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ABSTRACT: Stereoselective alkene 1,2-difunctionalization is a
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privileged strategy to access three-dimensional C(sp*)-rich chiral R1J\T,R3 nandie —SETL» V F
molecules from readily available “flat” carbon feedstocks. State-of- R? Lro activation R1 LS g RS
the-art approaches exploit chiral transition metal-catalysts to enable  alkenes 13- d‘po‘e alkene 1 2. syn-

g g 4. g difunctionalisation
high levels of regio- and stereocontrol. However, this is often
achieved at the expense of a limited alkene scope and reduced o "o o
generality. 1,3-Dipolar cycloadditions are routinely used to form %Osma Me CF
heterocycles from alkenes with high levels of regioselectivity and \\// W o Me\m« °, ~
stereospecificity. Nevertheless, methods for the ring-opening of , @ o Ve
cycloadducts to reveal synthetically useful functionalities require LJQ\/ Me™
the use of hazardous reagents or forcing reaction conditions; thus one-pot procedure o we oM

limiting their synthetic applications. Herein, we describe the

implementation of a practical, general and selective electrosynthetic strategy for olefin 1,2-syn-difunctionalization, which hinges on
the design of novel reagents—consisting of a nitrile oxide 1,3-dipole precursor, equipped with a sulfonyl-handle. These can selectively
difunctionalize alkenes via “click” 1,3-dipolar cycloadditions, and then facilitate the telescoped electrochemical single electron
transfer activation of the ensuing isoxazoline intermediate. Cathodic reduction of the cycloadduct triggers a radical fragmentation
pathway delivering sought-after stereodefined 1,2-syn-hydroxy nitrile derivatives. Our telescoped electrochemical procedure tolerates
a wide range of functionalities, and—crucially—enables the difunctionalization of both electron-rich, electron-poor and unactivated
olefins, with diverse degree of substitution; thus providing a robust, general and selective metal-free alternative to current alkene
difunctionalization strategies. Capitalizing on these features, we employed our electrosynthetic method to enable the late-stage syn-
hydroxy-cyanation of natural products and bioactive compounds, and streamline the de novo synthesis of pharmaceutical agents.

B INTRODUCTION

The identification and development of increasingly complex
three-dimensional drugs and agrochemicals demand ready
access to ever-growing libraries of stereodefined molecular
fragments." Here, the simultaneous installation of multiple
functionalities across alkenes” C=C bonds stands as one of the
swiftest ways to convert ubiquitous” “flat” hydrocarbons into

alkene difunctionalization reactions, state-of-the-art strategies
use chiral transition metal catalysts to orchestrate the
stereoselective addition of a broad range of functional groups
across C=C bonds, using combinations of electrophilic and
nucleophilic coupling partners (Scheme 1B).® More recently,
the scope of these strategies has been expanded to the use of
radical precursors and intermediates, by capitalizing on the
ability of metal complexes to trap and tame open-shell

C(sp®)-rich chiral building blocks. This aspect keeps driving
the investigation of innovative and general synthetic
technologies for the stereoselective poly functionalization of
olefins.’

For alkene 1,2-difunctionalization, classic approaches
proceed through the formation of electrophilic three-
membered heterocycles (e.g., halonium ions, epoxides,
aziridines),* which undergo Sy2-ring-opening reactions with
nucleophiles to produce alkene 1,2-anti-difunctionalized
products—often as mixtures of regioisomers (Scheme 1A).
Despite recent elegant examples,’ the generality of these
methods is inherently hamstrung by the electronics of the
alkene substrate (i.e., use of nucleophilic olefins), and limited
to a handful of electrophilic partners. To expand the breadth of
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species’—usually in combination with photochemical® or
electrochemical settings.” Despite these advances, these
protocols often present a limited alkene scope, where high
levels of regio- and stereoselectivity are achieved only for
specific classes of substrates (e.g, either electron-rich or
electron-poor olefins) with distinct substitution patterns (e.g.,
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Scheme 1. Strategies for Stereoselective Olefin 1,2-Difunctionalization: (A) Classic anti-Selective Methods. (B) State-of-the-
Art Transition Metal-Catalyzed Protocols. (C) Our Design: Implementation of Telescoped 1,3-DC/Ring-Opening Procedures
to Enable General Alkene 1,2-syn-Difunctionalization Reactions. (D) This Work: Development of a Radical-Mediated “Sew &
Cut” Approach to the 1,2-syn-Cyano-Hydroxylation of Alkenes. (E) Pharmaceutical Agents Containing 1,2-Hydroxy Nitriles,

or Accessible through Their Downstream Manipulation®
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“API, active pharmaceutical ingredient; 1,3-DC, 1,3-dipolar cycloaddition; DG, directing group; FG, functional group; LG, leaving group; SET,

single electron transfer.

monosubstituted alkenes; use of styrenes leading to stabilized
benzylic radical intermediates).””” On the other hand, for
unactivated alkenes, specialized directing groups—covalently
tailored to the substrates’ double bond—are usually required
to direct the metal insertion regioselectively.'’ Besides this, the
more frequent use of transition metals raises concerns about
their cost, toxicity, abundance and market availability; thus
fostering—when convenient—the development of metal-free
alternatives.

Seeking the development of a general, metal-free and
stereoselective alkene difunctionalization strategy, we consid-
ered that one of the most powerful means to difunctionalize
alkenes is their use as dipolarophiles in Huisgen 1,3-dipolar
cycloadditions (1,3-DCs) to form heterocyclic cycloadducts
(Scheme 1C)."" These reactions are fast and efficient—often
proceeding in the absence of any catalyst—and their pericyclic

character offers stereospecificity (selective syn-addition, as
opposed to the anti-selectivity described in Scheme 1A);
programmable regioselectivity (controlled by both steric and
electronic factors); robustness (no need for inert atmosphere or
anhydrous conditions); and, crucially, a broad alkene scope
(including olefins of diverse electronics and degree of
substitution). Such features have promoted the use of these
transformations in diverse contexts, spanning from materials
to bio-orthogonal click chemistry (2022 Nobel Prize
in Chemistry)."” To exploit the remarkable synthetic potential
of 1,3-DCs beyond heterocycle formation, we wondered
whether the stereodefined cycloadduct products could be
then shaped into synthetically useful functionalities by means
of telescoped radical-mediated ring-opening processes
(Scheme 1C, red arrow)."* This approach would convert—in
a single operation—a wide variety of olefins into the
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Scheme 2. (A) Synthesis of Reagents 1a and 1b. (B) Optimized Conditions for the 1,3-DC Step, and Evaluation of a Suitable
Reductive Radical Manifold for the Fragmentation of Cycloadduct 8. (C) Development of a Telescoped Electrochemical

Alkene 1,2-syn-Cyano-Hydroxylation Procedure®
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4CzIPN, 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene; LEDs, light-emitting diodes.

corresponding 1,2-syn-difunctionalized products; thus provid-
ing a robust, general, and stereoselective metal-free platform
for alkene difunctionalization.

Design Plan. To realize this strategy, we conceived the
design of reagents of type 1 (Scheme 1D)—consisting of a 1,3-
dipole precursor equipped with a redox-handle.'> Upon in situ
activation, 1 can be converted into 1,3-dipole I and engage
alkenes in stereospecific 1,3-DCs (sew step), delivering
cycloadducts 2. The presence of a redox-auxiliary within 2 is
key to facilitating the single electron transfer (SET) activation
of the cycloadduct, and deliver—upon extrusion of the redox-
handle—open-shell intermediate IL. Radical fragmentation of
the heterocyclic core of II (cut step) reveals the desired
synthetic functionalities within product 3, with retention of the
syn-stereochemistry. In this article, we demonstrate the
successful implementation of this design plan. Building on
groundbreakmg contributions reported in the 1980s by De
Sarlo,'®* Kozikowski'®®® and Wade'®®—we identified the
cycloaddition between olefins and nitrile oxides to produce
isoxazolines (Y=N, Z=O in Scheme 1D) as a general,
efficient and robust 1,3-DC process for our endeavors. This has
brought about the development of novel sulfonyl-tailored
nitrile oxide precursors of type 1, and their use in telescoped
electrosynthetic procedures with a variety of electron-rich,

electron-poor and unactivated alkenes to furnish a diverse array
of 1,2-syn-hydroxy-nitrile derivatives. Crucially, our method
enables the swift, stereoselective installation of versatile CN
and OH functionalities under mild aerobic conditions, and
bypassing the use of transition metals and hazardous cyanide
reagents.17 Furthermore, in stark contrast with previous
applications of the “isoxazoline route”,'® our protocol leverages
electrochemical activation to circumvent the use of highly
energetic reagents to form reactive isoxazoline intermediates
(e.g, trimethylsilanecarbonitrile from mercury fulminate or
dibromoformaldoxime), and the employment of multistep,
harsh experimental procedures to promote their fragmentation
(e.g., pyrolysis at 200 °C, reduction with sodium amalgam).
Thus, compared to existing methods, our electrosynthetic “sew
& cut” approach offers a broader alkene scope (currently
limited to unactivated alkenes and styrenes),'® a wider
functional group tolerance, user-friendly conditions, and—
crucially—enhanced synthetic applicability. The latter aspect is
particularly important considering the ubiquity of stereo-
defined syn-f-hydroxy nitriles—and their derivatives (e.g., f-
hydroxy acids, p-lactones, y-amino alcohols)—in drug
candidates and pharmaceutical agents (Scheme 1E).

https://doi.org/10.1021/jacs.4c13682
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.4c13682?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13682?fig=sch2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Scheme 3. (A) Total Charge (Q) Dosage Study. (B) Electrochemical Characterization of Cycloadduct 8.” (C) Influence of C3-
Substitution on the Electrochemical Radical Ring-Opening of Isoxazoline Cycloadducts®
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reaction Cqr (+)/ Cy, (), i=—15mA, Q = 3.5 F/mol, NEt, (3 equiv.)
conditions TBAPFg (2 equiv.), CH,Cl,/MeOH (9:1, 0.05 M), RT, 1:15 h

NEt; (3 equiv.), LiBr (30 mol%)
DMA (0.05 M), RT, 1:15 h

rAP (50 ms), [Me4N]JOH (10 mol%)
acetone (0.4 M), RT

“All reactions were performed on a 0.2 mmol scale. Cyclic voltammograms were recorded on a 0.005 M solution of the analyte in [0.1 M] TBAPF
in CH;CN, under a sweep rate of 25 mV/s, and using a glassy carbon working electrode, an Ag/AgCl (NaCl saturated) reference electrode, and a
Pt wire as auxiliary electrode. All potentials (E) are reported versus Ag/AgCl. "Yields and conversions were determined by 'H NMR spectroscopy,
using mesitylene as the internal standard. SM, starting material; GC, glassy carbon electrode; rAP, rapid alternating polarity.

B RESULTS AND DISCUSSION

Reagents Design. At the outset of our investigations, we
sought to identify suitable nitrile oxide precursors 1 that
generate inoffensive byproducts, thus enabling follow-up
radical transformations in a single telescoped procedure.
These endeavors have led to the development of 1-
(diazomethylsulfonyl)-4-fluorobenzene la and 1-(4-fluoro-
phenyl-sulfonyl)-N-hydroxymethanimidoyl chloride 1b
(Scheme 2A). These compounds feature both a 1,3-dipole
precursor (i.e., diazo-group'® for 1a, and chloroxime'" for 1b)
and an aryl sulfone moiety; which is suitable for direct SET
reduction,"’ but also able to impart lower reduction potentials
'5%0 Reagent la was synthesized
through a two-step procedure from cheap, commercially
available starting materials. Specifically, the addition of sodium
sulfinate 4 to chloroacetone 5, followed by telescoped diazo-
group transfer to the ensuing a-sulfonyl-ketone, produced
intermediate 6. This was swiftly converted into la via base-
assisted deacetylation. Reagent 1a can be stored for up to 2
weeks at —20 °C (without degradation occurring), or turned
into chloroxime 1b, upon treatment with NaNO, in aqueous
HCI Reagent 1b is a stable, easy-to-handle, colorless solid—
whose structure has been corroborated by X-ray crystallo-
graphic analysis. Of note, the synthesis of both reagents does
not involve chromatographic purification procedures, and it
can be performed in multigram scale, without loss of efficiency
(see Supporting Information).

to the ensuing cycloadduct.

Process Optimization. The ability of 1a and 1b to serve as
competent reagents in the sew step was tested in a 1,3-DC with
cis-cyclooctene 7 (Scheme 2B). Treatment with either fert-
butyl nitrite—when using 1la—or sodium bicarbonate—employ-
ing 1b—converted the 1,3-dipole precursors into sulfonyl-
nitrile oxide I. In both cases, I efficiently clicked onto the
olefinic bond of 7 to provide cycloadduct 8 in excellent yield.
Isoxazoline 8 was then isolated and submitted to different
reductive conditions to promote its radical fragmentation via
SET activation (cut step). Using constant current electrolysis
(graphite electrodes, —15 mA, 3.5 F/mol) with a TBAPF,
electrolyte and sacrificial reductant NEt;, 8 was successfully
converted to the desired 1,2-syn-cyano-hydroxylation product
9 in quantitative yield, as a single diastereomer. Product 9 was
also obtained, under photoredox conditions, by exposing 8 to
organic photocatalyst 4CzIPN under blue-light irradiation
(Amax centered at 456 nm). However, in this case, 9 was
isolated in a reduced 62% yield alongside a-cyano-ketone 10
(16% yield)—derived from the overoxidation of alcohol 9.
Conversely, treatment of 8 with superstoichiometric amounts
of highly reducing zinc(0) /phenanthroline complex”' did not
deliver any product. Here, isoxazoline 8 was recovered
quantitatively, even when performing the reaction at 60 °C
(see Supporting Information). It is worth mentioning that the
presence of a fluorine atom at the aryl moiety of reagents la—b
is not necessary to enable either step of the “sew & cut’
protocol (i.e., the use of ((diazomethyl)sulfonyl)benzene 1c
converts 7 into 9 with analogous efficiency, see Supporting
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Scheme 4. (A) Radical Clock Experiment. (B) Cascade Brook-Reactivity Observed for Cycloadduct 22. (C) Proposed
Mechanistic Pathway for the Electrochemical “Sew & Cut” Protocol”
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(2 equiv), CH,Cl,/MeOH (9:1, 0.05 M), room temperature, 1:15 h. k, reaction rate constant.

Information); but offers improved experimental ease and
higher yields for the synthesis of 1a, as well as provides a
handle for monitoring 1,3-DC reactions by NMR.

Having identified efficient electrochemical conditions to
promote the radical fragmentation of the cycloadduct, we
implemented a telescoped procedure for the direct conversion
of alkene 7 into 1,2-syn-hydroxy nitrile 9 (Scheme 2C). For
these endeavors, we decided to use substrate 7 as the limiting
reagent. Under the previously optimized 1,3-DC conditions (cf.
Scheme 2B), but increasing the loading of la to 2 equiv,
cycloadduct 8 was obtained in 83% NMR yield, together with
consistent amounts of furoxan 11 (80% NMR yield)—formed
via dimerization of nitrile oxide I in excess.”” At this stage, the
crude reaction mixture was directly transferred into the
electrochemical cell-fitted with graphite electrodes and
containing TBAPF, and NEt;—and constant current was
applied to the resulting solution. Crucially, by increasing the
quantity of charge (Q) of the electrolysis to 6 F/mol, we
secured the quantitative formation of 9 (83% overall yield) and
the complete consumption of byproduct 11. It is noteworthy
that our telescoped procedure runs “open-flask”, employs “wet”
laboratory-grade solvents and reagents, and provides the
desired 1,2-syn-hydroxy nitrile product upon removal of the
electrolyte salt.

Mechanistic Investigations. Before exploring the scope
of the methodology, we decided to gather further insights into
the mechanism underlying the electrochemical radical

fragmentation of the isoxazoline heterocycle. First—to ascertain
the optimal Q for the cut step—six aliquots of the same crude
1,3-DC reaction mixture (containing 8 and 11) were
submitted to the optimized electrosynthetic conditions, varying
the applied total charge (Scheme 3A). This study revealed that
the first equimolar amount of electrons is consumed to ensure
the complete degradation of furoxan 11. After this, the
electrolysis of 8 requires further 5 F/mol to reach completion—
presumably, due to additional charge dissipated by the
decomposition of fragmentation byproducts into volatile
compounds. Accordingly, no side-product deriving from the
consumption of 11 was ever observed. Occasionally, low
amounts of olefin 26 (vide infra, Scheme 4B)—produced from
the elimination of the p-fluorophenyl-sulfonyl handle*’—were
detected.

To assess at which site of the cycloadduct occurs the
cathodic SET reduction, we recorded the voltammogram of 8,
which showed two reduction peaks (Scheme 3B). By
comparison with literature data, the first peak at E,. = —1.01
V is ascribable to the reduction of the isoxazoline’s oxime
portion.”* While, the second peak at E, = =210 V is
comparable to reduction potentials reported for aryl sulfone
'925 The CV data suggests that the SET reduction of
the heterocyclic C=N bond occurs first, and this event
triggers the fragmentation of 8. To investigate this further, we
tested the influence of different substituents at the C3-position
of the isoxazoline ring on the electrochemical ring opening

moieties.

https://doi.org/10.1021/jacs.4c13682
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13682/suppl_file/ja4c13682_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13682?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13682?fig=sch4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

Table 1. Substrate Scope for the Telescoped Alkene 1,2-syn-Cyano-Hydroxylation Process”

'sew’ "cut"

using 1a (1-2 equiv.)

o, O
H BUONO (2.5 equiv.) 00 Yoo Cor (#)/ Cg, () NC
/S/Ra CH,Cl, (0.1 M), 0 °C to RT, 20 h \S/\ Arf = N i=-15mA, Q =6 F/imol OH
R' or B Ny —— H %
R2 using 1b (1-2 equiv.) /Lj = N\o _ Hw A 2 NEt; (3 equiv.), TBAPFg (2 equiv.) R Rz"Ra
NaHCOj; (2.5 equiv.) F 1 2 R

CH,Clo/MeOH (9:1, 0.05 M), RT, 2 h
alkene EtOAC (0.05 M), 60 °C, 20 h 1,2-syn-cyano-

—

(1.2-3 equiv.) hydroxylation product
Me Br
OH OH , oH OH Q0 ™"
CcN 78\/ CN = MeS\)\/CN /S\)\/CN
’ ><]/\/ "
Me Me
27 (99% yield)? 28 (85% yield)? 29 (55% yield) > 30 (70% yield)>? 1 (64% yield)>® 32 (92% yield)®? 33 (52% yield)>°
1.2:1 d.r.®
OH OH OH OSiMe,tBu o/ﬁ OSiMe,tBu OH OH

NC\)\/CN BocHN\)\/CN Meo\”)\/cn HoN

2

EtO
CN K/N CN \ )\/CN CN
\H\/ - <0/
(o) (6] o]

34 (99% yield)? 35 (67% yield)>® 36 (99% yield)? 37 (37% yield)>* 38 (85% yield)?' 39 (50% yield)? 40 (39% yield)?
OH 0 0SiMe,tBu OH OH OH OH OH
)\/CN )\/CN CN CN CN CN CN
Me;,Si N S X
\ S , N
cl F3C MeO
41 (44% yield)>° 42 (73% yield)>" 43 (55% yield)>° 44 (85% yield)? 45 (75% yield)? 46 (92% yield)>° 47 (90% yield)?
OH OH O oH OH oH
CN #\/ Me CN oﬁ\/CN CN HO O
Me
Me S OH
48 (88% yield)? (94% yleld)b 50 (49% yield)>© 51 (43% yield)? 52 (57% yield)>° 53 (33% yield)?© 54 (33% yield)>°
>20:1 d.r. >20:1 d.r.
OH OH OH OH OH M OSlMeztBu OH
z z z N e 2
HO A Me Me A _~_-OH X Me N AN
B OH Me OH H H i CN / "CN
CN CN CN CN
55 (42% yield)>° 56 (54% yield)?© 57 (78% yield)>° 58 (65% yield)>° 59 (70% yield)>° 60 (43% yield)> 61 (26% yield)>®9
>20:1 d.r. >20:1r.r. >20:1d.r, 1:1rr. >20:1 d.r. >20:1 d.r. >20:1 d.r. >20:1d.r.
OH
OH HO o)
O, e CN [0}
CN CN N
o) * MeO CN
N ° MeO 0SiMe,tBu
o)
Br 62 (44% yield)®® w X-ray of 63 (67% yield)>® 64 (49% yield)>° 65 (68% yield)® 66 (53% yield)>°
1:1dr.e 1,2-syn-1,5-anti-62 1:1dr. >20:1d.r. >20:1d.r. >20:1 d.r.
Me. Me
0 OH
oN o Me
Me Me,,,' K
CN
Me lw0H H X
% - A
Me Me - Me e N O (¢}
HoH [o)
p . CN \V
1\ 1\b 1D rybed HO : Me 1\ b
67 (76% yield)”° 68 (27% yield)”° 69 (21% yield)”° 70 (47% yield)>® = 71 (22% yield)”°
>20:1 d.r. 1:1dr. >20:1 d.r. X-ray of product 69 >20:1 d.r. CN >20:1 d.r.
from (+)-a-pinene from (+)-carvone from (-)-a-cedrene from (—)-caryophillene oxide from simvastatin

“All reactions were performed on a 0.2 mmol scale—besides entries 31 (0.6 mmol); and 54, 55, and 57 (0.4 mmol). The amount of alkene
substrate used for each entry is reported i in the Supporting Information bThe 1,3-DC step was performed using a-diazo-sulfone 1a. “The 1,3-DC
step was performed using chloroxime 1b. @For this entry, removal of the remainder/excess olefin from the 1,3-DC crude mixture—by rapid filtration
over $iO,—provided a higher yield for the corresponding alkene cyano-hydroxylation product (see Supporting Information). “1,4-Cyclohexadiene
(3.5 equiv) was used as sacrificial reductant, instead of Et;N.”The two diastereoisomers can be isolated separately by chromatography over silica
gel. ®Due to either the instability of the hydroxy-nitrile product to SiO,, or to avoid its coelution with the electrolyte salt, this compound was
protected as the corresponding silyl ether, prior isolation (see Supporting Information). d.r. diastereomeric ratio. All products were obtained as
single regioisomers (r.r. > 20:1), unless otherwise stated (cf. entry 57).
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process (Scheme 3C). To this end, cyclooctene-fused
isoxazolines 12—16 were prepared—via 1,3-DC between 7
and the corresponding halo-oxime nitrile oxide precursor—and
submitted to cyclic voltammetry analyses. For all cycloadducts
besides 15, which is prone to SET oxidation, the first measured
reduction potential (E,) was consistent with that of 8.
Subsequently, we tested their behavior under the optimized
electrochemical conditions. When 3-bromo-isoxazoline 12 was
employed, product 9 was isolated in 33% yield together with
66% of unreacted 8 (accounting for the rest of the mass
balance). Conversely, both ester derivative 13 and C3-alkyl
isoxazoline 14 (which could expel, upon SET reduction, a
tertiary benzylic radical leaving group) failed to deliver
product 9. In both cases, we did not observe any side reactivity,
and the majority of the heterocyclic starting material was
recovered at the end of the reaction. These experiments
indicate that the presence of a good anionic leaving group (i.e.,
ArSO,, Br) at C3 is key to promote the desired fragmentation
pathway.

Following these results, we were keen to establish whether
the direct SET activation of a pedant redox-handle could also
trigger an analogous radical ring-opening process. For these
endeavors, we used isoxazolines 15 and 16, whose carboxylic
functionalities should prevent the radical fragmentation of the
cycloadduct upon cathodic reduction of its C=N bond (cf.
experiment with 13). 15 and 16 were submitted to modified
literature procedures—developed for the electrochemical
activation of carboxylates”” and N-hydroxy-phthalimide
(NHPI) esters,”® respectively. In the first case, electrolysis
under rapid alternating polarity”” enabled the anodic oxidation
of carboxylate 15 and delivered product 9 in 9% NMR yield.
Likewise, cathodic reduction of 16 afforded syn-hydroxy nitrile
9, albeit in a complex mixture with hydrolyzed substrate 15
and unidentified degradation byproducts. Despite their low
efficiency (it is worth noting that both electrolysis conditions
were not optimized), these experiments demonstrate that both
the direct reduction of the isoxazoline ring, and the SET
activation of its pendant C3-redox-handle are productive
pathways toward the desired fragmentation process. More
importantly, this study showcases the ability of our electro-
chemical strategy to promote the radical activation of
isoxazoline cycloadducts under both oxidative and reductive
regimes—highlighting the versatility of our approach.

Radical Clock Experiments. Next, to both assess the rate
of cycloadduct fragmentation and trace the formation of radical
intermediates, we prepared cyclopropyl-fused isoxazoline 18
(via 1,3-DC between cyclopropene 17 and chloroxime 1b) and
submitted it to the electrochemical step (Scheme 4A). For this
reaction, we postulated three mechanistic scenarios: path A,
where cathodic reduction of 18 prompts the cleavage of the
isoxazoline’s N—O bond, forming distonic radical anion IIL
This would then undergo sequential sulfinate elimination and
radical f-scission®® to release the three-membered ring strain
and deliver f-cyano-aldehyde 19. Alternatively, SET to the
C=N bond of 18 would generate radical anion IV. From IV,
following path B, if the fragmentation of the isoxazoline
heterocycle overcomes the rate of the cyclopropane radical
ring-opening, oxygen-centered radical V would be produced.
Even in this case, radical f-scission from V would yield
aldehyde 19. Conversely, following path C, should the
fragmentation of the cyclopropyl ring dominate, the highly
stabilized tertiary radical VI would be formed. Through
downstream radical and polar reactivity, VI would deliver

either sulfonyl-isoxazoline 21 or f-hydroxy nitrile 22 (upon
further electrochemical reduction). In practice, the electrolysis
of cyclopropyl-fused cycloadduct 18 afforded aldehyde 19 in
70% yield, alongside over-reduced alcohol 20 (28% yield).
Based on our previous studies (Scheme 3C), we believe that
the reaction proceeds through path B. In fact, for the
electrolysis of isoxazolines 13 and 14, no products deriving
from intermediates of type III (i.e., f-hydroxy-imines)—nor
from their over-reduction (f-hydroxy-amines)—were de-
tected; thus ruling out path A. Crucially, this study suggests
that the electrochemical fragmentation of C3-sulfonyl-isoxazo-
lines is extremely fast (N.B. the ks «c) for the radical ring-
opening of diphenyl-cyclopropanes is 5 X 10" s').*" From a
synthetic perspective, it is worth noting that the conversion of
17 into p-hydroxy-aldehyde 19 stands as a challenging
simultaneous oxidative alkene cleavage and one-carbon
homologation process.

To gain further evidence of the formation of oxygen-
centered radical intermediates, we submitted trimethylsilyl-
substituted cycloadduct 23 to our electrosynthetic procedure
(Scheme 4B). In this case, SET-promoted radical fragmenta-
tion of 23 would deliver oxygen-centered radical VII, which—
due to the presence of a vicinal silyl group—would trigger a
radical Brook rearrangement.”” This reactivity would lead first
to a-oxy-radical VIII, and ultimately to silyl-ether 24. As
postulated, rearrangement product 24 was isolated in 64%
yield; whereas alkene 1,2-hydroxy-cyanation product 25 was
not observed. Besides 24, the electrolysis delivered only low
amounts of byproduct 26 (see discussion above). Interestingly,
when vinyltrimethylsilane was submitted to the telescoped “sew
& cut” procedure (vide infra, Table 1), the desired 1,2-
hydroxy-nitrile 41 was successfully obtained, together with the
corresponding Brook silyl-migration product (observed by 'H
NMR, the compound’s instability on SiO, thwarted its
isolation). We believe that the predominance of the radical
Brook pathway observed for 23 is ascribable to its CS-phenyl
substituent, providing a@-oxy-radical VIII with enhanced
stabilization.

Reaction Mechanism. Collectively, the insights gathered
from the above studies support the following mechanistic
proposal (Scheme 4C). Sulfonyl-nitrile oxide I—generated in
situ from either la or 1b—engages alkene substrates in 1,3-
DCs (sew step), forming 3-sulfonyl-isoxazoline cycloadducts 2.
Under constant current electrolysis—cathodic SET reduction
of the oxime moiety of 2 forms radical anion IX. Ensuing
elimination of the aryl-sulfinate anionic leaving group generates
imidoyl radical X. This event triggers the fragmentation of the
heterocyclic core of X by radical fS-scission (cut step),
delivering oxygen-centered radical XI. The latter is further
reduced by the cathode to the corresponding anion, and later
protonated by the reaction media to yield the desired 1,2-syn-
cyano-hydroxylated product 3. The presence of Et;N ensures
an eflicient oxidation semireaction at the anode, thus closing
the electric circuit. It was later found that 1,4-cyclohexadiene
also serves as a competent sacrificial reductant. Crucially, its
use facilitates the purification of our products, by circum-
venting the formation of nonvolatile contaminants (including
26).

Scope of the Methodology. Using the optimized
conditions reported in Scheme 2, we tested the generality of
our telescoped alkene 1,2-syn-cyano-hydroxylation procedure
(Table 1). Terminal unactivated alkenes—featuring a diverse
range of functional groups on their alkyl chain—efficiently
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Scheme S. (A) Process Scale-Up, and Its Application to the Synthesis of API Fluoxetine.? (B) Synthetic Manipulations of 1,2-

syn-Cyano-Hydroxylation Product 67

A "sew" using 1b
[3.2 mmol scale]
o, O OH
\\S// )\/
CN
Ph/\ —I ’\T \\N+ P —> pp
~ f
styrene F/L < o E 48,470 mg
[bulk chemical] (99% vyield)
“cut" c.f. Table 1
i=-48 mA, Q=6 F/mol, 6 h
A=756-10"m? J=63.8 Alm?
B

LIOH"H,0 (2.1 equiv.)
H,0, 30% wiw (4.5 equiv.)

—

DMSO (0.6 M), 60 °C, 1.5 h [ Me Me

67 (1 equiv.) 72 not isolated

F3C MeO\(CI
LiAIH, O\ O then FsC
: 2 el o LiAH, \©\
' ' ' Me
0  HNT

A B c )\)
Ph

CN reduction O-arylation N-methylation fluoxetine
93% yield 76% yield 40% yield [antidepressant]
OH OH
O)W major 0% minor
7] /1
KOH (2.7 equiv.)

% 1 (o]
"y,

Me /I/
Me Me

73 (90% yield)
2.8:1dr.

EtOH (1.6 M), 80 °C, 12 h

i, current intensity; Q, quantity of charge; A, electrode surface; ], current density. Reaction Conditions: (A) LiAlH, (2 equiv), THF, 0 °C to room
temperature, 2 h; (B) 4-chlorobenzotrifluoride (1.5 equiv), NaH (1.5 equiv), DMSO, 90 °C, 2 h; (C) methyl chloroformate (1.3 equiv), K,COj; (S
equiv), H,0:CH,Cl, (2:1), room temperature, 30 min then LiAlH, (2 equiv), THF, room temperature, 2 h. "Procedure conducted on a 837 ymol

scale.

delivered hydroxy-nitriles 27—35. Here, both redox-active
functionalities—susceptible to either oxidation (32, 35) or
reduction (30, 33)—and versatile synthetic handles for further
derivatization (29—31, 34) were well tolerated. Of note,
dichloro-cyclopropyl product 31 was obtained as a mixture of
diastereomers, which were isolated separately via chromatog-
raphy. Crucially, besides unactivated alkenes, our electro-
chemical procedure facilitates the syn-difunctionalization of
both electron-poor (36—39) and electron-rich olefins (40—
42); bearing esters, amides, phosphates, protected aldehydes
and amines, and silyl-groups. (Hetero)arenes of different
electronic nature can also be accommodated: electron-rich
thiophenes (43), electron-deficient pyridines (44) and various
styrene derivatives—substituted at their ortho- and para-
position (45—49)—all performed well in the electrochemical
“sew & cut” procedure. The scope of the methodology was later
extended to 1,1-disubstituted terminal olefins (50—53).
Remarkably, bicyclic 1,2-hydroxy-nitrile 53 was obtained as a
single diastereoisomer. For terminal alkenes, the regioselectiv-
ity of the cyano-hydroxylation process completely favors the
regioisomer bearing of the hydroxy-group at the most
substituted olefinic carbon, regardless of the C=C bond’s
electronics.

Having identified the classes of olefins and functionalities
tolerated by our procedure, we targeted the stereoselective syn-
difunctionalization of internal olefins. Capitalizing on the
stereospecificity of 1,3-DCs, diastereoisomers 54 and 55 were
obtained selectively, by submitting either cis- or trans-2-butene-
1,4-0l to our telescoped electrochemical protocol. Similarly,
trans-f-methyl-styrene and indene successfully provided syn-
addition products 58 and 59, respectively, in good yields.
Unsymmetrical internal linear alkenes were trialed to evaluate
the regioselectivity of our protocol. For 3-methyl-2-buten-1-o],
the reaction afforded selectively product S6—bearing the
hydroxy functionality at the most substituted olefinic site.
While, when using trans-3-hexen-1-ol, compound 57 was
isolated as a 1:1 mixture of regioisomers. Diversely decorated
cycloalkenes were also efficiently syn-difunctionalized, deliver-
ing products 60—62. Here, Weinreb amide-substituted cyclo-

pentane 60 was obtained a single diastereoisomer; whereas syn-
hydroxy nitrile 62 was afforded as a 1:1 diastereomeric
mixture. Even in this case, separation of the two
diastereoisomers by column chromatography was possible,
and crystallographic analysis on the 1,2-syn-1,5-anti-isomer of
62 enabled the determination of their relative stereochemistry.
Next, we tested the participation of C=C bonds embedded in
S-, 6- and 7-membered oxygen- and nitrogen-heterocycles.
These entries delivered stereodefined, saturated heterocycles
64—66 as single regio- and diastereoisomers. Conversely,
racemization at the anomeric position of tetrahydropyran
derivative 63 was observed. Finally, we sought to exploit our
1,2-syn-cyano-hydroxylation protocol for the late-stage func-
tionalization of chiral pool molecules, natural products and
pharmaceutical ingredients. Pleasingly, (+)-a-pinene, (+)-car-
vone, (—)-a-cedrene and (—)-caryophillene oxide all per-
formed well under the optimized conditions, affording
products 67—70. For trisubstituted alkenes (67, 69), the
regioselectivity of the 1,2-syn-addition completely favors the
installation of the hydroxy group at the most substituted
olefinic carbon (as corroborated by X-ray analyses on cedrene
derivative 69). While, for unsymmetrical dienes (68, 71), the
chemoselectivity of the cyano-hydroxylation process is
controlled by both the degree of alkene substitution (cyano-
hydroxylation occurring at the least substituted olefin of
simvastatin, vide infra) and the relative reactivity of the
different C=C bonds (cyclic a,f-unsaturated carbonyls do not
participate to the 1,3-DC step,*” as observed for (+)-carvone).
To explore API manipulation, we submitted dyslipidemia
treatment simvastatin to the telescoped syn-cyano-hydroxyla-
tion protocol. Here, in the presence of a 1,3-diene system, the
reaction delivered chemo- and regioselectively product 71, as a
single stereoisomer.

Synthetic Applications. To showcase the synthetic utility
of our approach, we scaled the “sew & cut” protocol between
nitrile oxide precursor 1b and styrene up to 3.2 mmol (Scheme
SA). By adjusting the electrochemical conditions to maintain
constant the current density (J) within the electrochemical cell,
product 48 (470 mg) was obtained in quantitative yield. We
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then sought to exploit the newly installed OH- and CN-
functionalities of 48 to convert it into biologically active
compounds. To this end, we reduced its nitrile group to a
primary amine by treatment with LiAlH,, and then O-arylated
its hydroxy moiety via SyAr with 4-chlorobenzotrifluoride to
deliver selective serotonin reuptake inhibitor seproxetine. This
was then N-monomethylated (through sequential N-protection
with methyl chloroformate and LiAlH, reduction) to afford
antidepressant fluoxetine in 28% vyield, over four synthetic
steps from styrene. Alternative manipulation procedures were
conducted on (+)-a-pinene derivative 67. This was first
exposed LIOOH to convert its nitrile moiety into primary
amide 72 (Scheme 5B, this compound was not isolated), and
later treated with KOH in EtOH at 80 °C. Crucially, the latter
step promoted both the hydrolysis of the amide group the
corresponding carboxylate, and the C—C bond cleavage of the
original olefinic carbons of (+)-a-pinene; delivering stereo-
defined cyclobutene 73 in 90% yield over two telescoped steps
from 67. Compound 73 was isolated as a 2.8:1 mixture of
diastereoisomers, presumably due to KOH-assisted epimeriza-
tion of the secondary a-keto position of 73, under the
hydrolysis conditions.

B CONCLUSIONS

This study demonstrates that the robustness, stereospecificity
and generality of 1,3-DCs can be exploited in combination
with radical activation to realize broad-scope, regio- and
stereoselective alkene 1,2-syn-difunctionalization processes,
bypassing the use of transition metal-catalysis. Through the
design of novel bifunctional reagents, comprising a nitrile oxide
1,3-dipole precursor linked to an aryl-sulfonyl moiety, we have
developed eflicient electrochemical conditions that facilitate
the controlled radical fragmentation of isoxazoline cyclo-
adducts—via their direct cathodic SET reduction. These
conditions have been implemented into a telescoped
procedure that converts a variety of electron-rich, electron-
poor and unactivated olefins—featuring a broad range of
functional groups—into 1,2-syn-hydroxy nitrile derivatives; with
high levels of chemo-, regio- and diastereo-selectivity. Our
electrochemical approach unlocks the full synthetic potential of
the “isoxazoline route”, by (i) expanding its generality to all
classes of alkenes; (ii) broadening its functional group
tolerance; and enhancing its (iii) robustness, (iv) experimental
ease and (v) synthetic applicability. Capitalizing on these
features, we have applied our method to the late-stage
functionalization of natural products, and the manipulation/
preparation of pharmaceutical ingredients. We believe that our
investigations will inspire the design of alternative reagents and
reactions exploiting the untapped potential of 1,3-DCs (and, in
general, of pericyclic reactions) in the radical domain;'* by
taking advantage of the state-of-the-art technologies for radical
generation and reactivity.y"35

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c13682.

Additional experimental procedures and details, materi-
als and methods, 'H NMR and *C NMR spectra for all
compounds, cyclic voltammetry profiles, and crystallo-
graphic data. Correspondence and requests for materials

and raw data should be addressed to giacomo.crisenza@
manchester.ac.uk (PDF)

Accession Codes

Deposition Numbers 2384299—2384300 and 2384621 contain
the supplementary crystallographic data for this paper. These
data can be obtained free of charge via the joint Cambridge
Crystallographic Data Centre (CCDC) and Fachinformations-
zentrum Karlsruhe Access Structures service.

B AUTHOR INFORMATION

Corresponding Author
Giacomo E. M. Crisenza — Department of Chemistry, The
University of Manchester, Manchester M13 9PL, UK,;
0rcid.0rg/0000—0003-0622—2862;
Email: giacomo.crisenza@manchester.ac.uk

Authors

Taciano A. S. Wanderley — Department of Chemistry, The
University of Manchester, Manchester M13 9PL, UK.

Roberto Buscemi — Department of Chemistry, The University

_ of Manchester, Manchester M13 9PL, UK.

Orla Conboy — Department of Chemistry, The University of
Manchester, Manchester M13 9PL, U.K.

Benjamin Knight — Department of Chemistry, The University
of Manchester, Manchester M13 9PL, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c13682

Author Contributions
All authors have approved the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the Royal Society of Chemistry (RSC Research
Enablement Grant to G.E.M.C.; E21-8036614579), the
University of Manchester (PhD Studentship to T.A.S.W. and
RB.), and the Engineering and Physical Sciences Research
Council Centre for Doctoral Training in Integrated Catalysis
(EP/023755/1; PhD Studentship to O.C.) for their generous
financial support. We are grateful for the assistance provided by
the NMR and mass spectrometry services at the Department of
Chemistry of the University of Manchester; and we thank Dr
G. Whitehead and Dr A. Hasija for their help and guidance
with the X-ray crystallographic analysis (EPSRC; EP/
T011289/1). Furthermore, we thank the Procter and Greaney
groups, for generously granting us access to their chemical
inventory; the Trowbridge group, for helpful discussion and
suggestions; and Prof. J. F. Bower for insightful feedback
during the drafting of the manuscript.

B REFERENCES

(1) (a) Lovering, F.; Bikker, J.; Humblet, C. Escape from Flatland:
Increasing Saturation as an Approach to Improving Clinical Success. J.
Med. Chem. 2009, 52, 6752—6756. (b) Proietti Silvestri, L; Colbon, P.
J. J. The Growing Importance of Chirality in 3D Chemical Space
Exploration and Modern Drug Discovery Approaches for Hit-ID. ACS
Med. Chem. Lett. 2021, 12, 1220—1229.

(2) (a) Young, B.; Hawkins, T. R.;; Chiquelin, C.; Sun, P.; Gracida-
Alvarez, U. R.; Elgowainy, A. Environmental Life Cycle Assessment of
Olefins and By-Product Hydrogen from Steam Cracking of Natural
Gas Liquids, Naphtha, and Gas Oil. J. Cleaner Prod. 2022, 359,
131884—131894. (b) Kikuchi, Y.; Torizaki, N.; Tihkimo, L.;

https://doi.org/10.1021/jacs.4c13682
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.4c13682?goto=supporting-info
mailto:giacomo.crisenza@manchester.ac.uk
mailto:giacomo.crisenza@manchester.ac.uk
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13682/suppl_file/ja4c13682_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2384299&id=doi:10.1021/jacs.4c13682
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2384300&id=doi:10.1021/jacs.4c13682
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2384621&id=doi:10.1021/jacs.4c13682
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+E.+M.+Crisenza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0622-2862
https://orcid.org/0000-0003-0622-2862
mailto:giacomo.crisenza@manchester.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taciano+A.+S.+Wanderley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberto+Buscemi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="O%CC%81rla+Conboy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Knight"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13682?ref=pdf
https://doi.org/10.1021/jm901241e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm901241e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jclepro.2022.131884
https://doi.org/10.1016/j.jclepro.2022.131884
https://doi.org/10.1016/j.jclepro.2022.131884
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Enstrom, A.; Kuusisto, S. Life Cycle Greenhouse Gas Emissions of
Biomass- and Waste-Derived Hydrocarbons Considering Uncertain-
ties in Available Feedstocks. Process Saf. Environ. Prot. 2022, 166,
693—703. (c) Ertl, P.; Schuhmann, T. A Systematic Cheminformatics
Analysis of Functional Groups Occurring in Natural Products. J. Nat.
Prod. 2019, 82, 1258—1263.

(3) For recent breakthroughs in the field, see: (a) Legnani, L.; Prina-
Cerai, G.; Delcaillau, T.; Willems, S.; Morandi, B. Efficient Access to
Unprotected Primary Amines by Iron-Catalyzed Aminochlorination
of Alkenes. Science 2018, 362, 434—439. (b) Liu, L.; Aguilera, M. C;
Lee, W.; Youshaw, C. R; Neidig, M. L.; Gutierrez, O. General
Method for Iron-Catalyzed Multicomponent Radical Cascades—
Cross-Couplings. Science 2021, 374, 432—439. (c) Tan, G; Das,
M.; Keum, H.; Bellotti, P.; Daniliuc, C.; Glorius, F. Photochemical
single-step synthesis of f-amino acid derivatives from alkenes and
(hetero)arenes. Nat. Chem. 2022, 14, 1174—1184. (d) Lu, L.; Wang,
Y,; Zhang, W.; Zhang, W.; See, K. A,; Lin, S. Three-Component
Cross-Electrophile Coupling: Regioselective Electrochemical Dialky-
lation of Alkenes. J. Am. Chem. Soc. 2023, 145, 22298-22304.
(e) Noten, E. A;; Ng, C. H.; Wolesensky, R. M.; Stephenson, C. R. J.
A general alkene aminoarylation enabled by N-centred radical
reactivity of sulfinamides. Nat. Chem. 2024, 16, 599—606. (f) Hervieu,
C.; Kirillova, M. S.; Hu, Y.; Cuesta-Galisteo, S.; Merino, E.; Nevado,
C. Chiral arylsulfinylamides as reagents for visible light-mediated
asymmetric alkene aminoarylations. Nat. Chem. 2024, 16, 607—614.
(g) Gan, X.-c.; Zhang, B.; Dao, N.; Bi, C.; Pokle, M.; Kan, L.; Collins,
M. R;; Tyrol, C. C,; Bolduc, P. N.; Nicastri, M.; Kawamata, Y.; Baran,
P. S.; Shenvi, R. Carbon quaternization of redox active esters and
olefins by decarboxylative coupling. Science 2024, 384, 113—118.
(h) Cai, Q.; McWhinnie, I. M.; Dow, N. W.; Chan, A. Y.; MacMillan,
D. W. C. Engaging Alkenes in Metallaphotoredox: A Triple Catalytic,
Radical Sorting Approach to Olefin-Alcohol Cross-Coupling. J. Am.
Chem. Soc. 2024, 146, 12300—12309. (i) Brutiu, B. R.; Iannelli, G;
Riomet, M.; Kaiser, D.; Maulide, N. Stereodivergent 1,3-difunction-
alization of alkenes by charge relocation. Nature 2024, 626, 92—97.
(j) Wearing, E. R; Yeh, Y.-C; Terrones, G. G.; Parikh, S. G
Kevlishvili, I; Kulik, H. J.; Schindler, C. S. Visible light—mediated aza
Paterno—Biichi reaction of acyclic oximes and alkenes to azetidines.
Science 2024, 384, 1468—1476. (k) Doobary, S.; Lacey, A. J. D,;
Sweeting, S. G.; Coppock, S. B.; Caldora, H. P.; Poole, D. L.; Lennox,
A. J. J. Diastereodivergent nucleophile— nucleophile alkene
chlorofluorination. Nat. Chem. 2024, 16, 1647—1655.

(4) Clayden, J.; Greeves, N.; Warren, S. Organic Chemistry; Oxford
University Press, 2012.

(5) Selected contributions: (a) Govaerts, S.; Angelini, L.; Hampton,
C.; Malet-Sanz, L.; Ruffoni, A.; Leonori, D. Photoinduced Olefin
Diamination with Alkylamines. Angew. Chem., Int. Ed. 2020, S9,
15021-15028. (b) Dong, X.; Roeck], J. L.; Waldvogel, S. R.; Morandi,
B. Merging Shuttle Reactions and Paired Electrolysis for Reversible
Vicinal Dihalogenations. Science 2021, 371, S07—S14. (c) Holst, D.
E; Dorval, C; Winter, C. K; Guzei, I. A; Wickens, Z. K.
Regiospecific Alkene Aminofunctionalization via an Electrogenerated
Dielectrophile. J. Am. Chem. Soc. 2023, 145, 8299—8307.

(6) For recent reviews about the topic, see: (a) Coombs, J. R;
Morken, J. P. Catalytic Enantioselective Functionalization of
Unactivated Terminal Alkenes. Angew. Chem., Int. Ed. 2016, S5,
2636—2649. (b) Zhang, J.-S.; Liu, L.; Chen, T.; Han, L.-B. Transition-
Metal-Catalyzed Three-Component Difunctionalizations of Alkenes.
Chem.—Asian ]. 2018, 13, 2277—2291. (c) Derosa, J.; Apolinar, O.;
Kang, T.; Tran, V. T.; Engle, K. M. Recent Developments in Nickel-
Catalyzed Intermolecular Dicarbofunctionalization of Alkenes. Chem.
Sci. 2020, 11, 4287—4296. (d) Talbot, F. J. T.; Dherbassy, Q.; Manna,
S;; Shi, C; Zhang, S.; Howell, G. P,; Perry, G. J. P.; Procter, D. J.
Copper-Catalyzed Borylative Couplings with C—N Electrophiles.
Angew. Chem., Int. Ed. 2020, 59, 20278—20289. (e) Qj, X.; Diao, T.
Nickel-Catalyzed Dicarbofunctionalization of Alkenes. ACS Catal.
2020, 10, 8542—8556.

(7) Recent reviews about the topic: (a) Wang, F.; Chen, P.; Liu, G.
Copper-Catalyzed Radical Relay for Asymmetric Radical Trans-

formations. Acc. Chem. Res. 2018, 51, 2036—2046. (b) Li, Z.-L.; Fang,
G.-C.; Gu, Q.-S.; Liu, X.-Y. Recent Advances in Copper-Catalysed
Radical-Involved Asymmetric 1,2-Difunctionalization of Alkenes.
Chem. Soc. Rev. 2020, 49, 32—48. (c) Dong, Z.; Song, L.; Chen, L.-
A. Enantioselective Ni-Catalyzed Three-Component Dicarbofunction-
alization of Alkenes. ChemCatChem 2023, 15, No. e202300803. For
insightful discussion, see: (d) Yan, M,; Lo, J. C.; Edwards, J. T.; Baran,
P. S. Radicals: Reactive Intermediates with Translational Potential. J.
Am. Chem. Soc. 2016, 138, 12692—12714.

(8) Selected recent contributions: (a) Zhang, Y.; Sun, Y.; Chen, B;
Xu, M; Li, C.; Zhang, D.; Zhang, G. Copper-Catalyzed Photoinduced
Enantioselective Dual Carbofunctionalization of Alkenes. Org. Lett.
2020, 22, 1490—1494. (b) Wang, P.-Z; Gao, Y.; Chen, J.; Huan, X.-
D.; Xiao, W.-J,; Chen, J.-R. Asymmetric three-component olefin
dicarbofunctionalization enabled by photoredox and copper dual
catalysis. Nat. Commun. 2021, 12, 1815. (c) Du, X.; Cheng-Sanchez,
I; Nevado, C. Dual Nickel/Photoredox-Catalyzed Asymmetric
Carbosulfonylation of Alkenes. J. Am. Chem. Soc. 2023, 145,
12532—12540. (d) Hu, X,; Cheng-Sénchez, 1.; Kong, W.; Molander,
G. A,; Nevado, C. Nickel-catalysed enantioselective alkene dicarbo-
functionalization enabled by photochemical aliphatic C—H bond
activation. Nat. Catal. 2024, 7, 655—668.

(9) Selected recent contributions: (a) Siu, J. C; Fu, N.; Lin, S.
Catalyzing Electrosynthesis: A Homogeneous Electrocatalytic Ap-
proach to Reaction Discovery. Acc. Chem. Res. 2020, 53, 547—560.
(b) von Miinchow, T.; Dana, S.; Xu, Y,; Yuan, B.; Ackermann, L.
Enantioselective electrochemical cobalt-catalyzed aryl C—H activation
reactions. Science 2023, 379, 1036—1042.

(10) Recent reviews about the topic: (a) Lin, C.; Shen, L. Recent
Progress in Transition Metal-Catalyzed Regioselective Functionaliza-
tion of Unactivated Alkenes/Alkynes Assisted by Bidentate Directing
Groups. ChemCatChem 2019, 11, 961—968. (b) Wang, Z.-X.; Bai, X.-
Y,; Li, B.J. Metal-Catalyzed Substrate-Directed Enantioselective
Functionalization of Unactivated Alkenes. Chin. J. Chem. 2019, 37,
1174—1180. (c) Jeon, J.; Lee, C.; Park, 1; Hong, S. Regio- and
Stereoselective Functionalization Enabled by Bidentate Directing
Groups. Chem. Rec. 2021, 21, 3613—3627.

(11) (a) Breugst, M.; Reissig, H.-U. The Huisgen Reaction:
Milestones of the 1,3-Dipolar Cycloaddition. Angew. Chem., Int. Ed.
2020, 59, 12293—12307. (b) Hamlin, T. A.; Svatunek, D.; Yu, S,;
Ridder, L.; Infante, I; Visscher, L.; Bickelhaupt, F. M. Elucidating the
Trends in Reactivity of Aza-1,3-Dipolar Cycloadditions. Eur. J. Org
Chem. 2019, 2019, 378—386. (c) Hashimoto, T.; Maruoka, K. Recent
Advances of Catalytic Asymmetric 1,3-Dipolar Cycloadditions. Chem.
Rev. 20185, 115, 5366—5412.

(12) (a) Quintana, M.; Spyrou, K; Grzelczak, M.; Browne, W. R;;
Rudolf, P.; Prato, M. Functionalization of Graphene via 1,3-Dipolar
Cycloaddition. ACS Nano 2010, 4, 3527—3533. (b) Vazquez, E;
Giacalone, F.; Prato, M. Non-Conventional Methods and Media for
the Activation and Manipulation of Carbon Nanoforms. Chem. Soc.
Rev. 2014, 43, 58—69.

(13) (a) Devaraj, N. K;; Finn, M. G. Introduction: Click Chemistry.
Chem. Rev. 2021, 121, 6697—6698. ; and contributions therein
(b) Wu, P. The Nobel Prize in Chemistry 2022: Fulfilling Demanding
Applications with Simple Reactions. ACS Chem. Biol. 2022, 17, 2959—
2961. (c) Bertozzi, C. A. A Special Virtual Issue Celebrating the 2022
Nobel Prize in Chemistry for the Development of Click Chemistry
and Bioorthogonal Chemistry. ACS Cent. Sci. 2023, 9, 558—559. and
contributions therein

(14) For elegant examples of alkene functionalization processes,
capitalizing on the combination of pericyclic and radical reactivity,
see: (a) Chen, T.-G; Barton, L. M.; Lin, Y.; Tsien, J.; Kossler, D.;
Bastida, L; Asai, S.; Bi, C.; Chen, J. S.; Shan, M.; Fang, H.; Fang, F. G;
Choi, H.-w.; Hawkins, L.; Qin, T.; Baran, P. S.; Baran, P. S. Building
C(sp®)-rich complexity by combining cycloaddition and C—C cross-
coupling reactions. Nature 2018, 560, 350—354. (b) Wise, D. E;
Gogarnoiu, E. S; Duke, A. D.; Paolillo, J. M.; Vacala, T. L.; Hussain,
W. A,; Parasram, M. Photoinduced Oxygen Transfer Using Nitro-
arenes for the Anaerobic Cleavage of Alkenes. J. Am. Chem. Soc. 2022,

https://doi.org/10.1021/jacs.4c13682
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.1016/j.psep.2022.08.054
https://doi.org/10.1016/j.psep.2022.08.054
https://doi.org/10.1016/j.psep.2022.08.054
https://doi.org/10.1021/acs.jnatprod.8b01022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.8b01022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aat3863
https://doi.org/10.1126/science.aat3863
https://doi.org/10.1126/science.aat3863
https://doi.org/10.1126/science.abj6005
https://doi.org/10.1126/science.abj6005
https://doi.org/10.1126/science.abj6005
https://doi.org/10.1038/s41557-022-01008-w
https://doi.org/10.1038/s41557-022-01008-w
https://doi.org/10.1038/s41557-022-01008-w
https://doi.org/10.1021/jacs.3c06794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-023-01404-w
https://doi.org/10.1038/s41557-023-01404-w
https://doi.org/10.1038/s41557-023-01414-8
https://doi.org/10.1038/s41557-023-01414-8
https://doi.org/10.1126/science.adn5619
https://doi.org/10.1126/science.adn5619
https://doi.org/10.1021/jacs.4c02316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c02316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-023-06938-0
https://doi.org/10.1038/s41586-023-06938-0
https://doi.org/10.1126/science.adj6771
https://doi.org/10.1126/science.adj6771
https://doi.org/10.1038/s41557-024-01561-6
https://doi.org/10.1038/s41557-024-01561-6
https://doi.org/10.1002/anie.202005652
https://doi.org/10.1002/anie.202005652
https://doi.org/10.1126/science.abf2974
https://doi.org/10.1126/science.abf2974
https://doi.org/10.1021/jacs.3c01137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c01137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201507151
https://doi.org/10.1002/anie.201507151
https://doi.org/10.1002/asia.201800647
https://doi.org/10.1002/asia.201800647
https://doi.org/10.1039/C9SC06006E
https://doi.org/10.1039/C9SC06006E
https://doi.org/10.1002/anie.202007251
https://doi.org/10.1021/acscatal.0c02115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00681H
https://doi.org/10.1039/C9CS00681H
https://doi.org/10.1002/cctc.202300803
https://doi.org/10.1002/cctc.202300803
https://doi.org/10.1021/jacs.6b08856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-22127-x
https://doi.org/10.1038/s41467-021-22127-x
https://doi.org/10.1038/s41467-021-22127-x
https://doi.org/10.1021/jacs.3c00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-024-01153-0
https://doi.org/10.1038/s41929-024-01153-0
https://doi.org/10.1038/s41929-024-01153-0
https://doi.org/10.1021/acs.accounts.9b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.adg2866
https://doi.org/10.1126/science.adg2866
https://doi.org/10.1002/cctc.201801625
https://doi.org/10.1002/cctc.201801625
https://doi.org/10.1002/cctc.201801625
https://doi.org/10.1002/cctc.201801625
https://doi.org/10.1002/cjoc.201900308
https://doi.org/10.1002/cjoc.201900308
https://doi.org/10.1002/tcr.202100117
https://doi.org/10.1002/tcr.202100117
https://doi.org/10.1002/tcr.202100117
https://doi.org/10.1002/anie.202003115
https://doi.org/10.1002/anie.202003115
https://doi.org/10.1002/ejoc.201800572
https://doi.org/10.1002/ejoc.201800572
https://doi.org/10.1021/cr5007182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5007182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn100883p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn100883p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CS60164A
https://doi.org/10.1039/C3CS60164A
https://doi.org/10.1021/acs.chemrev.1c00469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.2c00788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.2c00788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.2c01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.2c01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.2c01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-018-0391-9
https://doi.org/10.1038/s41586-018-0391-9
https://doi.org/10.1038/s41586-018-0391-9
https://doi.org/10.1021/jacs.2c05648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c05648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

144, 15437—15442. (c) Ruffoni, A.; Hampton, C.; Simonetti, M.;
Leonori, D. Photoexcited nitroarenes for the oxidative cleavage of
alkenes. Nature 2022, 610, 81—86. (d) Steiniger, K. A.; Lambert, T.
H. Olefination of Carbonyls with Alkenes Enabled by Electro-
photocatalytic Generation of Distonic Radical Cations. Sci. Adv. 2023,
9, No. eadg3026.

(15) (a) Corcé, V.; Ollivier, C.; Fensterbank, L. Boron, Silicon,
Nitrogen and Sulfur-based Contemporary Precursors for the
Generation of Alkyl Radicals by Single Electron Transfer and their
Synthetic Utilization. Chem. Soc. Rev. 2022, 51, 1470—1510. (b) Tay,
N. E. S.; Lehnherr, D.; Rovis, T. Photons or Electrons? A Critical
Comparison of Electrochemistry and Photoredox Catalysis for
Organic Synthesis. Chem. Rev. 2022, 122, 2487—2649.

(16) For both pioneering examples and recent applications of the
isooxazoline route, see: (a) De Sarlo, F.; Brandi, A.; Goti, A.; Guarna,
A.; Rovero, P. Synthesis and Rearrangement of Cycloadducts from
Trimethylsilanecarbonitrile Oxide. Heterocycles 1983, 20, S11-518.
(b) Kozikowski, A. P.; Adamcz, M. Methods for the Stereoselective
cis-Cyanohydroxylation and -Carboxyhydroxylation of Olefins. J. Org.
Chem. 1983, 48, 366—372. (c) Kozikowski, A. P. The Isoxazoline
Route to the Molecules of Nature. Acc. Chem. Res. 1984, 17, 410—416.
(d) Wade, P. A, Bereznak, J. F. Sulfonylisoxazolines: reliable
intermediates for the preparation of .beta.-hydroxy nitriles. J. Org.
Chem. 1987, 52, 2973—2977. (e) Zheng, D.; Asano, Y. Biocatalytic
asymmetric ring-opening of dihydroisoxazoles: a cyanide-free route to
complementary enantiomers of f-hydroxy nitriles from olefins. Green
Chem. 2020, 22, 4930—4936. (f) Liu, H.; Wang, Y.-P.; Wang, H.; Ren,
K; Liu, L,; Dang, L.; Wang, C.-Q.; Feng, C. Photocatalytic Multisite
Functionalization of Unactivated Terminal Alkenes by Merging Polar
Cycloaddition and Radical Ring-Opening Process. Angew. Chem., Int.
Ed. 2024, 136, No. €202407928.

(17) Recent strategies for the oxy-cyanation of alkenes: (a) Liu, J.-L.;
Zhu, Z.-F; Liu, F. Oxycyanation of Vinyl Ethers with 2,2,6,6-
Tetramethyl-N-oxopiperidinium Enabled by Electron Donor—Accept-
or Complex. Org. Lett. 2018, 20, 720—723. (b) Zeng, Y; Li, Y; Lv,
D.; Bao, H. Copper-catalyzed three-component oxycyanation of
alkenes. Org. Chem. Front. 2021, 8, 908—914. (c) Kiyokawa, K;
Ishizuka, M.; Minakata, S. Stereospecific Oxycyanation of Alkenes
with Sulfonyl Cyanide. Angew. Chem., Int. Ed. 2023, 62,
No. e202218743.

(18) De Angelis, L.; Crawford, A. M.; Su, Y.-L.; Wherritt, D.; Arman,
H.; Doyle, M. P. Catalyst-Free Formation of Nitrile Oxides and Their
Further Transformations to Diverse Heterocycles. Org. Lett. 2021, 23,
925-929.

(19) Recent examples: (a) Schoenebeck, F.; Murphy, J. A.; Zhou, S.;
Uenoyama, Y.; Miclo, Y.; Tuttle, T. Reductive Cleavage of Sulfones
and Sulfonamides by a Neutral Organic Super-Electron-Donor
(S.E.D.) Reagent. J. Am. Chem. Soc. 2007, 129, 13368—13369.
(b) Merchant, R. R.; Edwards, J. T.; Qin, T.; Kruszyk, M. M.; Bi, C;
Che, G; Bao, D.-H.; Qiao, W.; Sun, L.; Collins, M. R.; Fadeyi, O. O,;
Gallego, G. M.; Mousseau, J. J.; Nuhant, P.; Baran, P. S. Modular
Radical Cross-Coupling with Sulfones Enables Access to sp*-Rich
(Fluoro)Alkylated Scaffolds. Science 2018, 360, 75—80. (c) MacK-
enzie, I. A; Wang, L.; Onuska, N. P. R;; Williams, O. F.; Begam, K;
Moran, A. M.; Dunietz, B. D.; Nicewicz, D. A. Discovery and
Characterization of an Acridine Radical Photoreductant. Nature 2020,
580, 76—80. . For discussion, see: (d) Nambo, M.; Maekawa, Y.;
Crudden, C. M. Desulfonylative Transformations of Sulfones by
Transition-Metal Catalysis, Photocatalysis, and Organocatalysis. ACS
Catal. 2022, 12, 3013—3032.

(20) Liu, W,; Hao, L; Zhang, J; Zhu, T. Progress in the
Electrochemical Reactions of Sulfonyl Compounds. ChemSusChem
2022, 15, No. €202102557.

(21) Nambo, M.; Tahara, Y.; Yim, J. C.-H.; Yokogawa, D.; Crudden,
C. M. Synthesis of quaternary centres by single electron reduction and
alkylation of alkylsulfones. Chem. Sci. 2021, 12, 4866—4871.

(22) Mower, M. P.; Blackmond, D. G. Mechanistic Rationalization
of Unusual Sigmoidal Kinetic Profiles inthe Machetti—De Sarlo
Cycloaddition Reaction. J. Am. Chem. Soc. 2015, 137, 2386—2391.

(23) The formation of side-product 26 occurs via addition of
sulfonyl radicals — formed upon SET oxidation of the p-
fluorophenylsulfinate fragmentation byproduct — to enamine species
— derived from the oxidative degradation of NEt;. This reaction
occurs at the surface of the anode electrode. For examples, see:
(a) Kim, H.-S.; Lee, S. Electrochemical Coupling of Arylsulfonyl
Hydrazides and Tertiary Amines for the Synthesis of S-Amidovinyl
Sulfones. Eur. ]. Org Chem. 2019, 2019, 6951—6955. (b) Gu, Q;
Wang, X; Liu, X;; Wu, G; Xie, Y,; Shao, Y.; Zhao, Y,; Zeng, X.
Electrochemical sulfonylation of enamides with sodium sulfinates to
access f-amidovinyl sulfones. Org. Biomol. Chem. 2021, 19, 8295—
8300. (c) Feng, T.; Wang, S; Liu, Y.; Liu, S.; Qiu, Y. Electrochemical
Desaturative f-Acylation of Cyclic N-Aryl Amines. Angew. Chem., Int.
Ed. 2022, 61, No. €202115178.

(24) Bao, W.-H,; Wu, X. Visible-Light-Driven Photocatalyst-Free
Deoxygenative Radical Transformation of Alcohols to Oxime Ethers.
J. Org. Chem. 2023, 88, 3975—3980.

(25) Patel, S; Paul, B; Paul, H; Shankhdhar, R.; Chatterjee, L
Redox-active alkylsulfones as precursors for alkyl radicals under
photoredox catalysis. Chem. Commun. 2022, 58, 4857—4860.

(26) (a) Mondal, S.; Gold, B.; Mohamed, R. K; Alabugin, I. V.
Design of Leaving Groups in Radical C—C Fragmentations: Through-
Bond 2c—3e Interactions in Self-Terminating Radical Cascades.
Chem.—Eur. J. 2014, 20, 8664—8669. (b) Mills, L. R.; Monteith, J. J.;
dos Passos Gomes, G.; Aspuru-Guzik, A.; Rousseaux, S. A. L. The
Cyclopropane Ring as a Reporter of Radical Leaving-Group Reactivity
for Ni-Catalyzed C(sp®)—O Arylation. J. Am. Chem. Soc. 2020, 142,
13246—13254.

(27) Hioki, Y.; Costantini, M.; Griffin, J.; Harper, K. C.; Merini, M.
P.; Nissl, B.; Kawamata, Y.; Baran, P. S. Overcoming the limitations of
Kolbe coupling with waveform-controlled electrosynthesis. Science
2023, 380, 81—87.

(28) Barton, L. M,; Chen, L.; Blackmond, D. G.; Baran, P. S.
Electrochemical borylation of carboxylic acids. Proc. Natl. Acad. Sci.
US.A. 2021, 118, No. €2109408118.

(29) (a) Kawamata, Y.; Hayashi, K; Carlson, E.; Shaji, S.;
Waldmann, D.; Simmons, B. J; Edwards, J. T.; Zapf, C. W,; Saito,
M, Baran, P. S. Chemoselective Electrosynthesis Using Rapid
Alternating Polarity. J. Am. Chem. Soc. 2021, 143, 16580—16588.
(b) Zeng, L.; Wang, J.; Wang, D.; Yi, H; Lei, A. Comprehensive
Comparisons between Directing and Alternating Current Electrolysis
in Organic Synthesis. Angew. Chem., Int. Ed. 2023, 62,
No. €202309620.

(30) (a) Tsui, E.; Wang, H.; Knowles, R. R. Catalytic Generation of
Alkoxy Radicals from Unfunctionalized Alcohols. Chem. Sci. 2020, 11,
11124—11141. (b) El Gehani, A. A. M. A.; Maashi, H. A.; Harnedy, J.;
Morrill, L. C. Electrochemical Generation and Utilization of Alkoxy
Radicals. Chem. Commun. 2023, 59, 3655—3664.

(31) Newcombe, M. Radical Kinetics and Clocks. Encyclopedia of
Radicals in Chemistry, Biology and Materials; Wiley VCH, 2014; Vol. 1,
Chapter S, pp 107—124.

(32) Zhang, Y.; Chen, J.-J; Huang, H.-M. Radical Brook
Rearrangements: Concept and Recent Developments. Angew. Chem.,
Int. Ed. 2022, 61, No. e2022056.

(33) For examples and more details about scope limitations, please
see Section S.6.1 of the Supporting Information.

(34) (a) Yan, M.; Kawamata, Y.; Baran, P. S. Synthetic Organic
Electrochemical Methods Since 2000: On the Verge of a Renaissance.
Chem. Rev. 2017, 117, 13230—13319. (b) Wiebe, A.; Gieshoff, T.;
Mohle, S.; Rodrigo, E.; Zirbes, M.; Waldvogel, S. R. Electrifying
Organic Synthesis. Angew. Chem., Int. Ed. 2018, 57, 5594—5619.

(35) Melchiorre, P. Introduction: Photochemical Catalytic Pro-
cesses. Chem. Rev. 2022, 122, 1483—1484. and contributions therein

https://doi.org/10.1021/jacs.4c13682
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/s41586-022-05211-0
https://doi.org/10.1038/s41586-022-05211-0
https://doi.org/10.1126/sciadv.adg3026
https://doi.org/10.1126/sciadv.adg3026
https://doi.org/10.1039/D1CS01084K
https://doi.org/10.1039/D1CS01084K
https://doi.org/10.1039/D1CS01084K
https://doi.org/10.1039/D1CS01084K
https://doi.org/10.1021/acs.chemrev.1c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3987/R-1983-03-0511
https://doi.org/10.3987/R-1983-03-0511
https://doi.org/10.1021/jo00151a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00151a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00108a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00108a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00390a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00390a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0GC01445A
https://doi.org/10.1039/D0GC01445A
https://doi.org/10.1039/D0GC01445A
https://doi.org/10.1002/anie.202407928
https://doi.org/10.1002/anie.202407928
https://doi.org/10.1002/anie.202407928
https://doi.org/10.1021/acs.orglett.7b03858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0QO01437K
https://doi.org/10.1039/D0QO01437K
https://doi.org/10.1002/anie.202218743
https://doi.org/10.1002/anie.202218743
https://doi.org/10.1021/acs.orglett.0c04130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c04130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074417h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074417h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074417h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aar7335
https://doi.org/10.1126/science.aar7335
https://doi.org/10.1126/science.aar7335
https://doi.org/10.1038/s41586-020-2131-1
https://doi.org/10.1038/s41586-020-2131-1
https://doi.org/10.1021/acscatal.1c05608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c05608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.202102557
https://doi.org/10.1002/cssc.202102557
https://doi.org/10.1039/D1SC00133G
https://doi.org/10.1039/D1SC00133G
https://doi.org/10.1021/ja512753v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja512753v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja512753v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201901277
https://doi.org/10.1002/ejoc.201901277
https://doi.org/10.1002/ejoc.201901277
https://doi.org/10.1039/D1OB01485D
https://doi.org/10.1039/D1OB01485D
https://doi.org/10.1002/anie.202115178
https://doi.org/10.1002/anie.202115178
https://doi.org/10.1021/acs.joc.2c03043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c03043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CC00163B
https://doi.org/10.1039/D2CC00163B
https://doi.org/10.1002/chem.201402843
https://doi.org/10.1002/chem.201402843
https://doi.org/10.1021/jacs.0c06904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.adf4762
https://doi.org/10.1126/science.adf4762
https://doi.org/10.1073/pnas.2109408118
https://doi.org/10.1021/jacs.1c06572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202309620
https://doi.org/10.1002/anie.202309620
https://doi.org/10.1002/anie.202309620
https://doi.org/10.1039/D0SC04542J
https://doi.org/10.1039/D0SC04542J
https://doi.org/10.1039/D3CC00302G
https://doi.org/10.1039/D3CC00302G
https://doi.org/10.1002/anie.202205671
https://doi.org/10.1002/anie.202205671
https://doi.org/10.1021/acs.chemrev.7b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1021/acs.chemrev.1c00993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

