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ABSTRACT: Many elegant asymmetric syntheses of enantioenriched tertiary alcohols have been developed, and both the transition
metal-catalyzed and the radical-based peripheral functionalization of tertiary alcohols have attracted intensive research interest in
recent years. However, directly editing tetrasubstituted carbons remains challenging. Herein, we report a Pd-catalyzed migratory
fluoroarylation reaction that converts tertiary alcohols to a-fluorinated tertiary alkyl ethers in good to excellent yields. An
unprecedented 1,2-aryl/Pd" dyotropic rearrangement along the C—O bond, integrated in a Pd"-catalyzed domino process, is key to
the dual functionalization of both the hydroxyl group and the tetrasubstituted carbon. This reaction, which is compatible with a
broad range of functional groups, generates a tertiary alkyl fluoride and an alkyl-aryl ether functional group with inversion of the
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absolute configuration at the tetrasubstituted stereocenter.

T ertiary alcohol is a ubiquitous structural motif widely
present in natural products and pharmaceuticals." Not
surprisingly, a variety of methods have been developed for the
preparation of these building blocks in enantioenriched
form.”” In addition to O-functionalization (O-arylation/
alkylation/acylation), two other strategies have been developed
for remote functionalization of substituents attached to
tetrasubstituted carbon: (a) 1,5-hydrogen atom abstraction
(1,5-HAT) of in situ generated alkoxy radicals to generate
translocated carbon-centered radicals for subsequent trans-
formation; > (b) transition metal-catalyzed remote C—H bond
activation using hydroxy groups as directing groups.6 Despite
the great progress recorded in this field, direct editing of
tetrasubstituted carbon of tertiary alcohols remains under-
developed.

Type I dyotropic rearrangements are a class of pericyclic
valence isomerization reactions in which two o-bonds
simultaneously migrate intramolecularly.”® Our group’ '
and others'¥'® recently reported a 1,2-aryl(alkyl) /Pd dyotropic
rearrangement and devised several carbofluorination and
oxyfluorination reactions by incorporating this elementary
step into a Pd"-catalyzed domino process. The C—C bond
served as a stationary phase in all these examples.” '® As a
continuation of this research program, we wondered whether
this 1,2-positional exchange process could occur along the C—
O bond of tertiary alcohols (Scheme 1a). Owing to the easy
access to alkoxy-Pd" complexes, this synthetic transformation
would allow dual functionalization of both the hydroxyl group
and the tetrasubstituted carbon of tertiary alcohols. We were
particularly interested in the fluorination reaction, as this
reaction converts tertiary alcohols to a-fluorinated tertiary alkyl
ethers, which are structural units found in bioactive
compounds.'”'® For example, aryloxy-2-fluoroacetic acid
derivatives 1'7 and 2°° are synthetic auxins,”' and compound
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2 is known to exhibit remarkable herbicidal activity with the
added benefit of being more crop tolerant than the widely used
aryloxyphenoxypropanoic acid class of herbicides such as
cyhalofop butyl (3) and clodinafop propargyl (4) (Scheme
1b)."® While a variety of synthetic methodolo§ies, including
SNZ,ZZ_24 SNI,ZS_27 decarboxylative fluorination, 831 and gem-
difunctionalization of a-diazoketone,””** have been developed
to access monofluoroalkyl ethers, the synthesis of a-fluorinated
tertiary alkyl ethers has been reported only sporadically,””**
and no asymmetric synthesis has been reported to date. In this
context, the direct conversion of easily available homochiral
tertiary alcohols"” to enantioenriched fluorinated tertiary alkyl
ethers would be of particular interest (Scheme 1a).

The proposed transformation involves cleavage of a C—C
bond with concurrent formation of a tertiary C—F bond** and
alkylation/arylation of the hindered hydroxyl group. To
accomplish this task, we targeted the conversion of amides §,
readily accessible from 2-aryl-2-hydroxyalkanoic acids, to 2-
aryloxy-2-fluoroalkanoic acid derivatives 6. The hypothetical
reaction sequence exploiting a previously unknown 1,2-aryl/Pd
dyotropic rearrangement along the C—O bond as the key step
is outlined in Scheme 1lc. Ligand exchange between PdX, and
alcohol § (or its deprotonated form) would afford palladium
alkoxide complex I, which could subsequently be oxidized to
Pd" species II in the presence of an appropriate F* reagent.35
The 1,2-aryl/Pd dyotropic rearrangement of the latter would
furnish a-carbon-bound Pd species III, which could exist in the
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Scheme 1. Pd-Based Dyotropic Rearrangement along the
C-0O Bond”
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selected examples of bioactive fluoroalkyl aryl ethers; (c) reaction
design and underlying mechanistic hypothesis.

form of the z-oxyallylPd complex IV. We assumed that this
could provide the driving force for the desired rearrangement
reaction. A C—F bond-forming reductive elimination from III
would then provide product 6.°°7*° We report herein the
realization of this endeavor and document that the reaction
occurs with stereoinversion at the tetrasubstituted carbon
without eroding the enantiopurity.

Pd" intermediate I is known to undergo J-carbon
elimination and intramolecular C—H activation,"™** and
Pd"Y species I could in principle also undergo the same
types of reactions.*>*® Therefore, both the oxidation of Pd"
and the dyotropic rearrangement of the resulting Pd" should
proceed faster than the competitive manifolds mentioned
above to drive the reaction toward the desired pathway.
Gratifyingly, stirring an acetonitrile solution of Sa and
Selectfluor (7) (2.0 equiv) in the presence of K,CO; (2.0
equiv) and a catalytic amount of Pd(OAc), (10 mol %) at SO
°C for 24 h indeed afforded product 6a in 57% yield (Scheme
2). 4-Fluoroacetophenone (8a, structure not shown), presum-
ably resulting from the f-carbon elimination of the Pd-alkoxide
complex, was also generated in 28% yield. Encouraged by these
preliminary results, we fine-tuned the conditions to favor the
production of 6a. Key observations are noted as follows (see SI
for details). In the absence of K,CO;, a complex reaction
mixture was obtained, while replacing CH;CN with 1,2-
dichloroethane (1,2-DCE) led to no reaction. The addition of
dtbpy (4,4'-di-tert-butyl-2,2-bipyridine) favored the f-carbon
elimination pathway affording 8a in 42% yield, whereas the

Scheme 2. Dual C—O Bond Functionalization: Scope of the
Migrating Group”
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“Reagents and conditions: Selectfluor (2.0 equiv) was used. Unless
otherwise specified, the reaction was performed on a O 2 mmol scale,
and the yield refers to the isolated pure product. “Reaction was
performed on a 5.0 mmol scale. “Reaction was performed on a 1.0
mmol scale. “Yield of two inseparable products. Selectfluor = 1-
chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis-
(tetrafluoroborate). The unwedged bold and hashed lines in
compounds 5 and 6 depict only the relative stereochemistry. Both
substrates 5 and products 6 are racemates in these examples.'” The
same applies to Schemes 3 and 4.

presence of silver triflate (AgOTH) slightly increased the yield
of 6a. Increasing the reaction temperature reduced the yields of
both 6a and 8a. Other Pd sources, such as Pd(OCOCF;),,
Pd(OPiv),, Pd(OCOAd),, and PdCL,(CH,CN),, were found
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to be less efficient than Pd(OAc),. However, when Pd-
(CH,CN),(BF,), was employed as a catalyst, the desired
compound 6a was formed in 89% isolated yield. Control
experiments showed that both the palladium salt and
Selectfluor were required for the reaction to occur. Overall,
heating an acetonitrile solution of Sa, Selectfluor (2.0 equiv),
Pd(CH,CN),(BE,), (10 mol %), and K,CO; (2.0 equiv) was
determined to be the optimum conditions.

With the optimum conditions in hand [Selectfluor (2.0
equiv), Pd(CH;CN),(BE,), (10 mol %), K,CO; (2.0 equiv),
CH,;CN (c 0.1 M), S0 °C], the versatility and efficiency of this
transformation were examined by first varying the nature of the
migrating aryl group (Scheme 2). The phenyl group and the 4-
methyl-, 4-tert-butyl, and 4-cyclohexyl-substituted phenyl
groups in substrate § participated in the migration to afford
the fluorinated aryl alkyl ethers in excellent yields (6b—6e).
The substrate bearing a 4-methoxyphenyl substituent afforded
a more complex reaction mixture, probably due to the
competitive electrophilic fluorination of the electron-rich
arene.*® The desired product 6f was, nevertheless, isolated in
45% yield. On the other hand, compound 6g, which has a less
electron-donating 4-pivaloyl group, was formed in 65% yield.
The phenoxyphenyl group underwent a 1,2-shift efficiently to
afford 6h in 64% yield, as did the biaryl group (6i, 77%). The
presence of halogen substituents (Cl, Br, and I) was
compatible with the reaction conditions, providing compounds
6j—6l and 6t amenable to further transformations. In addition
to 4-fluorophenyl (6a), 4-difluoromethoxy- and 4-trifluorome-
thoxy-substituted phenyls participated in the 1,2-dyotropic
rearrangement to furnish 6m and 6n in yields of 88% and 86%,
respectively. The phthalimide and N-tosyl groups were also
tolerated (60, 6p). The meta-, ortho-, and disubstituted phenyl
groups underwent a 1,2-shift without event (6q—6t). Bicyclic
arenes, such as tetrahydronaphthyl, 1-naphthyl, and 2-naphthyl
groups, migrated smoothly to afford the desired products (6u,
6v, 6w). In the last two cases, products resulting from the
concurrent monofluorination of the aromatic ring were formed
as minor products.

We next examined the scope of the nonmigrating group
(Scheme 3). The conditions were generally applicable to a
variety of alkanoic acid derivatives, including linear (6x—6z)
and f-branched amides (6aa, 6ab, and 6ac). The fact that 2-
cyclopropyl-2-fluoro-1-morpholino-2-phenoxyethan-1-one
(6ac) was accessible indicated that radical intermediates might
not be involved in this process. Diverse functional groups, such
as esters (6ad), tosylate (6ae), alkyl chloride (6af), fluoride
(6ag), azido (6ah), cyano (6ai), and sulfone (6aj), and
heterocycles, such as phthalimide (6ak) and oxetane (6al),
were compatible with the reaction conditions. Finally, the
morpholinyl amide of 2-hydroxy-2,2-diarylacetic acid partici-
pated in the reaction to afford 6am, 6an, and 6ao in moderate
yields. In the latter two cases, the more electron-rich aryl
groups preferentially migrated to afford 6an and 6ao,
respectively, as major isomers. This migratory preference is
unusual because the m-electrons of the aromatic ring are in
principle not involved in the dyotropic rearrangement, unlike
those involving a phenonium intermediate.

Finally, the rearrangement of the less coordinating Weinreb
amides 9 was also briefly examined.'”*” As shown in Scheme 4,
the reaction occurred readily under standard conditions.
However, the yields of the rearranged products (10a—10c)
were generally lower than those of their morpholinyl amide
counterparts (cf. Scheme 2, 6a, 6b, 6g). Since similar reactivity

Scheme 3. Dual C—O Bond Functionalization: Scope of the
Nonmigrating Group”
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“Reagents and conditions: Selectfluor (2.0 equiv) was used. Unless
otherwise specified, the reaction was performed on a 0 2 mmol scale,
and the yields refer to the isolated pure products. Reaction was
performed at 80 °C.

Scheme 4. Dual C—O Bond Functionalization of Weinreb
Amides”
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“Reagents and conditions: Selectfluor (2.0 equiv) was used. Unless
otherwise specified, the reaction was performed at the O 2 mmol scale,
and the yield refers to the isolated pure product. YReaction was
performed at 60 °C.

profiles of Weinreb amides and morpholinyl amides were
observed in the subsequent post-transformations, no further
condition optimization was performed to increase the yields of
products 10.

The rearrangement of amide (S)-Sb (99% ee), which is
easily accessible from commercially available (S)-2-hydroxy-2-
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phenylpropanoic acid, was examined to probe the stereo-
chemical outcome of this reaction. Under standard conditions,
(S)-5b was converted to 6b, whose absolute configuration was
determined to be R by X-ray crystallographic analysis (Scheme
Sa). The inversion of the absolute configuration is in line with
the concerted migration of the dyotropic rearrangement (cf.
Scheme 1c). The enantiomeric excess (ee) of product (R)-6b
was determined to be 98.6%, indicating the excellent

Scheme 5. Stereoselectivity of the Dyotropic Rearrangement
and Post-transformations”
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“Reagents and conditions: (S)-Sb (0.1 mmol), Pd(CH,CN),(BF,),
(10 mol %), K,CO; (2.0 equiv), Selectfluor (2.0 equiv), CH;CN, 50
°C, 21 h. ’nBulLi (2.0 equiv), THF, =78 °C, 1 h, 79% from 10b, 78%
from 6b. “2,6-Dichlorobenzo[d]oxazole (13, 2.0 equiv), K,CO; (4.0
equiv), CH;CN (c 0.06 M), 70 °C, 18 h, 93%. d2,6—Dichloroquinoxa—
line (14, 2.0 equiv), K,CO; (4.0 equiv), CH;CN (c 0.06 M), 70 °C,
21 h, 72%. °3,4-Difluorobenzonitrile (17, 2.0 equiv), K,CO; (4.0
equiv), DMF (¢ 0.06 M), 70 °C, 21 h, 80%. /LiOH (excess), THF/
H,0 (v/v = 2:1), 0 °C to rt. ¥1-Iodobutane (5.0 equiv), K,CO; (4.0
equiv), acetone, 45% over two steps. hS-Chloro-2,3-diﬂuoropyridine
(19, 2.0 equiv), K,CO; (4.0 equiv), CH;CN (c 0.06 M), 70 °C.
iPropargyI bromide (5.0 equiv), K,CO; (4.0 equiv), acetone, rt, 19 h,
68% over two steps.

stereochemical fidelity of the transformation. The result
indicates that the 7*—7' rearrangement of the Pd-oxa-z-allylic
complex (Scheme 1lc, III and IV) proceeds without
racemization in this instance, consistent with the established
literature precedents.”” Whereas stereoinversion of a tertiary
alcohol with a hydroxyl group or its activated form as a leaving
group has been reported,”’ ™ the mechanism by which an aryl
group acts formally as a nucleofuge has, to the best of our
knowledge, not been reported. Since enantioenriched a-
hydroxy acids are readily accessible, the present method is
well suited for the synthesis of homochiral a-fluorinated
tertiary alkyl ethers.

The reaction of Weinreb amide 10b with nBuLi afforded
ketone 11 in 79% yield. Morpholinyl amide 6b was converted
to ketone 11 in a similar yield (Scheme $b).”**" Finally, the
selective hydrolysis of pivaloyl ester in 6g (K,CO;, MeOH, 0
°C) afforded phenol 12 in 97% yield. The SyAr reactions of 12
with 2,6-dichlorobenzo[d]oxazole (13) and 2,6-dichloroquino-
line (14) afforded 15 (a metamifop analog) and 16 (a
quizalofop analog) in yields of 93% and 72%, respectively
(Scheme Sc). A sequence of SyAr reactions of 12 with 3,4-
difluorobenzonitrile (17) followed by hydrolysis of the amide
and esterification of the resulting carboxylic acid with 1-
iodobutane furnished a 2-fluoro analog of cyhalofop butyl 18.
The same three-step sequence using 5-chloro-2,3-difluoropyr-
idine (19) as an electrophilic partner of 12 provided a 2-fluoro
analog of clodinafop propargyl 20. Finally, by applying the
same synthetic sequence to Weinreb amide 21, which was
prepared from 10c, compound 20 was obtained in a similar
overall yield.

In summary, we developed a Pd"-catalyzed domino process
involving an unprecedented 1,2-aryl/Pd" dyotropic rearrange-
ment along the C—O stationary phase. Applying to tertiary
alcohols, migratory fluoroarylation occurs to provide a-
fluorinated tertiary alkyl-aryl ethers. This reaction, which is
compatible with a broad range of functional groups, generates
a tertiary alkyl fluoride and an alkyl-aryl ether motif with
inversion of the absolute configuration at the tetrasubstituted
stereocenter. Apart from the implication of this elementary
step in the fundamentals of organometallic chemistry, we
believe that the transformation enriches the toolbox of tertiary
alcohol editing methodologies that could find application in
synthetic and medicinal chemistry.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c02924.

Experimental procedures and characterization data,
additional experimental details, crystallographic data of
6d and (R)-6b, copies of the chiral SFC chromatograms,
'H, 13C, and ’F NMR spectra (PDF)

Accession Codes

CCDC 2296492 and 2324152 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

https://doi.org/10.1021/jacs.4c02924
J. Am. Chem. Soc. 2024, 146, 11061—11066


https://pubs.acs.org/doi/10.1021/jacs.4c02924?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c02924/suppl_file/ja4c02924_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2296492&id=doi:10.1021/jacs.4c02924
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2324152&id=doi:10.1021/jacs.4c02924
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/doi/10.1021/jacs.4c02924?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c02924?fig=sch5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c02924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

B AUTHOR INFORMATION

Corresponding Author
Jieping Zhu — Laboratory of Synthesis and Natural Products
(LSPN), Institute of Chemical Sciences and Engineering,
Ecole Polytechnique Fédérale de Lausanne, CH-1015
Lausanne, Switzerland; © orcid.org/0000-0002-8390-
6689; Email: jieping.zhu@epfl.ch

Authors

Tristan Delcaillau — Laboratory of Synthesis and Natural
Products (LSPN), Institute of Chemical Sciences and
Engineering, Ecole Polytechnique Fédérale de Lausanne, CH-
1015 Lausanne, Switzerland

Baochao Yang — Laboratory of Synthesis and Natural
Products (LSPN), Institute of Chemical Sciences and
Engineering, Ecole Polytechnique Fédérale de Lausanne, CH-
101S Lausanne, Switzerland

Qian Wang — Laboratory of Synthesis and Natural Products
(LSPN), Institute of Chemical Sciences and Engineering,
Ecole Polytechnique Fédérale de Lausanne, CH-1015
Lausanne, Switzerland

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c02924

Author Contributions

T.D. and B.Y. contributed equally to this work. The
manuscript was written through contributions of all authors.
All authors have given approval to the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank EPFL (Switzerland) and Swiss National Science
Foundation for financial support. This publication was created
as part of NCCR Catalysis, a National Centre of Competence
in Research funded by the Swiss National Science Foundation
(SNSF 180544). We thank Dr. F. Fadaei-Tirani and Dr. R.
Scopelliti for the X-ray structural analysis of compounds 6d

and (R)-6b.

B REFERENCES

(1) Yao, C.-L.; Zhang, J.-Q.; Li, J.-Y.; Wei, W.-L.; Wu, S.-F.; Guo, D.-
A. Traditional Chinese Medicine (TCM) as A Source of New
Anticancer Drugs. Nat. Prod. Rep. 2021, 38, 1618—1633.

(2) Shibasaki, M.; Kanai, M. Asymmetric Synthesis of Tertiary
Alcohols and a-Tertiary Amines via Cu-catalyzed C-C Bond
Formation to Ketones and Ketimines. Chem. Rev. 2008, 108, 2853—
2873.

(3) Liu, Y.-L.; Lin, X.-T. Recent Advances in Catalytic Asymmetric
Synthesis of Tertiary Alcohols via Nucleophilic Addition to Ketones.
Adv. Synth & Catal. 2019, 361, 876—918.

(4) Guo, J.-J; Hu, A; Zuo, Z. Photocatalytic Alkoxy Radical-
mediated Transformations. Tetrahedron Lett. 2018, 59, 2103—2111.

(5) Guo, W.; Wang, Q.; Zhu, J. Visible Light Photoredox-catalyzed
Remote C—H Functionalisation Enabled by 1,5-Hydrogen Atom
Transfer (1,5-HAT). Chem. Soc. Rev. 2021, 50, 7359—7377.

(6) Mo, F.; Tabor, J. R;; Dong, G. Alcohols or Masked Alcohols as
Directing Groups for CH Bond Functionalization. Chem. Lett. 2014,
43, 264—271.

(7) Reetz, M. T. Dyotropic Rearrangements, A New Class of
Orbital-symmetry Controlled Reactions. Type 1. Angew. Chem., Int.
Ed. 1972, 11, 129—130.

(8) Fernandez, 1; Cossio, F. P.; Sierra, M. A. Dyotropic Reactions:
Mechanisms and Synthetic Applications. Chem. Rev. 2009, 109,
6687—6711.

(9) Cao, J; Wu, H; Wang, Q; Zhu, J. C—C Bond Activation
Enabled by Dyotropic Rearrangement of Pd(IV) Species. Nat. Chem.
2021, 13, 671—676.

(10) Yang, G.; Wu, H.; Gallarati, S.; Corminboeuf, C.; Wang, Q.;
Zhu, J. Migrative Carbofluorination of Saturated Amides Enabled by
Pd-based Dyotropic Rearrangement. J. Am. Chem. Soc. 2022, 144,
14047—14052.

(11) Gong, J; Wang, Q; Zhu, J. Apparent 6-endo-trig Carbo-
fluorination of Alkenes Enabled by Palladium-based Dyotropic
Rearrangement. Angew. Chem., Int. Ed. 2022, 61, No. e202211470.

(12) Feng, Q; Wang, Q.; Zhu, J. Oxidative Rearrangement of 1,1-
Disubstituted Alkenes to Ketones. Science 2023, 379, 1363—1368.

(13) Gong, J; Wang, Q.; Zhu, J. Diverting the S-exo-trig
Oxypalladation to Formally 6-endo-trig Fluorocycloetherification
Product through 1,2-O/Pd(IV) Dyotropic Rearrangement. J. Am.
Chem. Soc. 2023, 145, 15735—15741.

(14) Feng, Q. Liu, C.-X; Wang, Q; Zhu, J. Palladium-based
Dyotropic Rearrangement Enables A Triple Functionalization of Gem-
disubstituted Alkenes: An Unusual Fluorolactonization Reaction.
Angew. Chem., Int. Ed. 2024, 63, No. €202316393.

(18) Liu, C.; W, J;; Tan, X; Zhang, J.; Wu, W,; Jiang, H. Access to
Amino Lactones through Palladium-catalyzed Oxyamination with
Aromatic Amines as the Nitrogen Source. ACS Catal. 2023, 13,
11339—-11344.

(16) Ping, Y.; Pan, Q.; Guo, Y,; Liu, Y,; Li, X.; Wang, M,; Kong, W.
Switchable 1,2-Rearrangement Enables Expedient Synthesis of
Structurally Diverse Fluorine-containing Scaffolds. J. Am. Chem. Soc.
2022, 144, 11626—11637.

(17) Leroux, F.; Jeschke, P.; Schlosser, M. a-Fluorinated Ethers,
Thioethers, and Amines: Anomerically Biased Species. Chem. Rev.
2005, 105, 827—856.

(18) Fujiwara, T.; O’Hagan, D. Successful Fluorine-containing
Herbicide Agrochemicals. J. Fluor. Chem. 2014, 167, 16—29.

(19) Huras, B.; Zakrzewski, J.; Kielczewska, A.; Krawczyk, M.
Herbicidal and Fungistatic Properties of Fluorine Analogs of
Phenoxyacetic Herbicides. J. Fluor. Chem. 2017, 202, 76—81.

(20) Varwig, J.; Husslein, G.; Hamprecht, G.; Wuerzer, B.
Derivatives of 2-Fluoro-alkanecarboxylic Acids, Their Preparation,
Herbicides Comprising Them and Their Application. EP0044979A1,
1981, BASF.

(21) Grossmann, K. Auxin Herbicides: Current Status of Mechanism
and Mode of Action. Pest Manag. Sci. 2010, 66, 113—120.

(22) Ringom, R; Benneche, T.; et al. Synthesis and Nucleophilic
Substitution Reactions of Mono a-Fluoro Ethers. Acta Chem. Scand.
1999, 53, 41-47.

(23) Geng, A; Liang, A; Gao, X;; Niu, C.; Li, J.; Zou, D.; Wu, Y,;
Wu, Y. Cul-catalyzed Fluorodesulfurization for the Synthesis of
Monofluoromethyl Aryl Ethers. J. Org. Chem. 2017, 82, 8604—8610.

(24) Carbonnel, E.; Pannecoucke, X.; Besset, T.; Jubault, P.;
Poisson, T. An Electrophilic Reagent for the Synthesis of OCHFMe-
containing Molecules. Chem. Commun. 2018, 54, 2491—-2493.

(25) Dawood, K. M.; Fuchigami, T. Electrolytic Partial Fluorination
of Organic Compounds. 55." Highly Regio- and Stereoselective
Anodic Monofluorination of 2,3-Dihydrochroman-4-one and Chro-
mone Derivatives. J. Org. Chem. 2001, 66, 7691—7695.

(26) Yu, X.; Meng, Q.-Y.; Daniliuc, C. G.; Studer, A. Aroyl Fluorides
as Bifunctional Reagents for Dearomatizing Fluoroaroylation of
Benzofurans. J. Am. Chem. Soc. 2022, 144, 7072—7079.

(27) Lee, C. Y.; Lee, S. E; Lim, H. N. A Strategic Synthesis of
Fluoroethers by Ring-opening Fluorinative Beckmann Fragmentation.
Org. Lett. 2023, 25, 6534—6538.

(28) Yin, F.; Wang, Z.; Li, Z.; Li, C. Silver-catalyzed Decarboxylative
Fluorination of Aliphatic Carboxylic Acids in Aqueous Solution. J. Am.
Chem. Soc. 2012, 134, 10401—10404.

(29) Leung, J. C. T,; Chatalova-Sazepin, C.; West, J. G.; Rueda-
Becerril, M.; Paquin, J.-F.; Sammis, G. M. Photo-fluorodecarbox-

https://doi.org/10.1021/jacs.4c02924
J. Am. Chem. Soc. 2024, 146, 11061—11066


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jieping+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8390-6689
https://orcid.org/0000-0002-8390-6689
mailto:jieping.zhu@epfl.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tristan+Delcaillau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baochao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c02924?ref=pdf
https://doi.org/10.1039/D0NP00057D
https://doi.org/10.1039/D0NP00057D
https://doi.org/10.1021/cr078340r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr078340r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr078340r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201801023
https://doi.org/10.1002/adsc.201801023
https://doi.org/10.1016/j.tetlet.2018.04.060
https://doi.org/10.1016/j.tetlet.2018.04.060
https://doi.org/10.1039/D0CS00774A
https://doi.org/10.1039/D0CS00774A
https://doi.org/10.1039/D0CS00774A
https://doi.org/10.1246/cl.131154
https://doi.org/10.1246/cl.131154
https://doi.org/10.1002/anie.197201291
https://doi.org/10.1002/anie.197201291
https://doi.org/10.1021/cr900209c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900209c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-021-00698-y
https://doi.org/10.1038/s41557-021-00698-y
https://doi.org/10.1021/jacs.2c06578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202211470
https://doi.org/10.1002/anie.202211470
https://doi.org/10.1002/anie.202211470
https://doi.org/10.1126/science.adg3182
https://doi.org/10.1126/science.adg3182
https://doi.org/10.1021/jacs.3c06158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202316393
https://doi.org/10.1002/anie.202316393
https://doi.org/10.1002/anie.202316393
https://doi.org/10.1021/acscatal.3c02864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c02864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c02864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr040075b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr040075b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2014.06.014
https://doi.org/10.1016/j.jfluchem.2014.06.014
https://doi.org/10.1016/j.jfluchem.2017.08.013
https://doi.org/10.1016/j.jfluchem.2017.08.013
https://doi.org/10.1002/ps.1860
https://doi.org/10.1002/ps.1860
https://doi.org/10.3891/acta.chem.scand.53-0041
https://doi.org/10.3891/acta.chem.scand.53-0041
https://doi.org/10.1021/acs.joc.7b01438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b01438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC00921J
https://doi.org/10.1039/C8CC00921J
https://doi.org/10.1021/jo0105437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0105437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0105437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0105437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c02343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c02343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3048255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3048255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201206352
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c02924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

ylation of 2-Aryloxy and 2-Aryl Carboxylic Acids. Angew. Chem., Int.
Ed. 2012, 51, 10804—10807.

(30) Huang, X.; Liu, W.; Hooker, J. M; Groves, J. T. Targeted
Fluorination with the Fluoride Ion by Manganese-catalyzed
Decarboxylation. Angew. Chem., Int. Ed. 2015, 54, 5241—5245.

(31) Webb, E. W,; Park, J. B.; Cole, E. L.; Donnelly, D. J.; Bonacorsi,
S.J.; Ewing, W. R;; Doyle, A. G. Nucleophilic (Radio)fluorination of
Redox-active Esters via Radical-polar Crossover Enabled by Photo-
redox Catalysis. J. Am. Chem. Soc. 2020, 142, 9493—9500.

(32) Leroy, J.; Wakselman, C. Electrophilic Fluorination of
Diazoketones. J. Chem. Soc. Perkin Trans I 1978, 1224—1227.

(33) Yuan, W.; Eriksson, L.; Szabé, K. J. Rhodium-catalyzed
Geminal Oxyfluorination and Oxytrifluoro-methylation of Diazo-
carbonyl Compounds. Angew. Chem., Int. Ed. 2016, SS, 8410—8415.

(34) Champagne, P. A.; Desroches, J.; Hamel, J.-D.; Vandamme, M.;
Paquin, J.-F. Monofluorination of Organic Compounds: 10 Years of
Innovation. Chem. Rev. 2018, 115, 9073—9174.

(35) Engle, K. M.; Mei, T.-S.; Wang, X; Yu, J.-Q. Bystanding F*
Oxidants Enable Selective Reductive Elimination from High-valent
Metal Centers in Catalysis. Angew. Chem., Int. Ed. 2011, S0, 1478—
1491.

(36) Furuya, T.; Benitez, D.; Tkatchouk, E.; Strom, A. E.; Tang, P.;
Goddard, W. A, III; Ritter, T. Mechanism of C—F Reductive
Elimination from Palladium(IV) Fluorides. J. Am. Chem. Soc. 2010,
132, 3793—-3807.

(37) Racowski, J. M.; Gary, J. B.; Sanford, M. S. Carbon(sp3)—
fluorine Bond-forming Reductive Elimination from Palladium(IV)
Complexes. Angew. Chem., Int. Ed. 2012, S1, 3414—3417.

(38) Emer, E.; Pfeifer, L.; Brown, J. M.; Gouverneur, V. cis-Specific
Hydrofluorination of Alkenylarenes under Palladium Catalysis
through An Ionic Pathway. Angew. Chem., Int. Ed. 2014, $3, 4181—
4185.

(39) Park, H,; Verma, P.; Hong, K; Yu, J.-Q. Controlling Pd(IV)
Reductive Elimination Pathways Enables Pd(II)-catalyzed Enantiose-
lective C(sp®)—H Fluorination. Nat. Chem. 2018, 10, 755—762.

(40) Wakui, H.; Kawasaki, S.; Satoh, T.; Miura, M.; Nomura, M.
Palladium-catalyzed Reaction of 2-Hydroxy-2-methylpropiophenone
with Aryl Bromides: A Unique Multiple Arylation via Successive C—C
and C—H Bond Cleavages. . Am. Chem. Soc. 2004, 126, 8658—8659.

(41) Terao, Y.; Wakui, H;; Nomoto, M.; Satoh, T.; Miura, M,;
Nomura, M. Palladium-catalyzed Arylation of a,a-Disubstituted
Arylmethanols via Cleavage of a C—C or a C—H Bond to Give
Biaryls. J. Org. Chem. 2003, 68, 5236—5243.

(42) Niwa, T.; Yorimitsu, H.; Oshima, K. Palladium-catalyzed 2-
Pyridylmethyl Transfer from 2-(2-Pyridyl)-ethanol Derivatives to
Organic Halides by Chelation-assisted Cleavage of Unstrained C
C,p3 Bonds. Angew. Chem.,, Int. Ed. 2007, 46, 2643—264S.

(43) Mahendar, L.; Krishina, J.; Reddy, A. G. K;; Ramulu, B. V.;
Satyanarayana, G. A Domino Palladium-catalyzed C—C and C-O
Bonds Formation via Dual O—H Bond Activation: Synthesis of 6,6-
Dialkyl-6H-benzo[c]chromenes. Org. Lett. 2012, 14, 628—631.

(44) Lutz, M. D. R;; Morandi, B. Metal-catalyzed Carbon—carbon
Bond Cleavage of Unstrained Alcohols. Chem. Rev. 2021, 121, 300—
326.

(45) Zhuang, Z.; Herron, A. N; Liu, S; Yu, J.-Q. Rapid
Construction of Tetralin, Chromane, and Indane Motifs via Cyclative
C—H/C—H Coupling: Four-step Total Synthesis of (+)-Russujapo-
nol F. J. Am. Chem. Soc. 2021, 143, 687—692.

(46) Fujii, T.; Gallarati, S.;; Corminboeuf, C; Wang, Q.; Zhu, J.
Modular Synthesis of Benzocyclobutenes via Pd(II)-catalyzed
Oxidative [2 + 2] Annulation of Arylboronic Acids with Alkenes. J.
Am. Chem. Soc. 2022, 144, 8920—8926.

(47) Brecher, J. Graphic Representation of Stereochemical
Configuration. Pure Appl. Chem. 2006, 78, 1897—1970.

(48) Banks, R. E.; Mohialdin-Khaffat, S. N.; Lal, G. S.; Sharif, L;
Syvret, R. G. 1-Alkyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane Salts:
A Novel Family of Electrophilic Fluorinating Agents. J. Chem. Soc,
Chem. Commun. 1992, 595—596.

sp3—

11066

(49) Park, H.; Chekshin, N.; Shen, P.-X;; Yu, J.-Q. Ligand-Enabled,
Palladium-Catalyzed -C(sp®)-H Arylation of Weinreb Amides. ACS
Catal. 2018, 8, 9292—9297.

(50) Orlandi, M.; Licini, G. Computational Analysis of Enantiose-
lective Pd-Catalyzed a-Arylation of Ketones. J. Org. Chem. 2020, 8S,
11511—-11518.

(51) Shi, Y.-J; Hughes, D. L; McNamura, J. M. Stereospecific
Synthesis of Chiral Tertiary Alkyl-aryl Ethers via Mitsunobu Reaction
with Complete Inversion of Configuration. Tetrahedron Lett. 2003, 44,
3609—-3611.

(52) Pronin, S. V.; Reiher, C. A.; Shenvi, R. A. Stereoinversion of
Tertiary Alcohols to Tertiary-alkyl Isonitriles and Amines. Nature
2013, 501, 195—199.

(53) Marcyk, P. T.; Jefferies, L. R.; Abusalim, D. I; Pink, M.; Baik,
M.-H.; Cook, S. P. Stereoinversion of Unactivated Alcohols by
Tethered Sulfonamides. Angew. Chem., Int. Ed. 2019, $8, 1727—1731.

(54) Romea, R. M; Urpi, C. T. F.; Vilarrasa, J. Simple and Efficient
Preparation of Ketones from Morpholine Amides. Synlett. 1997, 12,
1414—1416.

(55) Ogiwara, Y.; Nomura, K. Chemical Upcycling of PET into a
Morpholine Amide as a Versatile Synthetic Building Block. ACS Org.
Inorg. Au 2023, 3, 377—383.

https://doi.org/10.1021/jacs.4c02924
J. Am. Chem. Soc. 2024, 146, 11061—11066


https://doi.org/10.1002/anie.201206352
https://doi.org/10.1002/anie.201500399
https://doi.org/10.1002/anie.201500399
https://doi.org/10.1002/anie.201500399
https://doi.org/10.1021/jacs.0c03125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/p19780001224
https://doi.org/10.1039/p19780001224
https://doi.org/10.1002/anie.201602137
https://doi.org/10.1002/anie.201602137
https://doi.org/10.1002/anie.201602137
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201005142
https://doi.org/10.1002/anie.201005142
https://doi.org/10.1002/anie.201005142
https://doi.org/10.1021/ja909371t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja909371t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201107816
https://doi.org/10.1002/anie.201107816
https://doi.org/10.1002/anie.201107816
https://doi.org/10.1002/anie.201310056
https://doi.org/10.1002/anie.201310056
https://doi.org/10.1002/anie.201310056
https://doi.org/10.1038/s41557-018-0048-1
https://doi.org/10.1038/s41557-018-0048-1
https://doi.org/10.1038/s41557-018-0048-1
https://doi.org/10.1021/ja0477874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0477874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0477874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0344034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0344034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0344034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200604472
https://doi.org/10.1002/anie.200604472
https://doi.org/10.1002/anie.200604472
https://doi.org/10.1002/anie.200604472
https://doi.org/10.1021/ol2032625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2032625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2032625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1351/pac200678101897
https://doi.org/10.1351/pac200678101897
https://doi.org/10.1039/c39920000595
https://doi.org/10.1039/c39920000595
https://doi.org/10.1021/acscatal.8b03014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(03)00728-7
https://doi.org/10.1016/S0040-4039(03)00728-7
https://doi.org/10.1016/S0040-4039(03)00728-7
https://doi.org/10.1038/nature12472
https://doi.org/10.1038/nature12472
https://doi.org/10.1002/anie.201812894
https://doi.org/10.1002/anie.201812894
https://doi.org/10.1055/s-1997-1050
https://doi.org/10.1055/s-1997-1050
https://doi.org/10.1021/acsorginorgau.3c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsorginorgau.3c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c02924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

