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ABSTRACT: We report the one-pot synthesis of 4-amino thiochro-
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formal [3+3] annulation reaction. This reaction proceeds under mild
conditions with good functional group tolerance. The thiochroman
core was formed with complete regioselectivity, and modification of
complex drug molecules containing an aminocyclopropane was also

realized.

minocyclopropanes are important building blocks in

organic chemistry." While donor—acceptor cyclopropanes
with amino groups as donors (D—A aminocyclopropanes)
have attracted an enormous amount of attention in recent
years from organic chemists and much progress has been
achieved,” simple aminocyclopropanes lacking electron-with-
drawing groups at the f position are relatively less studied for
ring-opening transformations. Current methodologies mainly
focused on transition metal catalysis® or photoredox/electro-
catalysis” to activate either the C—C bond or the amino group.
In 2019, inspired by recent progress in the Hofmann—Loffler—
Freytag (HLF) reaction,” our group reported a metal-free
method for the activation of simple aminocyclopropanes 1 via
halogenated intermediate L.° The synthetic equivalent of a 1,3-
biscationic synthon was obtained in the form of 3-halogenated
N,O-acetals 2 after reaction with methanol (Scheme 1A).
Linear 1,3-difunctionalized amines were synthesized by adding
two nucleophiles sequentially to crude 2. Inspired by recent
examples of [3+3] annulations using donor—acceptor cyclo-
propanes as 1,3-zwitterionic synthons for annulation with 1,3-
dipoles (Scheme 1B),” we wondered if the biscationic synthons
developed by our group could be exploited for annulation
reactions with bis-nucleophiles. During our investigation of the
reaction of these synthons with nucleophiles, we observed the
formation of thiochroman products with thiophenol (Scheme
1C). On the basis of the favored reaction of nucleophiles at the
acetal position, we expected the formation of 2-amino
thiochroman 4 via N,S-acetal 3. However, two-dimensional
NMR spectra indicated that 4-amino thiochroman $ had been
formed. This nonclassical regioselectivity attracted our interest
and motivated us to investigate the scope of this new type of
[3+3] annulation as well as the reaction mechanism.
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Scheme 1. Oxidative Difunctionalization of
Aminocyclopropanes and [3+3] Annulations
A. Previous work from our group: 1,3-difunctionalization of aminocyclopropanes
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Herein, we report the result of these studies leading to a
highly regioselective [3+3] annulation reaction to yield 4-
amino thiochromans. Although thiochroman and its derivatives
have exhibited biological activities,® efficient methods for the
construction of the thiochroman core remain rare.” To the best
of our knowledge, there are only two reports disclosing [3+3]
annulations for the efficient synthesis of thiochromans from
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thiophenols. In 2018, Pullarkat and co-workers realized a triflic
acid-catalyzed tandem allylic substitution—cyclization reaction
for the synthesis of 1,4-disubstituted thiochromans.'” A high
reaction temperature was necessary to force ring closure. More
recently, Namboothiri and co-workers reported the synthesis
of thiochromans by using indoline-2-thione as the starting
material.'! It is therefore of high interest to develop a [3+3]
formal annulation between simple aminocyclopropanes and
thiophenols for accessing 4-amino thiochromans.

On the basis of our preliminary result, we chose N-
cyclopropylbenzamide 1a as the starting material for the
preparation of biscationic synthon intermediate 2a by reaction
with NIS under acidic conditions in chloroform (Table 1).

Table 1. Optimization of the Reaction Conditions”

“CL
.Bz
" HN

(PhO),PO,H (10 mol %)

Hn-B? M':'g,_ﬂfg; EZ'J.V’) B2 (1.0 equivy Mem

LA e :

1a, 0.1 mmol 2a 5a

entry deviation from the standard condition yield” (%)

1 none 79

2 DCM as solvent 78

3 MeCN as solvent 48

4 without (PhO),PO,H 70

S adding thiophenol at the beginning 10

6 NBS instead of NIS 38°

“Reactions were performed at room temperature under air for the
indicated time. “The yield was determined by "H NMR using CH,Br,
as the internal standard. “The reaction mixture was stirred for 3 h in
the first step.

After formation of 2a, 4-methylbenzenethiol was added to the
reaction mixture and a good yield of 5a was obtained (entry 1).
Running the reaction in other solvents like dichloromethane or
acetonitrile was also possible (entry 2 or 3, respectively). The
reaction took place even in the absence of diphenyl phosphate,
giving Sa in 70% yield after the same reaction time (entry 4).
However, adding 4-methylbenzenethiol at the beginning of the
reaction gave a low yield, probably due to decomposition of
thiophenol mediated by NIS (entry 5). With NBS as the
electrophile instead of NIS, the first step was efficient, but only
38% of Sa was formed during the second step (entry 6).

With the optimal conditions in hand, we then examined the
scope of thiophenols (Scheme 2). A series of thiophenols with
a methyl substituent at the para, meta, and ortho positions gave
the corresponding thiochromans Sa—d with a methyl group at
positions 6, 7(5), and 8, respectively, in good yields. With 4-
tert-butyl- or 2,4-dimethyl-substituted thiophenols, Se and 5f
were obtained in 71% yield. A slightly lower yield was observed
for 5g when using unsubstituted thiophenol as the reaction
partner. With a phenyl- or electron-donating substituent like a
methoxy or a methylthio group at the para position, products
Sh—j were obtained in yields ranging from 35% to 46%.
Electron poor thiophenols like 3-fluorothiophenol or methyl 2-
mercaptobenzoate were also tolerated, affording products Sk/
Sland Sm in 41% and 44% yields, respectively. Naphthalene-1-
thiol and naphthalene-2-thiol gave the corresponding products
Sn and So in 80% and 78% yields, respectively.

We then explored the reaction scope for aminocyclopro-
panes with different protecting groups (Scheme 3). With
electron-donating substituents such as a 4-methoxy group on

Scheme 2. Scope of Thiophenols”
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Scheme 3. Scope of Aminocyclopropanes®
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“Reactions were performed at a 0.4 mmol scale for the indicated time.
The second step was carried out at —20 °C.

the benzene ring, product 6a was isolated in a low yield,
possibly due to polymerization of the intermediate. With
electron-withdrawing groups on the benzene ring like 4-fluoro
or 4-nitro, products 6b and 6c were formed in 67% and 79%
yields, respectively. The structure of 6¢ was confirmed by X-ray
diffraction.'” A 2-furoyl group on the aminocyclopropane was
well tolerated, giving product 6d in 67% yield. With a pivalate
protecting group, product 6e was isolated in 76% yield.
Carbamate-substituted cyclopropanes can also undergo this
transformation, giving desired products 6f and 6g in 58% and
52% vyields, respectively. The synthesis of 6f was scaled up to
10 mmol, and 1.61 g (51% yield) of 6f was obtained.

The amide-substituted cyclopropanes needed for the
annulation can be easily accessed by standard amide bond
formation between a carboxylic acid and commercial amino-
cyclopropane. Therefore, the [3+3] annulation can be used for
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the late-stage modification of drugs containing carboxylic acids.
This strategy was applied to the lipid-lowering agent
bezafibrate and the anti-inflammatory drug isoxepac: thiochro-
man products 7 and 8 were formed in 68% and 67% yields,
respectively (Scheme 4A).

Scheme 4. Late-Stage Modification and Functionalization of
the Products

A. Late stage modification on drug derivatives
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To highlight the synthetic utility of our 4-amino thiochro-
man products, a series of transformations were performed
(Scheme 4B). With Boc as the protecting group, free amine 9
was easily obtained from 6g in 76% yield. The thiochroman
product can also be oxidized to sulfoxide 10 (97% yield from
5a) or sulfone 11 (quantitative yield from 6f). It is important
to note that 4-amino thiochroman derivatives were reported to
be potent aldose reductase inhibitors'® or sirtuin 5 (SIRTS)
inhibitors."* They were also reported to have excellent
selective antagonistic activity on an a,p adrenergic receptor.15

The unexpected formation of 4-amino thiochromans
motivated us to perform a series of experiments to gain
some insight into the mechanism. By performing the standard
reaction in CDCIl; and following the progress of the reaction
by 'H NMR, we observed the conversion of 2a into a first
intermediate, which was isolated in 61% vyield and was
identified as N,S-acetal 3a after purification by column
chromatography (Scheme S, eq 1). The transformation from
3a to thiochroman Sa was spontaneous in CDCl; and was
complete in 2 h, indicating the formation of N,S-acetal 3a is
not off-cycle (eq 2). An unknown intermediate, which can be
stabilized by adding excess K,CO; to the solution, was
observed by '"H NMR during the transformation from 3a to 5a.
However, attempts to isolate this intermediate failed as it was
formed only in a small ratio (see the Supporting Information
for details). 2a was then reduced to give alkyl iodide 12. No
reaction was observed between 4-methylbenzenethiol and 12
under neutral or acidic conditions (eq 3). Indeed, the Sy2

Scheme S. Experiments for the Elucidation of the Reaction
Mechanism
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reaction took place efficiently only under basic conditions (eq
4) and conversion of isolated product 13 into thiochroman
product Sa was not very efficient even in the presence of 1.0
equiv of TFA for 16 h, as it was accompanied by the formation
of imine intermediate 14 (eq 5). When 2a was mixed with
methyl p-tolyl sulfide, no product 15 resulting from an
intermolecular Friedel—Crafts reaction was observed (eq 6).
On the basis of these experiments, we propose a speculative
mechanism (Scheme 6). Once 4-methylbenzenethiol was
added, N,S-acetal 3a was formed as the first intermediate.
Due to the nucleophilicity of the sulfur atom, an intramolecular

Scheme 6. Proposed Speculative Reaction Mechanism
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Sx2 reaction would take place to form sulfonium salt I, which
may be the unknown intermediate observed from '"H NMR
experiments (path A). The following steps involving ring
opening of the four-membered ring, intramolecular Friedel—
Crafts reaction, and deprotonation of II should be fast, as no
other intermediates were observed from "H NMR experiments.
A mechanism involving a 1,3-shift can be considered, as imine
14 was not observed. Another way to explain the migration of
the sulfur atom from the N,S-acetal carbon atom to the
terminal carbon atom would involve an aza-Petasis Ferrier
rearrangement ' via ion pair III to give IV, followed by an
intramolecular Sy2 reaction (path B). Nevertheless, path A
seems to be more reasonable, considering the stability of the
unknown intermediate in the presence of K,COj;, which would
be expected to accelerate an Sy2 process.

In summary, we have developed an eflicient and
regioselective [3+3] annulation for the synthesis of 4-amino
thiochromans. Good functional group tolerance was observed
for electron-donating and electron-withdrawing substituents on
both thiophenols and aminocyclopropanes. Late-stage mod-
ification of drug derivatives containing an aminocyclopropane
was successful, and deprotection of the amino group was
demonstrated. An enantioselective synthesis as well as other
annulations involving dielectrophilic synthons derived from
aminocyclopropanes is under investigation in our group and
will be reported in due time.

Hl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03528.

Experimental details and general procedures for the
synthesis of 4-amino thiochromans, scale-up of the
reaction, product modification, mechanistic studies,
compound characterization methods and data, and
spectra (PDF)

Accession Codes

CCDC 2034409 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

Jérome Waser — Laboratory of Catalysis and Organic
Synthesis, Institut des Sciences et Ingénierie Chimique, Ecole
Polytechnique Fédérale de Lausanne, CH-101S Lausanne,
Switzerland; ® orcid.org/0000-0002-4570-914X;

Email: jerome.waser@epfl.ch

Authors

Ming-Ming Wang — Laboratory of Catalysis and Organic
Synthesis, Institut des Sciences et Ingénierie Chimique, Ecole
Polytechnique Fédérale de Lausanne, CH-1015 Lausanne,
Switzerland; ©® orcid.org/0000-0003-3401-5633

Seongmin Jeon — Laboratory of Catalysis and Organic
Synthesis, Institut des Sciences et Ingénierie Chimique, Ecole
Polytechnique Fédérale de Lausanne, CH-101S Lausanne,
Switzerland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c03528

Notes

The authors declare no competing financial interest.
Raw NMR, MS, and IR data are available at zenodo.org (DOL:
10.5281/zenodo.4194211).

B ACKNOWLEDGMENTS

The authors thank the Swiss National Science Foundation
(SNSF, Grants 200021 165788 and 200020 182798) and
EPFL for financial support. The authors thank Dr. R. Scopelliti
from ISIC at EPFL for X-ray crystallographic analysis.

B REFERENCES

(1) (a) Brackmann, F; de Meijere, A. Natural Occurrence,
Syntheses, and Applications of Cyclopropyl-Group-Containing a-
Amino Acids. 1. I-Aminocyclopropanecarboxylic Acid and Other 2,3-
Methanoamino Acids. Chem. Rev. 2007, 107, 4493. (b) de Nanteuil,
F.; De Simone, F.; Frei, R; Benfatti F.; Serrano, E.; Waser, J.
Cyclization and Annulation Reactions of Nitrogen-Substituted
Cyclopropanes and Cyclobutanes. Chem. Commun. 2014, 50, 10912.
(c) Rassadin, V. A; Six, Y. Ring-Opening, Cycloaddition and
Rearrangement Reactions of Nitrogen-Substituted Cyclopropane
Derivatives. Tetrahedron 2016, 72, 4701.

(2) (a) Gnad, F.; Reiser, O. Synthesis and Applications of f—
Aminocarboxylic Acids Containing a Cyclopropane Ring. Chem. Rev.
2003, 103, 1603. (b) Schneider, T. F.; Kaschel, J.; Werz, D. B. A New
Golden Age for Donor—Acceptor Cyclopropanes. Angew. Chem., Int.
Ed. 2014, $3, 5504.

(3) (a) Rousseaux, S.; Liégault, B.; Fagnou, K. Palladium(0)-
Catalyzed Cyclopropane C—H Bond Functionalization: Synthesis of
Quinoline and Tetrahydroquinoline Derivatives. Chem. Sci. 2012, 3,
244. (b) Sokolova, O. O.; Bower, J. F. Selective Carbon—Carbon
Bond Cleavage of Cyclopropylamine Derivatives. Chem. Rev. 2020,
DOI: 10.1021/acs.chemrev.0c00166.

(4) (a) Ha, J. D,; Lee, J.; Blackstock, S. C.; Cha, J. K. Intramolecular
[3 + 2] Annulation of Olefin-Tethered Cyclopropylamines. J. Org.
Chem. 1998, 63, 8510. (b) Madelaine, C.; Six, Y.; Buriez, O.
Electrochemical Aerobic Oxidation of Aminocyclopropanes to
Endoperoxides. Angew. Chem., Int. Ed. 2007, 46, 8046. (c) Wimala-
sena, K; Wickman, H. B.; Mahindaratne, M. P. D. Autocatalytic
Radical Ring Opening of N-Cyclopropyl-N-phenylamines Under
Aerobic Conditions — Exclusive Formation of the Unknown Oxygen
Adducts, N-(1,2-Dioxolan-3-yl)-N-phenylamines. Eur. J. Org. Chem.
2001, 2001, 3811. (d) Maity, S.; Zhu, M.; Shinabery, R. S.; Zheng, N.
Intermolecular [3 + 2] Cycloaddition of Cyclopropylamines with
Olefins by Visible-Light Photocatalysis. Angew. Chem., Int. Ed. 2012,
51, 222. (e) Nguyen, T. H,; Maity, S; Zheng, N. Visible Light
Mediated Intermolecular [3 + 2] Annulation of Cyclopropylanilines
with Alkynes. Beilstein J. Org. Chem. 2014, 10, 975. (f) Cai, Y.; Wang,
J; Zhang, Y,; Li, Z; Hu, D;; Zheng, N.; Chen, H. Detection of
Fleeting Amine Radical Cations and Elucidation of Chain Processes in
Visible-Light-Mediated [3 + 2] Annulation by Online Mass
Spectrometric Techniques. J. Am. Chem. Soc. 2017, 139, 12259.
(g) Wang, M.-M.,; Waser, J. Oxidative Fluorination of Cyclo-
propylamides through Organic Photoredox Catalysis. Angew. Chem.,
Int. Ed. 2020, 59, 16420.

(5) O’Broin, C. Q.; Fernandez, P.; Martinez, C.; Mudiz, K. N-
Iodosuccinimide-Promoted Hofmann—Loffler Reactions of Sulfoni-
mides under Visible Light. Org. Lett. 2016, 18, 436.

(6) (a) Wang, M.-M.; Waser, J. 1,3-Difunctionalization of Amino-
cyclopropanes via Dielectrophilic Intermediates. Angew. Chem., Int.
Ed. 2019, 58, 13880. (b) Wang, Q.; Zheng, N. Difunctionalization of
Cyclopropyl Amines with N-Iodosuccinimide (NIS) or in Situ
Formed Cyanogen lodide (ICN). Org. Lett. 2019, 21, 9999.
(c) Mancey, N. C; Sandon, N.; Auvinet, A.-L; Butlin, R. J;

https://dx.doi.org/10.1021/acs.orglett.0c03528
Org. Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.orglett.0c03528?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03528/suppl_file/ol0c03528_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2034409&id=doi:10.1021/acs.orglett.0c03528
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="Je%CC%81ro%CC%82me+Waser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4570-914X
mailto:jerome.waser@epfl.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming-Ming+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3401-5633
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seongmin+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03528?ref=pdf
http://zenodo.org
https://dx.doi.org/10.1021/cr078376j
https://dx.doi.org/10.1021/cr078376j
https://dx.doi.org/10.1021/cr078376j
https://dx.doi.org/10.1021/cr078376j
https://dx.doi.org/10.1039/C4CC03194F
https://dx.doi.org/10.1039/C4CC03194F
https://dx.doi.org/10.1016/j.tet.2016.06.014
https://dx.doi.org/10.1016/j.tet.2016.06.014
https://dx.doi.org/10.1016/j.tet.2016.06.014
https://dx.doi.org/10.1021/cr010015v
https://dx.doi.org/10.1021/cr010015v
https://dx.doi.org/10.1002/anie.201309886
https://dx.doi.org/10.1002/anie.201309886
https://dx.doi.org/10.1039/C1SC00458A
https://dx.doi.org/10.1039/C1SC00458A
https://dx.doi.org/10.1039/C1SC00458A
https://dx.doi.org/10.1021/acs.chemrev.0c00166
https://dx.doi.org/10.1021/acs.chemrev.0c00166
https://dx.doi.org/10.1021/acs.chemrev.0c00166?ref=pdf
https://dx.doi.org/10.1021/jo9817671
https://dx.doi.org/10.1021/jo9817671
https://dx.doi.org/10.1002/anie.200702903
https://dx.doi.org/10.1002/anie.200702903
https://dx.doi.org/10.1002/1099-0690(200110)2001:20<3811::AID-EJOC3811>3.0.CO;2-6
https://dx.doi.org/10.1002/1099-0690(200110)2001:20<3811::AID-EJOC3811>3.0.CO;2-6
https://dx.doi.org/10.1002/1099-0690(200110)2001:20<3811::AID-EJOC3811>3.0.CO;2-6
https://dx.doi.org/10.1002/1099-0690(200110)2001:20<3811::AID-EJOC3811>3.0.CO;2-6
https://dx.doi.org/10.1002/anie.201106162
https://dx.doi.org/10.1002/anie.201106162
https://dx.doi.org/10.3762/bjoc.10.96
https://dx.doi.org/10.3762/bjoc.10.96
https://dx.doi.org/10.3762/bjoc.10.96
https://dx.doi.org/10.1021/jacs.7b06319
https://dx.doi.org/10.1021/jacs.7b06319
https://dx.doi.org/10.1021/jacs.7b06319
https://dx.doi.org/10.1021/jacs.7b06319
https://dx.doi.org/10.1002/anie.202007864
https://dx.doi.org/10.1002/anie.202007864
https://dx.doi.org/10.1021/acs.orglett.5b03476
https://dx.doi.org/10.1021/acs.orglett.5b03476
https://dx.doi.org/10.1021/acs.orglett.5b03476
https://dx.doi.org/10.1002/anie.201907060
https://dx.doi.org/10.1002/anie.201907060
https://dx.doi.org/10.1021/acs.orglett.9b03922
https://dx.doi.org/10.1021/acs.orglett.9b03922
https://dx.doi.org/10.1021/acs.orglett.9b03922
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03528?ref=pdf

Organic Letters pubs.acs.org/OrgLett

Czechtizky, W.; Harrity, J. P. A. Stereoselective Approaches to 2,3,6-
Trisubstituted Piperidines. An Enantiospecific Synthesis of Quinoli-
zidine (—)-217A. Chem. Commun. 2011, 47, 9804.

(7) (a) Young, I S.; Kerr, M. A. A Homo [3 + 2] Dipolar
Cycloaddition: The Reaction of Nitrones with Cyclopropanes. Angew.
Chem., Int. Ed. 2003, 42, 3023. (b) Zhang, H.-H.; Luo, Y.-C.; Wang,
H.-P.; Chen, W,; Xu, P.-F. TiCl, Promoted Formal [3 + 3]
Cycloaddition of Cyclopropane 1,1-Diesters with Azides: Synthesis
of Highly Functionalized Triazinines and Azetidines. Org. Lett. 2014,
16, 4896. (c) Garve, L. K. B.; Petzold, M.; Jones, P. G.; Werz, D. B. [3
+ 3]-Cycloaddition of Donor—Acceptor Cyclopropanes with Nitrile
Imines Generated in Situ: Access to Tetrahydropyridazines. Org. Lett.
2016, 18, 564. (d) Chagarovskiy, A. O.; Vasin, V. S.; Kuznetsov, V. V,;
Ivanova, O. A; Rybakov, V. B.; Shumsky, A. N.; Makhova, N. N,;
Trushkov, 1. V. (3 + 3)-Annulation of Donor—Acceptor Cyclo-
propanes with Diaziridines. Angew. Chem., Int. Ed. 2018, 57, 10338.
(e) Petzold, M.; Jones, P. G.; Werz, D. B. (3 + 3)-Annulation of
Carbonyl Ylides with Donor—Acceptor Cyclopropanes: Synergistic
Dirhodium(II) and Lewis Acid Catalysis. Angew. Chem., Int. Ed. 2019,
58, 6225.

(8) (a) Brown, M. J; Carter, P. S.; Fenwick, A. E.; Fosberry, A. P.;
Hamprecht, D. W.; Hibbs, M. J.; Jarvest, R. L.; Mensah, L.; Milner, P.
H.; O’Hanlon, P. J; Pope, A. J.; Richardson, C. M.; West, A.; Witty,
D. R. The Antimicrobial Natural Product Chuangxinmycin and Some
Synthetic Analogues are Potent and Selective Inhibitors of Bacterial
Tryptophanyl tRNA Synthetase. Bioorg. Med. Chem. Lett. 2002, 12,
3171. (b) Geng, H.-j,; Xing, Z.-b.; Luo, W.; Cong, L.; Li, X.-y.; Guo,
C. Synthesis and Antifungal Activity of 3-Substituted-thiochroman-4-
one Semicarbazone Derivatives. Lett. Drug Des. Discovery 2012, 9, 797.
(c) Song, Y.-L; Dong, Y.-F,; Yang, T.; Zhang, C.-C; Su, L-M,;
Huang, X,; Zhang, D.-N,; Yang, G.-L; Liu, Y.-X. Synthesis and
Pharmacological Evaluation of Novel Bisindolylalkanes Analogues.
Bioorg. Med. Chem. 2013, 21, 7624.

(9) Selected examples depicting two-step synthesis of thiochroman
derivatives from thiophenols: (a) Niermann, A.; Grossel, J. E.; Reissig,
H.-U. New Thiochromans via Reductive Cyclization of Thiophenol
Derivatives. Synlett 2013, 24, 177. (b) Mao, H.; You, B.-X;; Zhou, L.-
J; Xie, T-T,; Wen, Y-H; Lv, X; Wang, X.-X. Sml,-Mediated
Reductive Cyclization of p-Arylthio Ketones: A Facile and
Diastereoselective Synthesis of Thiochroman Derivatives. Org. Biomol.
Chem. 2017, 15, 6157.

(10) Vu, M. D,; Foo, C. Q.; Sadeer, A.; Shand, S. S.; Li, Y.; Pullarkat,
S. A. Triflic-Acid-Catalyzed Tandem Allylic Substitution—Cyclization
Reaction of Alcohols with Thiophenols—Facile Access to Polysub-
stituted Thiochromans. ACS Omega 2018, 3, 8945.

(11) Basu, P.; Hazra, C; Baiju, T. V.; Namboothiri, I. N. N.
Synthesis of Tetrahydrothiopyrano[2,3-bJindoles via [3 + 3]
Annulation of Nitroallylic Acetates with Indoline-2-thiones. New J.
Chem. 2020, 44, 1389.

(12) The X-ray data are available at the Cambridge Crystallographic
Centre, CCDC number 2034409.

(13) Sarges, R.; Schnur, R. C.; Belletire, J. L.; Peterson, M. J. Spiro
Hydantoin Aldose Reductase Inhibitors. J. Med. Chem. 1988, 31, 230.

(14) Rajabi, N.; Auth, M.; Troelsen, K. R.; Pannek, M.; Bhatt, D. P.;
Fontenas, M.; Hirschey, M. D.; Steegborn, C.; Madsen, A. S.; Olsen,
C. A. Mechanism-Based Inhibitors of the Human Sirtuin 5 Deacylase:
Structure—Activity Relationship, Biostructural, and Kinetic Insight.
Angew. Chem., Int. Ed. 2017, 56, 14836.

(15) Masato, Y.; Yasuhisa, K.; Nobuki, S.; Ayumu, S. Iminopyridine
Derivative and Use Thereof. WO 2009131135 Al, 2009.

(16) (a) Terada, M,; Toda, Y. Double Bond Isomerization/
Enantioselective Aza-Petasis—Ferrier Rearrangement Sequence as an
Efficient Entry to Anti- and Enantioenriched f-Amino Aldehydes. J.
Am. Chem. Soc. 2009, 131, 6354. (b) Terada, M.; Komuro, T.; Toda,
Y.; Korenaga, T. Mechanistic Studies of Highly Enantio- and
Diastereoselective Aza-Petasis—Ferrier Rearrangement Catalyzed by
Chiral Phosphoric Acid. J. Am. Chem. Soc. 2014, 136, 7044.

https://dx.doi.org/10.1021/acs.orglett.0c03528
Org. Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1039/c1cc13048j
https://dx.doi.org/10.1039/c1cc13048j
https://dx.doi.org/10.1039/c1cc13048j
https://dx.doi.org/10.1002/anie.200351573
https://dx.doi.org/10.1002/anie.200351573
https://dx.doi.org/10.1021/ol5024079
https://dx.doi.org/10.1021/ol5024079
https://dx.doi.org/10.1021/ol5024079
https://dx.doi.org/10.1021/acs.orglett.5b03598
https://dx.doi.org/10.1021/acs.orglett.5b03598
https://dx.doi.org/10.1021/acs.orglett.5b03598
https://dx.doi.org/10.1002/anie.201805258
https://dx.doi.org/10.1002/anie.201805258
https://dx.doi.org/10.1002/anie.201814409
https://dx.doi.org/10.1002/anie.201814409
https://dx.doi.org/10.1002/anie.201814409
https://dx.doi.org/10.1016/S0960-894X(02)00604-2
https://dx.doi.org/10.1016/S0960-894X(02)00604-2
https://dx.doi.org/10.1016/S0960-894X(02)00604-2
https://dx.doi.org/10.2174/157018012802652903
https://dx.doi.org/10.2174/157018012802652903
https://dx.doi.org/10.1016/j.bmc.2013.10.034
https://dx.doi.org/10.1016/j.bmc.2013.10.034
https://dx.doi.org/10.1055/s-0032-1317922
https://dx.doi.org/10.1055/s-0032-1317922
https://dx.doi.org/10.1039/C7OB01082F
https://dx.doi.org/10.1039/C7OB01082F
https://dx.doi.org/10.1039/C7OB01082F
https://dx.doi.org/10.1021/acsomega.8b01305
https://dx.doi.org/10.1021/acsomega.8b01305
https://dx.doi.org/10.1021/acsomega.8b01305
https://dx.doi.org/10.1039/C9NJ04754A
https://dx.doi.org/10.1039/C9NJ04754A
https://dx.doi.org/10.1021/jm00396a037
https://dx.doi.org/10.1021/jm00396a037
https://dx.doi.org/10.1002/anie.201709050
https://dx.doi.org/10.1002/anie.201709050
https://dx.doi.org/10.1021/ja902202g
https://dx.doi.org/10.1021/ja902202g
https://dx.doi.org/10.1021/ja902202g
https://dx.doi.org/10.1021/ja5017206
https://dx.doi.org/10.1021/ja5017206
https://dx.doi.org/10.1021/ja5017206
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03528?ref=pdf

