
cyclopropyl gold(I)-carbene is trapped by the alcohol before a
second addition occurs to the resulting terminal alkene.
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Scheme 3. Gold(I)-Catalyzed Double Addition of Alcohol
to N-Vinyl Phthalimide and Mechanistic Experiments
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“Au-A = [JohnPhosAu(NCMe)]SbF,.

However, when substrate 3’ was submitted to the reaction
conditions, the expected product of addition methanol 4’ was
not observed. The exact reason for the second alcohol addition
to N-vinyl phthalimide is currently under further investigation.

Next, we decided to investigate the reaction with acetylene
after the second addition of an N-vinyl unit (Scheme 4a).
Pleasingly, the reaction of N,N-bisvinyl amine 6 with acetylene
in the presence of [JohnPhosAuNCMe]SbF; led to biscyclo-
propanation to give biscyclopropyl pyrrolidine 7 in excellent
yield.

Inspired by the formation of pyrrolidine 7 and our previous
synthesis of chromanes,” we attempted the intramolecular
trapping of the cyclopropyl gold(I)-carbene by an amine
nucleophile to afford 3-vinyl N-heterocycles (Scheme 4b). We
decided to screen N-protecting groups as the reaction of free
amine 8a did not yield any desired reactivity. N-Tosyl
derivative 8b afforded the corresponding 3-vinyl pyrrolidine
9b very efliciently, as did mesyl-derivative 8c. Moving away
from the sulfonamide protecting groups, Boc-substituted
amine 8d yielded minor quantities of the corresponding
pyrrolidine 9d. The carbon-linker could be extended by one
carbon to afford 3-vinyl piperidine derivative 9f in very good
yield.

In summary, we have developed the first gold(I)-catalyzed
intermolecular three-component reaction between acetylene,
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Scheme 4. Synthesis of N-Heterocycles via
Biscyclopropanation (a) or Cyclization of Amine-Tethered
Alkenes (b)
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alkenes, and alcohols to afford f-vinyl hemiaminals. A range of
alcohol and N-vinyl amide substrates could be employed in the
reaction, with the use of alkene-containing allylic alcohols
being particularly noteworthy. The use of N-vinyl phthalimide
3 surprisingly led to a second addition of an alcohol, the exact
mechanism of which is currently unknown. Additionally,
biscyclopropyl and 3-vinyl pyrrolidine scaffolds could be
obtained from the corresponding N,N-bisvinyl or alkene-
tethered amines, highlighting the potential for the rapid
synthesis of interesting organic scaffolds from cheap and
readily available acetylene gas.

B ASSOCIATED CONTENT
Data Availability Statement

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

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02102.

General remarks, optimization of the reaction con-
ditions, general procedures and compound data,
deuterium labeling experiments, X-ray structure, and
NMR spectra (PDF)

Accession Codes

CCDC 2360638 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

Antonio M. Echavarren — Institute of Chemical Research of
Catalonia (ICIQ), Barcelona Institute of Science and
Technology (BIST), 43007 Tarragona, Spain; Departament
de Quimica Organica i Analitica, Universitat Rovira i Virgili
(URV), 43007 Tarragona, Spain; ® orcid.org/0000-0001-
6808-3007; Email: aechavarren@iciq.es

https://doi.org/10.1021/acs.orglett.4c02102
Org. Lett. 2024, 26, 6375-6379


https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.4c02102/suppl_file/ol4c02102_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02102?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.4c02102/suppl_file/ol4c02102_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2360638&id=doi:10.1021/acs.orglett.4c02102
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="Antonio+M.+Echavarren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6808-3007
https://orcid.org/0000-0001-6808-3007
mailto:aechavarren@iciq.es
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02102?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02102?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02102?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02102?fig=sch4&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.4c02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters

pubs.acs.org/OrglLett

Authors

L. Anders Hammarback — Institute of Chemical Research of
Catalonia (ICIQ), Barcelona Institute of Science and
Technology (BIST), 43007 Tarragona, Spain; © orcid.org/
0000-0003-1336-6848

Tania Medina-Gil — Institute of Chemical Research of
Catalonia (ICIQ), Barcelona Institute of Science and
Technology (BIST), 43007 Tarragona, Spain; Departament
de Quimica Organica i Analitica, Universitat Rovira i Virgili
(URV), 43007 Tarragona, Spain

Anna Sadurni — Institute of Chemical Research of Catalonia
(ICIQ), Barcelona Institute of Science and Technology
(BIST), 43007 Tarragona, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.4c02102

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the MCIN/AEI/10.13039/501100011033
(PID2019-104815GB-100 and CEX2019-000925-S), the Euro-
pean Research Council (Advanced Grant 835080), the
AGAUR (2021 SGR 01256), and CERCA Program/General-
itat de Catalunya for financial support. L.AH. thanks the
European Union (Horizon 2020 Marie Sklodowska-Curie
Postdoctoral Fellowship, H2020-MSCA-IF-2020 under Grant
Agreement No. 101029012-GASGOLD). T.M.-G. thanks the
MCIN/AEI for a FPI predoctoral fellowship (PRE2020-
092105),and A.S. thanks the European Union (H2020
MSCACOFUND 801474 Postdoctoral Fellowship, GA
801474). We also thank ICIQ X-ray diffraction, NMR, and
mass spectrometry units.

B REFERENCES

(1) Trotus, I T.; Zimmermann, T.; Schiith, F. Catalytic Reactions of
Acetylene: A Feedstock for Chemical Industry Revisited. Chem. Rev.
2014, 114, 1761—-1782.

(2) (a) Voronin, V. V,; Ledovskaya, M. S.; Bogachenkov, A. S;
Rodygin, K. S.; Ananikov, V. P. Acetylene in Organic Synthesis:
Recent Progress and New Uses. Molecules 2018, 23, 2442—2526.
(b) Rodygin, K. S.; Ledovskaya, M. S.; Voronin, V. V.; Lotsman, K.
A.; Ananikov, V. P. Calcium Carbide: Versatile Synthetic
Applications, Green Methodology and Sustainability. Eur. J. Org.
Chem. 2021, 2021, 43—52. (c) Ledovskaya, M. S.; Voronin, V. V,;
Rodygin, K. S.; Ananikov, V. P. Acetylene and Ethylene: Universal
C2Molecular Units in Cycloaddition Reactions. Synthesis 2022, 54,
999—1042.

(3) (a) Ledovskaya, M. S.; Voronin, V. V.; Rodygin, K. S. Methods
for the Synthesis of O-, S- and N-Vinyl Derivatives. Russ. Chem. Rev.
2018, 87, 167—191. (b) Sitte, N. A,; Menche, M,; TuZina, P.;
Bienewald, F.; Schifer, A.; Comba, P.; Rominger, F.; Hashmi, S. K;
Schaub, T. Phosphine-Catalyzed Vinylation at Low Acetylene
Pressure. J. Org. Chem. 2021, 86, 13041—13055.

(4) Li, J; Zhang, H,; Li, L; Cai, M,; Li, Y,; Xie, D.; Zhang, J.
Synergistically Catalytic Hydrochlorination of Acetylene over the
Highly Dispersed Ru Active Species Embedded in P-Containing Ionic
Liquids. ACS Sustainable Chem. Eng. 2020, 8, 10173—10184.

(5) (a) Xue, F.; Deng, H.; Xue, C.; Mohamed, D. K. B; Tang, K. Y,;
Wu, J. Reaction discovery using acetylene gas as the chemical
feedstock accelerated by the “stop-flow” micro-tubing reactor system.
Chem. Sci. 2017, 8, 3623—3627. (b) Tang, S.; Wang, D.; Liu, Y.; Lei,
A. Cobalt-catalyzed electrooxidative C-H/N-H [4 + 2] annulation
with ethylene or ethyne. Nat. Commun. 2018, 9, 798. (c) Cheng, T.;

6378

Liu, B; I, R; Zhuy, S. Cu-catalyzed carboboration of acetylene with
Michael acceptors. Chem. Sci. 2022, 13, 7604—7609. (d) Yang, Bo.;
Lu, S;; Wang, Y.; Zhu, S. Diverse Synthesis of C2-linked Function-
alized Molecules via Molecular Glue Strategy with Acetylene. Nat.
Commun. 2022, 13, 1858—1870. (e) Lin, Z.; Liu, B.; Wang, Y.; Li, S.;
Zhu, S. Synthesis of Vinyl-Substituted Alcohols Using Acetylene as
C2 Building Block. Chem. Sci. 2023, 14, 1912—1918. (f) Li, K; Long,
X.;; Zhu, S. Photoredox/Nickel Dual Catalysis-Enabled Modular
Synthesis of Arylallyl Alcohols with Acetylene as the Two-Carbon
Synthon. ACS Catal. 2023, 13, 2422—2431. (g) Liu, B; Lin, Z;
Cheng, T.; Cao, T,; Zhu, S. Synthesis of E-Dienyl Esters Using
Acetylene as C2 Synthon. Org. Lett. 2023, 25, 3573—3577. (h) Li, D,;
Qiu, S.; Wei, Y.; Zhao, Y.; Wy, L. Acetylene to Azides: Chemo- and
Regio-Selective Formation of Deutero- and Iodo-Substituted 1,2,3-
Triazoles. J. Org. Chem. 2024, 89, 825—834. (i) Wang, Z.; Liu, Z,
Shao, T.; Li, Z. Construction of 3-Methyl-2-Substituted Benzo[b]-
furans and 3-Methyl-2-Substituted Benzo[b]thiophenes Using Solid
Calcium Carbide as a Substitute for Gaseous Acetylene. J. Org. Chem.
2024, 89, 7182—7186.

(6) Scharnagel, D.; Escofet, I; Armengol-Relats, H.; de Orbe, M. E.;
Korber, J. N.; Echavarren, A. M. Acetylene as a Dicarbene Equivalent
for Gold(I) Catalysis: Total Synthesis of Waitziacuminone in One
Step. Angew. Chem., Int. Ed. 2020, 59, 4888—4891.

(7) Medina-Gil, T.; Sadurni, A.; Hammarback, L. A.; Echavarren, A.
M. Gold(I)-Catalyzed Intermolecular Aryloxyvinylation with Acety-
lene Gas. ACS Catal. 2023, 13, 10751—10755.

(8) (a) Dorel, R;; Echavarren, A. M. Gold(I)-Catalyzed Activation of
Alkynes for the Construction of Molecular Complexity. Chem. Rev.
2015, 115, 9028—9072. (b) Hashmi, S. K. Gold-Catalyzed Organic
Reactions. Chem. Rev. 2007, 107, 3180—3211.

(9) Dorel, R; Echavarren, A. M. Gold-Catalyzed Reactions via
Cyclopropyl Gold Carbene-like Intermediates. J. Org. Chem. 20185, 80,
7321-7332.

(10) (a) Lépez-Carrillo, V.; Echavarren, A. M. Gold(I)-Catalyzed
Intermolecular [2 + 2] Cycloaddition of Alkynes with Alkenes. J. Am.
Chem. Soc. 2010, 132, 9292—9294. (b) Garcia-Morales, C.; Ranieri,
B.; Escofet, I; Lopez-Suarez, L.; Obradors, C.; Konovalov, A. L;
Echavarren, A. M. Enantioselective Synthesis of Cyclobutenes by
Intermolecular [2 + 2] Cycloaddition with Non-C2 Symmetric
Digold Catalysts. J. Am. Chem. Soc. 2017, 139, 13628—13631.
(c) Elena de Orbe, M.; Echavarren, A. M. Broadening the Scope of
the Gold-Catalyzed [2 + 2] Cycloaddition Reaction: Synthesis of
Vinylcyclobutenes and Further Transformations. Eur. J. Org. Chem.
2018, 2018, 2740—2752. (d) Zanini, M.; Cataffo, A.; Echavarren, A.
M. Synthesis of Cyclobutanones by Gold(I)-Catalyzed [2 + 2]
Cycloaddition of Ynol Ethers with Alkenes. Org. Lett. 2021, 23,
8989—8993.

(11) (a) Nieto-Oberhuber, C.; Mufioz, M. P.; Bufiuel, E.; Nevado,
C.; Cérdenas, D. J.; Echavarren, A. M. Cationic Gold(I) Complexes:
Highly Alkynophilic Catalysts for the exo- and endo-Cyclization of
Enynes. Angew. Chem,, Int. Ed. 2004, 43, 2402—2406. (b) Zhang, L.;
Sun, J; Kozmin, S. A. Gold and platinum catalysis of enyne
cycloisomerization. Adv. Synth. Catal. 2006, 348, 2271-2296.
(c) Nieto-Oberhuber, C.; Mufioz, M. P.; Lopez, S.; Jiménez-Nifiez,
E.; Nevado, C.; Herrero-Gémez, E.; Raducan, M.; Echavarren, A. M.
Gold(I)-Catalyzed Cyclizations of 1,6-Enynes: Alkoxycyclizations and
exo/endo Skeletal Rearrangements. Chem. Eur. J. 2006, 12, 1677—
1693. (d) Chen, G.-Q.; Fang, W.; Wei, Y,; Tang, X.-Y,; Shi, M.
Divergent reaction pathways in gold-catalyzed cycloisomerization of
1,5-enynes containing a cyclopropane ring: dramatic ortho substituent
and temperature effects. Chem. Sci. 2016, 7, 4318—4328. (e) Cataffo,
A.; Pefia-Lopez, M.; Pedrazzani, R,; Echavarren, A. M. Chiral
Auxiliary Approach for Gold(I)-Catalyzed Cyclizations. Angew.
Chem., Int. Ed. 2023, 62, No. €202312874. (f) Garcia-Padilla, E,;
Escofet, I; Maseras, F.; Echavarren, A. M. Puzzling Structure of the
Key Intermediates in Gold(I)-catalyzed Cyclization Reactions of
Enynes and Allenenes. ChemPlusChem. 2024, 89, No. €202300502.

https://doi.org/10.1021/acs.orglett.4c02102
Org. Lett. 2024, 26, 6375-6379


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="L.+Anders+Hammarback"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1336-6848
https://orcid.org/0000-0003-1336-6848
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tania+Medina-Gil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Sadurni%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02102?ref=pdf
https://doi.org/10.1021/cr400357r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400357r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules23102442
https://doi.org/10.3390/molecules23102442
https://doi.org/10.1002/ejoc.202001098
https://doi.org/10.1002/ejoc.202001098
https://doi.org/10.1055/a-1654-2318
https://doi.org/10.1055/a-1654-2318
https://doi.org/10.1070/RCR4782
https://doi.org/10.1070/RCR4782
https://doi.org/10.1021/acs.joc.1c01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c02329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c02329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c02329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7SC00408G
https://doi.org/10.1039/C7SC00408G
https://doi.org/10.1038/s41467-018-03246-4
https://doi.org/10.1038/s41467-018-03246-4
https://doi.org/10.1039/D2SC02306G
https://doi.org/10.1039/D2SC02306G
https://doi.org/10.1038/s41467-022-29556-2
https://doi.org/10.1038/s41467-022-29556-2
https://doi.org/10.1039/D2SC06400F
https://doi.org/10.1039/D2SC06400F
https://doi.org/10.1021/acscatal.2c06178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c06178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c06178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c01406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c01406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c01406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201915895
https://doi.org/10.1002/anie.201915895
https://doi.org/10.1002/anie.201915895
https://doi.org/10.1021/acscatal.3c02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500691k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500691k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr000436x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr000436x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b01106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b01106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104177w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104177w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201800170
https://doi.org/10.1002/ejoc.201800170
https://doi.org/10.1002/ejoc.201800170
https://doi.org/10.1021/acs.orglett.1c03499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c03499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200353207
https://doi.org/10.1002/anie.200353207
https://doi.org/10.1002/anie.200353207
https://doi.org/10.1002/adsc.200600368
https://doi.org/10.1002/adsc.200600368
https://doi.org/10.1002/chem.200501088
https://doi.org/10.1002/chem.200501088
https://doi.org/10.1039/C6SC00058D
https://doi.org/10.1039/C6SC00058D
https://doi.org/10.1039/C6SC00058D
https://doi.org/10.1002/anie.202312874
https://doi.org/10.1002/anie.202312874
https://doi.org/10.1002/cplu.202300502
https://doi.org/10.1002/cplu.202300502
https://doi.org/10.1002/cplu.202300502
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.4c02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters pubs.acs.org/OrglLett

(12) Dian, L; Xing, Q.; Zhang-Negrerie, D.; Du, Y. Direct
functionalization of alkyl ethers to construct hemiaminal ether
skeletons (HESs). Org. Biomol. Chem. 2018, 16, 4384—4398.

(13) (a) O’Hagan, D. Pyrrole, pyrrolidine, pyridine, piperidine and
tropane alkaloids. Nat. Prod. Rep. 2000, 17, 435—446. (b) Li Petri, G;
Raimondi, M. V.; Spano, V.; Holl, R.; Barraja, P.; Montalbano, A.
Pyrrolidine in Drug Discovery: A Versatile Scaffold for Novel
Biologically Active Compounds. Top. Curr. Chem. 2021, 379, 34.

6379 https://doi.org/10.1021/acs.orglett.4c02102
Org. Lett. 2024, 26, 6375-6379


https://doi.org/10.1039/C8OB00793D
https://doi.org/10.1039/C8OB00793D
https://doi.org/10.1039/C8OB00793D
https://doi.org/10.1039/a707613d
https://doi.org/10.1039/a707613d
https://doi.org/10.1007/s41061-021-00347-5
https://doi.org/10.1007/s41061-021-00347-5
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.4c02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

