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ABSTRACT: A thermal O-to-C [1,3]-rearrangement of α-hydroxy acid derived enol ethers was achieved under mild conditions.
The 2-aminothiophenol protection of carboxylic acids facilitates formation of the [1,3] precursor and its thermal rearrangement via
stabilization of a radical intermediate. Experimental and theoretical evidence for dissociative radical pair formation, its captodative
stability via aminothiophenol, and a unique solvent effect are presented. The aminothiophenol was deprotected from rearrangement
products as well as after derivatization to useful synthons.

The thermal [1,3]-rearrangement of O-alkyl enolates was
reported by Claisen in 1896,1 well before the famous

[3,3]-Claisen sigmatropic rearrangement of O-allyl enolates in
1912.2 The [3,3]-rearrangement exhibits many essential
aspects of an ideal reaction, namely mild conditions and a
waste-free rearrangement for the regio- and stereoselective
synthesis of polyfunctionalized products.3 On the other hand,
although the thermal [1,3]-rearrangement is theoretically a
similar waste-free process, only a handful of reports have
appeared in the literature with very high-temperature require-
ments, narrow substrate scopes, and often poor yields. A
thermally allowed pericyclic pathway is presumably unattain-
able due to the constrained transition state with inversion at
the migrating center. The dissociative radical pair mechanism
for the reported methods is generally accepted and often
attributed to its inefficiency, substrate dependency, and the
dearth of examples (Figure 1a).4 The substrate dependency
with a narrow scope was exemplified by an accidental [1,3]
migration of highly substituted classes of ketene silyl ethers
discovered by the Shiina group.4q The thermal rearrangement
proceeds efficiently at 100 °C, but only with a fully substituted
C-3 carbon (R1, R2 ≠ H). On the other hand, other
dissociative radical pair rearrangements from highly reactive
starting materials that proceed under mild conditions such as
anionic [1,2]-Wittig and zwitterionic Stevens rearrangements
are efficient and synthetically valuable.5 A general and milder
radical [1,3]-Claisen rearrangement could, therefore, represent
an efficient and synthetically significant process.
We reasoned that a reactive enol ether and stable

corresponding α-keto radical intermediate would reduce the

activation energy for thermal [1,3]-rearrangement via homo-
lytic bond cleavage. We envisioned that inexpensive biomass α-
hydroxy acids could be converted to derivative 5, which would
facilitate a mild 1,3-rearrangement for two reasons.6 First, the
enol ether conjugated with the three heteroatom lone pairs of
electrons is electron-rich and expected to be activated for a
homolytic bond cleavage (5 to 6).7 Second, the resulting α-
keto radical intermediate (III) should achieve enhanced
stability via a push−pull captodative effect.8 The extended
conjugations in captodatively stable radicals lead to polar-
ization and should enjoy a unique solvent stabilization for
further reduction in bond dissociation energy.9 Herein, we
report a facile and efficient thermal [1,3]-Claisen rearrange-
ment of α-hydroxy acid derivatives. The enhanced reactivity of
an intermediary enol ether and the stability of a subsequent
radical intermediate was achieved by the protection of the
carboxylic acid group with a removable 2-aminothiophenol for
its substrate independent reactivity. The reaction mechanism
and its efficiency are supported by both experiments and
computations.
We started our exploration with the protection of the

carboxylic acid with 1,2-phenylenediamine, 2-aminophenol,

Received: December 12, 2020
Published: January 14, 2021

Letterpubs.acs.org/OrgLett

© 2021 American Chemical Society
890

https://dx.doi.org/10.1021/acs.orglett.0c04109
Org. Lett. 2021, 23, 890−895

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

E
W

 M
E

X
IC

O
 o

n 
M

ay
 1

6,
 2

02
1 

at
 0

6:
31

:4
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Nirshad+Alam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumya+Ranjan+Dash"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anirban+Mukherjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satish+Pandole"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Udaya+Kiran+Marelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kumar+Vanka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kumar+Vanka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pradip+Maity"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.0c04109&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?fig=&ref=pdf
https://pubs.acs.org/toc/orlef7/23/3?ref=pdf
https://pubs.acs.org/toc/orlef7/23/3?ref=pdf
https://pubs.acs.org/toc/orlef7/23/3?ref=pdf
https://pubs.acs.org/toc/orlef7/23/3?ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04109?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


and 2-aminothiophenol, respectively. The protected acid
derivatives were O-benzylated (3), followed by N-methylation
with methyl triflate in a minimum amount of DCM for their
clean formation of the corresponding salts (4; see Supporting
Information (SI) for details).10 The formation of a [1,3]
precursor enol ether (5) and its proposed rearrangement were
studied via an operationally simple treatment of weak base
DBU in situ at room temperature followed by warming. DMSO
was chosen as the solvent to study the rearrangement with an
anticipation that a compatible polar solvent would reduce the
activation energy further by stabilizing the captodative radical
(III), leading to a facile or faster product formation.9

Carboxylic acid derivatives of 1,2-phenylenediamine and 2-
aminophenol (3a″, 3a′) led to the smooth formation of N-
methyl salts (4a″, 4a′; see SI), but failed to rearrange at
ambient temperature followed by decomposition at higher
temperature (entries 1, 2). With 2-aminothiophenol derivative
3a, we were delighted to observe the partial formation of [1,3]-
rearrangement product 6a (∼22%) at room temperature
(Table 1, entry 3). The rate of thermal rearrangement
increased substantially at 50 °C for its completion in 8 h to
form the [1,3] product in 90% yield (entry 4). With 3a, we
screened other bases and alkylating reagents to find both DBU
and K2CO3 as efficient bases and methyl triflate as the optimal
alkylating agent in DMSO (entries 5−8). As anticipated, the
rearrangement in less polar solvents such as toluene was slower
and afforded a lower yield (69%, entry 9). Other solvents were
screened for their effect on the rearrangement (entries 10−14)
which showed DMSO as the best solvent with yields and rate
of rearrangement roughly following the solvent polarity.
With the development of a mild and efficient rearrangement

condition, we explored the substrate scope to find its
generality. Different α-hydroxyacid derivatives with alkyl,
benzyl, and aryl groups (R1) were efficient for the synthesis
of various alkyl and aryl ketones (Figure 2, 6a−h). The

generality of migrating groups was tested next with R1 as alkyl
groups. A broad variety of substituents on the phenyl ring of
the migrating benzyl were equally effective. For example,
fluoro, chloro, and bromo at C-4 with either methyl or isobutyl
as R1 rearranged to form corresponding products (6i−k) in
good yields. With R1 = iBu, ortho-, meta-, and para-
chlorobenzyl substituents were tested to examine electronic
and steric effects. Both para- and meta- resulted in similar high

Figure 1. Thermal [1, 3]-Claisen rearrangements

Table 1. Thermal Rearrangement for α-Hydroxy Acid
Derivativesa

entry X MeY base solvent time (h) yield (%)

1b NMe MeOTf DBU DMSO 24 ND
2b O MeOTf DBU DMSO 24 ND
3c S MeOTf DBU DMSO 24 22
4 S MeOTf DBU DMSO 8 90
5 S MeOTf K2CO3 DMSO 8 92
6 S MeOTf KHCO3 DMSO 16 <5
7 S Me2SO4 K2CO3 DMSO 8 40
8d S MeI K2CO3 DMSO 8 27
9 S MeOTf K2CO3 PhMe 16 69
10 S MeOTf K2CO3 PhMe 16 69
11 S MeOTf K2CO3 DCE 12 77
12 S MeOTf K2CO3 THF 12 72
13 S MeOTf K2CO3 DMF 10 79
14 S MeOTf K2CO3 DMA 10 86

aConditions: All reactions were performed on a 0.2 mmol scale with
1.5 equiv of MeY and 2 equiv of bases in 2 mL of solvent (0.1 M) at
50 °C. brt−100 °C. crt. dN-Methylation step at 0−40 °C.

Figure 2. Substrate scope. Reaction conditions: Methyl triflate (0.3
mmol) was added to the substrate (0.2 mmol) and K2CO3 (0.4
mmol) in 1 mL of DCM (0.2 M) at 0 °C for 12 h, followed by
addition of DMSO (2 mL, 0.1 M) and heating at 50 °C for 8 h. aUp
to 100 °C after DMSO addition.
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yields (6k, 6l), while ortho- led to slightly diminished product
formation (6m). Electron-donating groups at C-4 such as
methyl and methoxy (6o−q) were found to be effective.
Gratifyingly, electron-deficient groups such as trifluoromethyl
at C-3 (6r) and cyano (6s) at C-4 (6m) were also well
tolerated. C-2 substituted heteroaromatic furan (6n) and
thiophene (6o) also led to the rearranged product under the
optimized reaction conditions in good yields. α-Substituted
benzyl groups were tested next for their thermal [1,3]
migration. The rearrangements with tertiary migrating groups
proceeded at a faster rate than the secondary benzyl to furnish
products in good overall yields with low to moderate
diastereoselectivities. The 1-phenylethyl group migrated with
a 79% yield and 1.7:1 diastereomeric ratio, and 1-β-
naphthylethyl rearranged to 67% product with 2.3:1 diaster-
eoselectivity. Interestingly, the 1-phenylcyclopropyl ethyl
group migrated efficiently (yield 75%, dr = 2:1) without any
ring-opening product.11 The low diastereoselectivities in these
products might be a combination of poor d.r. of in situ formed
[1,3] precursors and dissociative nature of the rearrangement.
A 1,1-bisphenylmethane (6y) also migrated efficiently to yield
71% of the rearranged product. Alkyl groups such as methyl,
ethyl, and isopropyl as the migrating group remained
unreactive under the optimized reaction conditions, and
heating at higher temperature led to a complex reaction
mixture, presumably via multiple air oxidation paths.12

With the establishment of a broad substrate scope for the
thermal [1,3]-rearrangement protocol, we next conducted
mechanistic studies on this facile migration. First, a radical trap
reaction with TEMPO was conducted to obtain direct
evidence for a bis-radical path. A 1 equiv amount of TEMPO
did not alter the product formation significantly, although we
detected a TEMPO trapped benzyl radical by HRMS analysis
of the crude reaction mixture. Increasing the TEMPO to 5
equiv led to a lowering of yield for the [1,3] product (58%)
along with 18% isolated TEMPO trapped product (Scheme
1A). Next, we carried out a crossover experiment with 3a and
3i (Scheme 1B), which mainly resulted in intramolecular
products 6a and 6i along with ∼10% total cross-products 6b
and 6h. The partial trapping of radicals via TEMPO and a
minor amount of crossover product formation indicate a
solvent cage recombination of bis-radical intermediates. To
further distinguish between radical versus ionic paths, we
compared the rate of rearrangement for the 4-cyanobenzyl
migrating group to the parent benzyl group (Scheme 1C). The
4-cyano substituent is expected to reduce the rate of the ionic
reaction13 while accelerating the radical reaction path.14 The
kinetic experiments via 1H NMR monitoring in DMSO-d6 at
40 °C resulted in a 3.5 times faster reaction with the 4-cyano
substrate, further supporting the radical mechanism (see SI for
details).
To compare the relative energy required for thermal radical

pair [1,3]-rearrangements, we calculated the ΔG associated
with the bond dissociation step for Claisen,1 Shiina,4g and our
system using DFT (ωB97XD/6-31+G(d,p)) (Scheme 2).9,15

We chose the migrating group as benzyl for all three systems to
correlate the effect of α-ketyl radical stability (I, II, and III) on
the bond dissociation step. The gas-phase ΔG for the
homolytic cleavage of the Claisen system is 34.3 kcal/mol,
consistent with the very high temperature for its rearrange-
ment. For the fully substituted Shiina system, the ΔG is 12.9
kcal/mol, while for our 2-aminothiophenol protected system
the ΔG is 13.0 kcal/mol, in line with their unusually facile

thermal rearrangement (Scheme 2A). The fact that our
substrates rearrange effectively at a lower temperature indicates
further stabilization via solvent on the captodatively stable
radical III. To estimate the relative solvent effects, we first
determined the ΔG’s in solvents with an increasing dielectric
constant for these three α-keto radicals. The calculations show
a considerably higher magnitude of stabilization (5.0 vs 1.8 vs
1.3 kcal/mol from gas-phase to DMSO) for radical III over
radical II and I. The origin of this solvent stabilization was
attributed to their polarization which was examined via spin
densities for radical II and III in different solvents (Scheme
2B) using the SMD solvation model.9,16 The computations
show that the reduction in spin density at radical carbon in a
higher polarity solvent was greater in magnitude for our system
(III) compared to the α-ester radical II. Conversely, the spin
density on electron donor nitrogen in III increased
significantly, while no significant change was observed on α-
carbons of II. Both the spin density distribution and ΔG
calculation in different solvents shows our captodatively stable
radical III was more polarizable than a typical α-keto radical
and exerted higher stabilization in polar solvents. The solvent
effect was tested experimentally, which showed a 1.6-fold rate
enhancement in DMSO compared to toluene at 40 °C. We
observed significant spin density on sulfur (0.12), which is
indicative of its superior effect on radical III stabilization and
success over other carboxylic acid protecting groups tested.
Finally, we demonstrated the removal of the 2-amino-

thiophenol from the [1,3] rearranged products. Several
reported S,N-acetal deprotection reagents were unsuccessful,
but AgNO3 at 60 °C afforded the desired products 8 in 55−
64% yield.17 Optimization with various silver salts led to
cleaner deprotection with AgBF4 in MeCN/H2O (3:1) at 60
°C for 2 h to the diketone products with various C-2

Scheme 1. Mechanistic Experiments
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substituted rearranged products (8a−c) (Scheme 3). We also
took advantage of the regioselectively protected diketone
products to modify the unprotected ketone to an alcohol and
alkene followed by deprotection to obtain selectively one
regioisomer of the α-hydroxy alcohol 9 and α,β-unsaturated
ketone 10, respectively.18

In conclusion, inexpensive, stable, and naturally abundant α-
hydroxy acids were converted to 2-aminothiophenol derived
enol ether precursors for their thermal [1,3]-rearrangements
under ambient conditions. The aminothiophenol derivative of
carboxylic acids led to protection, enol ether formation, and
most importantly radical stabilization for mild and general
thermal [1,3]-rearrangements. Good to excellent yields were
achieved with both alkyl and aryl α-hydroxy acids and a large
variety of migrating groups. Mechanistic studies support a
dissociative radical pair mechanism and solvent cage
recombination. Computational studies support our hypothesis

for facile reaction and provide evidence for further solvent
stabilization. The S,N-acetal of the rearrangement products
and their derivatives were deprotected efficiently with good
yields for the synthesis of 1,2-diketones, as well as an
unsymmetrical α-hydroxy ketone and α,β-unsaturated ketone.
We are currently exploring the possibility of stereotranslation
from chiral substrates via stereoretentive [1,3]-rearrangements.
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215−232. (c) Staudinger, H.; Rǔzicka, L.; Insektentötende Stoffe, V.
I. Insektentötende Stoffe VI. Untersuchungen über Cyclopentano-
londerivate und ihr Vergleich mit dem Pyrethrolon. Helv. Chim. Acta
1924, 7, 377−390. (d) Lauer, M. W.; Spielman, A. M. The Molecular
Rearrangement of Alpha, Beta- Unsaturated Ethers. J. Am. Chem. Soc.
1933, 55, 4923−4930. (e) Spielman, M. A.; Mortenson, C. W. The
Condensation of α-Methoxystyrene with Hydrocarbons. J. Am. Chem.
Soc. 1939, 61, 666−667. (f) Wiberg, K. B.; Rowland, B. I. [1,3]-Shift.
II. The Stereochemistry of the Rearrangement of α- Alkoxystyrenes. J.
Am. Chem. Soc. 1955, 77, 1159−1163. (g) Wiberg, K. B.; Shryne, T.
M.; Kintner, R. R. 1,3-Shifts. V. The Intermolecular Nature of Some
1,3-Shifts. J. Am. Chem. Soc. 1957, 79, 3160−3164. (h) Wiberg, K. B.;
Kintner, R. R.; Motell, E. L. 1,3-Shifts. VI. The Kinetics of the
Rearrangement of α-Benzyloxystyrene. J. Am. Chem. Soc. 1963, 85,
450−454. (i) Arnold, R. T.; Kulenovic, S. T. Competitive [1,3]- and
[3,3]-Sigmatropic Rearrangement. J. Org. Chem. 1980, 45, 891−894.
(j) Barluenga, J.; Aznar, F.; Liz, R.; Bayod, M. Synthesis of Substituted
2-Aminopent-4-enals and 2-Amino-3-(2-furyl)propanals via [3,3]- and
[1,3]-Sigmatropic Shifts of P-Allyloxyenamines. J. Chem. Soc., Chem.
Commun. 1984, 1427−1428. (k) Shishido, K.; Shitara, E.; Fukumoto,
K.; Kametani, T. Tandem electrocyclic-sigmatropic reaction of

benzocyclobutenes. An expedient route to 4,4-disubstituted iso-
chromanones. J. Am. Chem. Soc. 1985, 107, 5810−5812. (l) Barluenga,
J.; Aznar, F.; Liz, R.; Bayod, M. Substituent effects in the aliphatic
Claisen rearrangement of substituted (1-methyl-3-oxahexa-1,5-
dienyl)amines: synthesis of substituted 2-aminopent-4-enals. Alter-
native [1,3]-sigmatropic shifts in related aromatic systems. J. Org.
Chem. 1987, 52, 5190−5194. (m) Morrow, G. W.; Wang, S.;
Swenton, J. S. Spirodienones via a uncatalyzed [1,3]-oxygen-to-carbon
migration. Tetrahedron Lett. 1988, 29, 3441−3444. (n) Wang, S.;
Morrow, G. W.; Swenton, J. S. Spiro-fused 2,5-cyclohexadienones
from the thermal 1,3-alkyl migrations of quinol vinyl ethers. A strategy
for conversion of a carbonyl carbon to a quaternary carbon. J. Org.
Chem. 1989, 54, 5364−5371. (o) Khan, K. M.; Knight, D. W. [ 1.31,
[3.3] and Tandem [ 1.31-[3.3] Rearrangements of 11 - and 12-
Membered Trienolides. J. Chem. Soc., Chem. Commun. 1991, 1699−
1701. (p) Burger, K.; Fuchs, A.; Hennig, L.; Helmreich, B.; Greif, D.
Domino Reactions with 2-Fluoro-3-trifluoromethylfurans and -thio-
phenes [1]. Monatsh. Chem. 2001, 132, 929−945. (q) Shiina, I.;
Nagasue, H. [1,3] Sigmatropic Rearrangement of Ketene Silyl Ethers
derived from Benzyl α-Substituted Propanoates. Tetrahedron Lett.
2002, 43, 5837−5840. (r) Nasveschuk, C. G.; Rovis, T. The [1, 3] O-
to-C rearrangement: opportunities for stereoselective synthesis. Org.
Biomol. Chem. 2008, 6, 240−254. (s) Hou, S. H.; Li, X.; Xu, J.
Mechanistic Insight into the Formal [1,3]-Migration in the Thermal
Claisen Rearrangement. J. Org. Chem. 2012, 77, 10856−10869.
(5) (a) Tomooka, K.; Yamamoto, H.; Nakai, T. Liebigs Ann./Recl.
1997, 1997, 1275−1281. (b) Sweeney, J. B. Sigmatropic rearrange-
ments of ‘onium’ ylids. Chem. Soc. Rev. 2009, 38, 1027−1038. (c) Bao,
H.; Tambar, U. K. [2,3]-Rearrangements of Ammonium Zwitterions.
In Molecular Rearrangements in Organic Synthesis; Rojas, C. M., Eds.;
John Wiley & Sons: New Jersey, USA, 2016; pp 459−496. (d) Soheili,
A.; Tambar, U. K. Tandem Catalytic Allylic Amination and [2,3]-
Stevens Rearrangement of Tertiary Amines. J. Am. Chem. Soc. 2011,
133, 12956−12959. (e) Bayeh, L.; Le, P. Q.; Tambar, U. K. Catalytic
allylic oxidation of internal alkenes to a multifunctional chiral building
block. Nature 2017, 547, 196−200.
(6) For amide group activation to various facile molecular
rearrangements, see: Kaiser, D.; Bauer, A.; Lemmerer, M.; Maulide,
N. Amide activation: an emerging tool for chemoselective synthesis.
Chem. Soc. Rev. 2018, 47, 7899−7925.
(7) For [1,2] Wittig and Stevens’ rearrangement, the electron rich α-
carbanion presumably reduces the activation energy for homolytic
bond cleavage.
(8) (a) Klessinger, M. Captodative Substituent Effects and the
Chromophoric System of Indigo. Angew. Chem., Int. Ed. Engl. 1980,
19, 908−909. (b) Viehe, H. G.; Janousek, Z.; merenyi, R.; Stella, L.
The captodative effect. Acc. Chem. Res. 1985, 18, 148−154. (c) Alam,
M. N.; Lakshmi, M. K.; Maity, P. A Removable Functional Group
Strategy for Regiodivergent Wittig Rearrangement Products. Org.
Biomol. Chem. 2018, 16, 8922−8926. (d) Motaleb, A.; Bera, A.;
Maity, P. An organocatalyst bound α-aminoalkyl radical intermediate
for controlled aerobic oxidation of iminium ions. Org. Biomol. Chem.
2018, 16, 5081−5085.
(9) (a) Peterson, J. P.; Winter, A. H. Solvent Effects on the Stability
and Delocalization of Aryl Dicyanomethyl Radicals: The Captodative
Effect Revisited. J. Am. Chem. Soc. 2019, 141, 12901−12906.
(b) Peterson, J. P.; Winter, A. H. Solvent-Responsive Radical Dimers.
Org. Lett. 2020, 22, 6072−16076.
(10) (a) Giorgioni, G.; Siniscalchi, A.; Marucci, G.; Di Stefano, A.;
Accorroni, B.; Claudi, F. Benzimidazole, Benzoxazole and Benzothia-
zole Derivatives AS 5HT2B Receptor Ligands. Synthesis and
Preliminary Pharmacological Evaluation. Med. Chem. Res. 2005, 14,
57−73. (b) Nicolaou, K. C.; Rhoades, D.; Wang, Y.; Bai, R.; Hamel,
E.; Aujay, M.; Sandoval, J.; Gavrilyuk, J. 12, 13-Aziridinyl Epothilones.
Stereoselective Synthesis of Trisubstituted Olefinic Bonds from
Methyl Ketones and Heteroaromatic Phosphonates and Design,
Synthesis, and Biological Evaluation of Potent Antitumor Agents. J.
Am. Chem. Soc. 2017, 139, 7318−7334.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c04109
Org. Lett. 2021, 23, 890−895

894

http://orcid.org/0000-0001-7301-7573
http://orcid.org/0000-0001-7301-7573
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04109?ref=pdf
https://dx.doi.org/10.1002/cber.189602903102
https://dx.doi.org/10.1002/cber.19120450348
https://dx.doi.org/10.1002/cber.19120450348
https://dx.doi.org/10.1021/cr020703u
https://dx.doi.org/10.1021/cr020703u
https://dx.doi.org/10.1016/j.tet.2013.06.003
https://dx.doi.org/10.1016/j.tet.2013.06.003
https://dx.doi.org/10.1039/b901177n
https://dx.doi.org/10.1039/b901177n
https://dx.doi.org/10.1126/science.aat5883
https://dx.doi.org/10.1126/science.aat5883
https://dx.doi.org/10.1126/science.aat5883
https://dx.doi.org/10.1021/ja4095473
https://dx.doi.org/10.1021/ja4095473
https://dx.doi.org/10.1021/acs.orglett.9b00521
https://dx.doi.org/10.1021/acs.orglett.9b00521
https://dx.doi.org/10.1021/acs.orglett.9b00521
https://dx.doi.org/10.1021/ja01448a031
https://dx.doi.org/10.1021/ja01448a031
https://dx.doi.org/10.1021/ja01448a031
https://dx.doi.org/10.1002/jlac.19214240205
https://dx.doi.org/10.1002/jlac.19214240205
https://dx.doi.org/10.1002/hlca.19240070146
https://dx.doi.org/10.1002/hlca.19240070146
https://dx.doi.org/10.1021/ja01339a033
https://dx.doi.org/10.1021/ja01339a033
https://dx.doi.org/10.1021/ja01872a037
https://dx.doi.org/10.1021/ja01872a037
https://dx.doi.org/10.1021/ja01610a023
https://dx.doi.org/10.1021/ja01610a023
https://dx.doi.org/10.1021/ja01569a046
https://dx.doi.org/10.1021/ja01569a046
https://dx.doi.org/10.1021/ja00887a018
https://dx.doi.org/10.1021/ja00887a018
https://dx.doi.org/10.1021/jo01293a024
https://dx.doi.org/10.1021/jo01293a024
https://dx.doi.org/10.1039/C39840001427
https://dx.doi.org/10.1039/C39840001427
https://dx.doi.org/10.1039/C39840001427
https://dx.doi.org/10.1021/ja00306a044
https://dx.doi.org/10.1021/ja00306a044
https://dx.doi.org/10.1021/ja00306a044
https://dx.doi.org/10.1021/jo00232a024
https://dx.doi.org/10.1021/jo00232a024
https://dx.doi.org/10.1021/jo00232a024
https://dx.doi.org/10.1021/jo00232a024
https://dx.doi.org/10.1016/0040-4039(88)85184-0
https://dx.doi.org/10.1016/0040-4039(88)85184-0
https://dx.doi.org/10.1021/jo00283a035
https://dx.doi.org/10.1021/jo00283a035
https://dx.doi.org/10.1021/jo00283a035
https://dx.doi.org/10.1039/C39910001699
https://dx.doi.org/10.1039/C39910001699
https://dx.doi.org/10.1039/C39910001699
https://dx.doi.org/10.1007/s007060170056
https://dx.doi.org/10.1007/s007060170056
https://dx.doi.org/10.1016/S0040-4039(02)01168-1
https://dx.doi.org/10.1016/S0040-4039(02)01168-1
https://dx.doi.org/10.1039/B714881J
https://dx.doi.org/10.1039/B714881J
https://dx.doi.org/10.1021/jo302210t
https://dx.doi.org/10.1021/jo302210t
https://dx.doi.org/10.1039/b604828p
https://dx.doi.org/10.1039/b604828p
https://dx.doi.org/10.1021/ja204717b
https://dx.doi.org/10.1021/ja204717b
https://dx.doi.org/10.1038/nature22805
https://dx.doi.org/10.1038/nature22805
https://dx.doi.org/10.1038/nature22805
https://dx.doi.org/10.1039/C8CS00335A
https://dx.doi.org/10.1002/anie.198009081
https://dx.doi.org/10.1002/anie.198009081
https://dx.doi.org/10.1021/ar00113a004
https://dx.doi.org/10.1039/C8OB02221F
https://dx.doi.org/10.1039/C8OB02221F
https://dx.doi.org/10.1039/C8OB01032C
https://dx.doi.org/10.1039/C8OB01032C
https://dx.doi.org/10.1021/jacs.9b06576
https://dx.doi.org/10.1021/jacs.9b06576
https://dx.doi.org/10.1021/jacs.9b06576
https://dx.doi.org/10.1021/acs.orglett.0c02152
https://dx.doi.org/10.1007/s00044-005-0125-z
https://dx.doi.org/10.1007/s00044-005-0125-z
https://dx.doi.org/10.1007/s00044-005-0125-z
https://dx.doi.org/10.1021/jacs.7b02655
https://dx.doi.org/10.1021/jacs.7b02655
https://dx.doi.org/10.1021/jacs.7b02655
https://dx.doi.org/10.1021/jacs.7b02655
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04109?ref=pdf


(11) Cyclopropanes are known to remain intact in a radical reaction,
via either reversible ring opening or faster radical recombination
before ring opening: (a) Umemiya, S.; Nishino, K.; Sato, I.; Hayashi,
Y. Nef Reaction with Molecular Oxygen in the Absence of Metal
Additives, and Mechanistic Insights. Chem. - Eur. J. 2014, 20, 15753−
15759. (b) Guo, X.; Wenger, O. S. Reductive Amination by
Photoredox Catalysis and Polarity-Matched Hydrogen Atom Trans-
fer. Angew. Chem., Int. Ed. 2018, 57, 2469−2473.
(12) The higher temperature and longer reaction time led to
complex reaction mixtures with oxidized products such as ester and
thiazolone.
(13) (a) Hansch, C.; Leo, A.; Taft, R. W. A Survey of Hammett
Substituent Constants and Resonance and Field Parameters. Chem.
Rev. 1991, 91, 165−195. (b) Isomura, M.; Petrone, D. A.; Carreira, E.
M. Coordination-Induced Stereocontrol over Carbocations: Asym-
metric Reductive Deoxygenation of Racemic Tertiary Alcohols. J. Am.
Chem. Soc. 2019, 141, 4738−4748.
(14) Creary, X. Rearrangement of 2-Aryl-3,3-dimethylmethylenecy-
clopropanes. Substituent Effects on a Nonpolar Radical-Like
Transition State. J. Org. Chem. 1980, 45, 280−284.
(15) (a) Xie, C.; Lahti, P. M.; George, C. Modulating Spin
Delocalization in Phenoxyl Radicals Conjugated with Heterocycles.
Org. Lett. 2000, 2, 3417−3420. (b) Chai, J.-D.; Head-Gordon, M.
Long-range corrected hybrid density functionals with damped atom−
atom dispersion corrections. Phys. Chem. Chem. Phys. 2008, 10,
6615−6620.
(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini,
F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.;
Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16 Rev. B.01; Gaussian, Inc.: Wallingford, CT, 2016.
(17) (a) Itoh, K.; Inoue, K.; Ishimoto, N.; Komazawa, S.-I.;
Chikashita, H. Nonacidic and Highly Chemoselective Protection of
the carbonyl Function. 3-Methylbenzothiazolines as a Base- and Acid-
Resistant Protected form for the Carbonyl Groups. Bull. Chem. Soc.
Jpn. 1989, 62, 1215−1225. (b) Boger, L. D.; Corey, E. J.
Benzothiazole as Carbonyl Equivalents. Tetrahedron Lett. 1978, 19,
5−8. (c) Richheimer, L. S.; Altman, L. J. An Aldehyde Synthesis
Utilizing the Thiazole Ring System. Tetrahedron Lett. 1971, 12,
4709−4711. (d) Gaul, C.; Seebach, D. A Valine-Derived Lithiated 3-
Methylthiomethyl-1,3-oxazolidine-2-one for Enantioselective Nucleo-
philic Hydroxymethylation, Formylationand Alkoxycarbonylation of
Aldehydes. Org. Lett. 2000, 2, 1501−1504.
(18) (a) Pedrini, P.; Medici, A.; Fogagnolo, M.; Fantin, G.;
Dondoni, A. Thiazolylmethylenetriphenylphosporane and its Benzo
derivative: Stable and Practical Wittig Reagents for the Synthesis of
vinylthiazoles. Two Carbon Homologation of Aldehydes. Tetrahedron
1988, 44, 2021−2031. (b) Miele, M.; Citarella, A.; Micale, N.; Holzer,
W.; Pace, V. Direct and Chemoselective Synthesis of tertiary
difluoroketones via Weinreb Amide Homologation with a CHF2 −
Carbene Equivalent. Org. Lett. 2019, 21, 8261−8265.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c04109
Org. Lett. 2021, 23, 890−895

895

https://dx.doi.org/10.1002/chem.201403475
https://dx.doi.org/10.1002/chem.201403475
https://dx.doi.org/10.1002/anie.201711467
https://dx.doi.org/10.1002/anie.201711467
https://dx.doi.org/10.1002/anie.201711467
https://dx.doi.org/10.1021/cr00002a004
https://dx.doi.org/10.1021/cr00002a004
https://dx.doi.org/10.1021/jacs.9b00862
https://dx.doi.org/10.1021/jacs.9b00862
https://dx.doi.org/10.1021/jo01290a015
https://dx.doi.org/10.1021/jo01290a015
https://dx.doi.org/10.1021/jo01290a015
https://dx.doi.org/10.1021/ol0063407
https://dx.doi.org/10.1021/ol0063407
https://dx.doi.org/10.1039/b810189b
https://dx.doi.org/10.1039/b810189b
https://dx.doi.org/10.1246/bcsj.62.1215
https://dx.doi.org/10.1246/bcsj.62.1215
https://dx.doi.org/10.1246/bcsj.62.1215
https://dx.doi.org/10.1016/S0040-4039(01)88967-X
https://dx.doi.org/10.1016/S0040-4039(01)87533-X
https://dx.doi.org/10.1016/S0040-4039(01)87533-X
https://dx.doi.org/10.1021/ol0000410
https://dx.doi.org/10.1021/ol0000410
https://dx.doi.org/10.1021/ol0000410
https://dx.doi.org/10.1021/ol0000410
https://dx.doi.org/10.1016/S0040-4020(01)90345-X
https://dx.doi.org/10.1016/S0040-4020(01)90345-X
https://dx.doi.org/10.1016/S0040-4020(01)90345-X
https://dx.doi.org/10.1021/acs.orglett.9b03024
https://dx.doi.org/10.1021/acs.orglett.9b03024
https://dx.doi.org/10.1021/acs.orglett.9b03024
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04109?ref=pdf

