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ABSTRACT: Organic free radicals are commonly perceived to be highly reactive species with short lifetimes, yet there are many
examples that defy this convention by displaying remarkable stability. Although these persistent radicals can be relatively unreactive
in their ground states, photoexcitation can generate highly reactive excited states. Despite this, they have found limited application as
reagents or catalysts in photochemical reactions. Here we report the identification of persistent boryl-bipyridine radicals that
function as highly reducing photoredox catalysts. These radicals, which are generated by simply mixing a bipyridine with a diboron
reagent, were found to possess excited state reduction potentials that rival the most powerful photoreductants reported to date. We
show that this class of doublet state photoredox catalyst can promote borylations of alkyl bromides and various other

transformations.

Radical chemistry is dominated by reactions of highly
reactive organic free radicals that only exist as transient
intermediates." However, if a radical possesses sufficient steric
or electronic stabilization, its reactivity can be attenuated to the
extent that it persists for long periods of time.” This
phenomenon was first identified by Gomberg in 1900 with
the synthesis of the triphenylmethyl radical,” and many other
persistent and stable (inert to oxygen) radicals have since been
reported (Figure 1a).”* The long lifetimes of these radicals
have led to significant interest in exploiting their unique
properties by incorporating them into functional materials,
including magnetics, optoelectronics, and photothermal
therapeutics.” Conversely, their application as reagents or
catalysts in organic synthesis is comparatively rare, with the
notable exception of aminoxyl radicals (e.g, TEMPO) which
are commonly used as catalysts in oxidation reactions.’ The
lack of reports detailing their synthetic utility likely results from
their low ground state reactivity; however, many persistent
radicals undergo photoexcitation upon irradiation with visible-
light to generate doublet excited states with enhanced
reactivity toward single-electron transfer (SET) with electron
donors and acceptors.” Despite this, investigations into
photoinduced electron transfer (PET) reactions of persistent
radicals have been limited to mechanistic studies rather than
their potential applications as _Photoredox reagents or catalysts
in preparative scale synthesis.”*

Over the past decade, photoredox catalysis has become the
predominant methodology used for the generation of transient
free radicals in organic synthesis.” In their excited state,
photoredox catalysts undergo SET with a diverse range of
substrates, and the success of these reactions is largely dictated
by the catalysts having sufficiently high redox potentials for
thermodynamically favored SET.” Therefore, for substrates
with prohibitively high redox potentials, conventional photo-
redox catalysis fails. A recent strategy that has emerged to
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overcome this limitation is to perform single-electron oxidation
or reduction of an organic photoredox catalyst prior to
photoexcitation, termed electron-primed photoredox catalysis
(Figure 1b)."° This initial SET converts the closed-shell,
singlet state catalyst into an open-shell, doublet state
(persistent radical) that possesses enhanced excited state
redox potentials, thus allowing SET with typically unreactive
substrates. However, the crucial SET to form the doublet state
necessitates the use of either electrochemistry (electro-
photocatalysis)'**'" or biphotonic processes involving an
additional PET with stoichiometric oxidants or reduc-
tants.'*>'> Conversely, to our knowledge, there are no reports
detailing the use of a persistent organic radical as the active
photoredox catalyst, specifically, one that does not require
continual formation via electrochemical or photochemical
activation of a singlet precatalyst (Figure 1c)."” Such doublet
state photoredox catalysts could provide the high redox
potentials of electron-primed photoredox catalysis but with
simplified experimental setup and increased reaction efficiency
by avoiding the need for electrochemistry and requiring only a
single photoexcitation. Herein, we report the discovery that
simply mixing bis(catecholato)diboron (Bjcat,, 1) with
bipyridines 2 generates persistent boryl-bipyridine radicals 3
that display high stability in their ground state but function as
exceptionally powerful photoreductants upon irradiation with
blue-light (Figure 1d). Furthermore, we demonstrate that the
reversibility of the redox cycling between the boryl radicals and
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Figure 1. Persistent radicals and their application in photocatalysis.

« monophotonic catalytic cycle ¢ no stoichiometric reductants

their oxidized boronium cation counterparts enables them to
function as effective doublet state photoredox catalysts.

Our group,'* and others,'® recently reported a range of
visible-light-mediated, transition metal-free borylations where
common functional groups, including carboxylic acids, amines,
and alcohols, are transformed into synthetically versatile
boronic esters.'® These reactions rely on initial activation of
the substrates by conversion into redox-active derivatives,
which enables formation of photoactive electron donor—
acceptor complexes with B,cat, and subsequent PET-mediated
alkyl radical generation.'” This necessity for preinstallation of a
redox-active group prevents extension of these methods to
substrates lacking a suitable handle for activation. One such
class of substrates is the alkyl halides, which are widely
exploited in substitution reactions but, apart from the highly
reactive alkyl iodides,"® engaging them in transition metal-free
borylations remains challenging.'” This is because of the strong
C—halogen bonds and large negative reduction potentials of

alkyl bromides and chlorides,”® which hinder dehalogenative

alkyl radical formation by photolysis or SET. Nonetheless,
notable advances have been made in recent years using
electrochemical activation or silane-mediated halogen-atom-
transfer.””** In addition, Jiao and co-workers reported
pyridine-catalyzed photoinduced dehalogenative borylations,
although these required strongly basic conditions for diboron
activation.”> Our initial proposal endeavored to overcome the
challenges associated with dehalogenative borylations by using
organic super electron donors (SEDs) as photocatalysts,24
inspired by Murphy’s dihydrobipyridine-based SED 4, which is
a powerful photoreductant under UV-light irradiation (Figure
2a).”> Although 4 could not be used catalytically, we were
encouraged by a report by Shi proposing the related SED §
could catalyze thermally promoted borylations of N-alkyl-
pyridinium salts, where 5 was generated in situ by reaction of
Bjcat, with 4,4’-di-tert-butyl-2,2"-bipyridine (2a) at elevated
temperatures.”® We reasoned that if 5 could be photoexcited,
similarly to 4, it would provide a valuable photocatalyst for
challenging dehalogenative borylations. Gratifyingly, this
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Figure 2. Reaction development and mechanistic investigations. “Yields were determined by GC analysis.

mechanistic hypothesis led to a successful debrominative
borylation protocol, with the reaction of 4-bromopiperidine 6a
with B,cat, in the presence of 20 mol % of 2a under blue-light
irradiation giving boronic ester 7a in 80% yield (Figure 2b).
No product was formed in the absence of 2a or light, which
confirms the crucial role of the bipyridine in generating the
photoactive species. Finally, using the dimethylamino-bipyr-
idine 2b led to an improved yield of 92%, likely because the
electron-donating amines provide a more strongly reducing
catalyst.

Shi’s support for the formation of § was provided by ''B
NMR and DFT, which suggested its generation from 2a and
B,cat, was energetically feasible at 100 °C.”° However, given
that our debrominative borylation proceeds at 30 °C, we
questioned their hypothesis and sought to provide additional
evidence for the formation of the putative SED S. Mixing the
two colorless solids, 2a and B,cat,, in THF-dg resulted in the
immediate formation of a yellow solution that became deep
green after 25 h (Figure 2c). Surprisingly, '"H NMR analysis of
this reaction revealed the disappearance of >90% of 2a, yet no
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Scheme 1. Debrominative Borylation Scope”
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dihydrobipyridine 5 was formed, nor were any other
bipyridine-derived species (Figures S6—S10). As the solution
was homogeneous throughout the experiment, we suspected
that 2a was transformed into an NMR-silent free radical, which
we confirmed using EPR spectroscopy. Subsequent irradiation
resulted in the generation of boronium ion 8a, thus
demonstrating the photoredox activity of the free radical and
leading us to suspect its structure to be boryl-bipyridine radical
3a. This was supported through independent synthesis by
reduction of boronium 8a-PF; with magnesium (Figure
2d).>”*® These results led us to the conclusion that the

photocatalytic species in our reaction was in fact the boryl-
bipyridine radical 3.

To our knowledge, the only report of boryl radical
generation by the homolytic cleavage of diboron reagents
with 2,2'-bipyridines is from Norman and Russell, who found
that B,Cl,(NMe,), and 2,2'-bipyridine reacted to form a
Although the
stability of related boryl-bipyridine radicals, formed by single-

persistent dichloroboryl-bipyridine radical.”®

electron reduction of boronium cations, has been described,”
there have been no reports detailing their use as reagents or
catalysts in redox chemistry.”” While Shi postulated that 3a
could be formed from dihydrobipyridine 5 under their reaction
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conditions, they favored dihydrobipyridine 5 as the active
SED.?® However, based on the mild conditions under which 3a
is formed, and the lack of experimental support for §, it is likely
that 3a was the catalytically active species, and that related
boryl-bipyridine radicals are also involved in other borylation
reactions.’

We subsequently investigated the electrochemical and
photophysical properties of radical 3a to determine its redox
properties. Cyclic voltammetry of boronium 8a-PF4 displayed
two reversible reduction peaks at —0.87 and —1.43 V versus
SCE, highlighting the stability of boryl radical 3a and its redox
cycling between 8a and dihydrobipyridyl-borate anion 9a
(Figure 2e).”” The ground state reduction potential of —0.87 V
for 8a indicates that 3a is a moderately strong reductant in its
ground state, supporting the involvement of related boryl-
bipyridine radicals in thermally promoted borylation reac-
tions.””*" The excited state reduction potential of 3a was then
calculated after obtaining an estimate of its excited state energy
(Epp) of 2.59 eV from the 1ntersect10n of the normalized
absorption and fluorescence spectra.” This led to an E; ,[8a/
3a*] of —3.46 V vs SCE, which makes 3a a more powerful
reductant than elemental lithium (E = —3.29 V vs SCE)"*® and
one of the most strongly reducing photocatalysts reported to
date.”” Additionally, transient absorption spectroscopy re-
vealed 3a has an excited state lifetime of 1.2 ns, which is
sufficiently long for alkyl bromide activation.'*”

Based on these studies, we propose the debrominative
borylation mechanism shown in Figure 2f. Initial reaction of
bipyridine 2 with B,cat, generates boryl radical catalyst 3.
Photoexcitation forms the highly reducing doublet excited
state 3%, which undergoes SET with alkyl bromide 6 to give
alkyl radical 10 and boronium 8:-Br. Borylation of 10 with
B,cat,, facilitated by DBU,"** gives boronic ester 11 and DBU-
stabilized boryl radical 12. Finally, reduction of 8 by 12 is
expected to be thermodynamically favored based on the strong
reducing ability of Lewis base-stabilized boryl radicals (E vs
SCE in MeCN is —0.84 V for 8a, and —1.53 V for DMAc-Bcat
radical),"*® which regenerates catalyst 3 and forms DBU-
BrBcat 13.

We subsequently investigated the application of the
debrominative borylation to a broad range of alkyl bromides
(Scheme 1). Cyclic and acyclic secondary substrates were
borylated in good to excellent yields (7a—7g), and primary
alkyl bromides also reacted efficiently to afford 7h—7s. Good
functional group tolerance was observed, including aromatic
rings (7i—7j), olefins (7k), protected alcohols (71-70), esters
(7p), nitriles (7q) and carbazoles (7r). Notably, boronic ester
70 containing an acetyl-protected primary alcohol was formed
in excellent yield, demonstrating the compatibility of base-
sensitive functionality. Cyclopropylmethyl bromide underwent
ring-opening (7s), thus confirming the formation of alkyl
radical intermediates. It should be noted that, while the
borylations proceeded in higher yields using bipyridine 2b,
synthetically useful yields could also be obtained with
commercially available 2a. Conformationally restricted tertiary
alkyl bromides were borylated in high efficiency (7t—7u), and
a 1,1-dibromocyclopropane underwent double debrominative
borylation to provide 1,1-bis-boronic ester 7v. Gratifyingly, our
weakly basic conditions were also successful with acyclic
tertiary alkyl bromides (7w), contrasting the previous reports
by Jiao and Studer, where base-mediated elimination prevented
borylation of tertiary alkyl halides.'***** Finally, we borylated
complex natural product-derived alkyl bromides, bearing

ketones, acetals, lactones, alcohols, and enones, which
provided boronic ester derivatives of (—)-ambroxide (7x),
epiandrosterone (7y), diosgenin (7z—7ab), tigogenin (7ac—
7ad), and hecogenin (7ae) in good yields and high
diastereoselectivities. Interestingly, 7ae was formed with good
selectivity for borylation of the secondary over the primary
alkyl bromide, however, bis-borylation and enone reduction
products were also isolated.

To further demonstrate the potential of boryl-bipyridine
radicals as strongly reducing photoredox catalysts, we
investigated their application to other borylation reactions.
Catalyst 3b effectively promoted debrominative aryl radical
formation of 2-bromophenyl-thionocarbonate 14, leading to
deoxygenative borylation (Scheme 2a).'** Pleasingly, boryla-

Scheme 2. Other Applications
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“Yields determined by GC analysis. "Yield determined by 'H NMR
analysis.

tion of alkyl chloride 15 was also possible,zoc’23b albeit with low

conversion to 7a (Scheme 2a). We subsequently demonstrated
that boryl radicals could catalyze borylations of aryl chlorides
16 (Scheme 2b).!'@!2h&15¢781942% Here - tetramethylphenan-
throline 2¢ provided improved yields compared to 2b, thus
demonstrating that boryl radical formation was not limited to
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bipyridines. In addition, bis(pinacolato)diboron (B,pin,) could
be used as the borylating agent because of the higher reactivity
of aryl radicals,"” which meant that only substoichiometric
quantities of B,cat, were required for the generation of catalyst
3c. Although conversions in the dechlorinative borylations
were modest, the success of these reactions demonstrates that
boryl radicals 3 can catalyze highly challenging single-electron
reductions (E = —2.9 V for 16a).'” Finally, our optimized
conditions effectively promoted the desulfonylation of N-
tosylindole 18 to form 19 (Scheme 2c), thus highlighting the
potential for extending boryl-bipyridine radical photoredox
catalysis beyond dehalogenations.

In conclusion, we have discovered and characterized
persistent boryl-bipyridine radicals and demonstrated their
ability to act as photoredox catalysts. The radicals are
generated by simply mixing 2,2'-bipyridines with B,cat, yet
were found to be exceptionally powerful excited state
reductants. We demonstrated that these doublet state photo-
redox catalysts allowed the development of mild and
operationally simple debrominative borylations of alkyl
bromides. Finally, the potential synthetic utility of the boryl-
bipyridine radicals as highly reducing photocatalysts was
highlighted through their application to deoxygenation,
dechlorination, and N-desulfonylation reactions.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.5c03864.

Experimental procedures, characterization data, X-ray
crystallography data, cyclic voltammetry data, EPR
spectra, NMR spectra for all novel compounds. (PDF)

Accession Codes

Deposition Numbers 2126964—2126965 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallo-
graphic Data Centre (CCDC) and Fachinformationszentrum
Karlsruhe Access Structures service.

B AUTHOR INFORMATION

Corresponding Authors
Adam Noble — School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK.; © orcid.org/0000-0001-9203-7828;
Email: a.noble@bristol.ac.uk
Varinder K. Aggarwal — School of Chemistry, University of
Bristol, Bristol BS8 1TS, UK,; ® orcid.org/0000-0003-
0344-6430; Email: v.aggarwal@bristol.ac.uk

Authors

Jingjing Wu — School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK,; Present Address: Frontiers Science
Center for Transformative Molecules, Shanghai Key
Laboratory for Molecular Engineering of Chiral Drugs,
School of Chemistry and Chemical Engineering,
Zhangjiang Institute for Advanced Study, Shanghai Jiao
Tong University, Shanghai, 200240, China; ® orcid.org/
0000-0001-8401-065X

Hui Wang — School of Chemistry, University of Bristol, Bristol
BS8 ITS, UK,; Present Address: Key Laboratory of
Functional Molecular Solids (Ministry of Education),
Anhui Key Laboratory of Molecular Based Materials,
College of Chemistry and Materials Science, Anhui

Normal University, Wuhu, 241002, China.;
0000-0002-0249-0432

Huaquan Fang — School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK.

Kevin C. Wang — School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK.

Deborin Ghosh — School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK,; ® orcid.org/0000-0003-0716-1053

Valerio Fasano — School of Chemistry, University of Bristol,
Bristol BS8 1TS, U.K; Present Address: Department of
Chemistry, University of Milan, Via Golgi 19, 20133
Milano, Italy.; ©® orcid.org/0000-0003-1819-4483

orcid.org/

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.5c03864

Author Contributions
*J.W. and H.W. contributed equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank EPSRC (EP/T033584/1, EP/V026690/1) for
financial support. HW. thanks the DFG for a Fellowship
(442129649). V.F. thanks the University of Bristol for
awarding an EPSRC Doctoral Prize Fellowship (EP/
RS13179/1). We thank Prof. Weisheng Tian (Shanghai
Institute of Organic Chemistry) for providing the steroidal
natural product precursors for 7z—7ae. We are grateful to Prof.
Nick C. Norman and Dr. Christopher A. Russell (University of
Bristol) for helpful discussions. We thank Dr. Natalie Pridmore
for X-ray crystallography, Dr. Jason Potticary and Dr.
Maximilian J. L. Hagemann for assistance with EPR spectros-
copy, Dr. John R. Box for assistance with cyclic voltammetry,
and Prof. Andrew Orr-Ewing for assistance with transient
absorption spectroscopy. We gratefully acknowledge Dr.
Dominic Alibhai of the Wolfson Bioimaging Facility for their
assistance with TCSPC measurements.

B REFERENCES

(1) Encyclopedia of Radicals in Chemistry, Biology and Materials;
Chatgilialoglu, C., Studer, A., Eds.; John Wiley & Sons, 2012.

(2) Hicks, R. G. What’s New in Stable Radical Chemistry? Org.
Biomol. Chem. 2006, 5, 1321—1338.

(3) Gomberg, M. An Instance of Trivalent Carbon: Triphenylmeth-
yl. J. Am. Chem. Soc. 1900, 22, 757—771.

(4) (a) Griller, D; Ingold, K. U. Persistent Carbon-Centered
Radicals. Acc. Chem. Res. 1976, 9, 13—19. (b) Tang, B.; Zhao, J.; Xu,
J-F; Zhang, X. Tuning the Stability of Organic Radicals: From
Covalent Approaches to Non-Covalent Approaches. Chem. Sci. 2020,
11, 1192—1204.

(5) Chen, Z. X; Li, Y.; Huang, F. Persistent and Stable Organic
Radicals: Design, Synthesis, and Applications. Chem. 2021, 7, 288—
332.

(6) Nutting, J. E.; Rafiee, M.; Stahl, S. S. Tetramethylpiperidine N-
Oxyl (TEMPO), Phthalimide N-Oxyl (PINO), and Related N-Oxyl
Species: Electrochemical Properties and Their Use in Electrocatalytic
Reactions. Chem. Rev. 2018, 118, 4834—4885.

(7) (a) Johnston, L. J. Photochemistry of Radicals and Biradicals.
Chem. Rev. 1993, 93, 251—288. (b) Fox, M. A,; Gaillard, E.; Chen, C.-
C. Photochemistry of Stable Free Radicals: The Photolysis of
Perchlorotriphenylmethyl Radicals. J. Am. Chem. Soc. 1987, 109,
7088—7094. (c) Canepa, M.; Fox, M. A.; Whitesell, J. K.
Photochemistry and Spectroscopy of “Stable Organic Radicals™

https://doi.org/10.1021/jacs.5c03864
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.5c03864?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c03864/suppl_file/ja5c03864_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2126964&id=doi:10.1021/jacs.5c03864
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2126965&id=doi:10.1021/jacs.5c03864
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Noble"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9203-7828
mailto:a.noble@bristol.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Varinder+K.+Aggarwal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0344-6430
https://orcid.org/0000-0003-0344-6430
mailto:v.aggarwal@bristol.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingjing+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8401-065X
https://orcid.org/0000-0001-8401-065X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0249-0432
https://orcid.org/0000-0002-0249-0432
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaquan+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+C.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deborin+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0716-1053
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valerio+Fasano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1819-4483
https://pubs.acs.org/doi/10.1021/jacs.5c03864?ref=pdf
https://doi.org/10.1039/b617142g
https://doi.org/10.1021/ja02049a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja02049a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50097a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50097a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC06143F
https://doi.org/10.1039/C9SC06143F
https://doi.org/10.1016/j.chempr.2020.09.024
https://doi.org/10.1016/j.chempr.2020.09.024
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00017a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00257a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00257a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0017988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c03864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

Steric and Electronic Effects in Intermolecular Photoinduced Electron
Transfer. J. Org. Chem. 2001, 66, 3886—3892.

(8) Ahmed, J.; Mandal, S. K. Phenalenyl Radical: Smallest Polycyclic
Odd Alternant Hydrocarbon Present in the Graphene Sheet. Chem.
Rev. 2022, 122, 11369—11431.

(9) (a) Romero, N. A; Nicewicz, D. A. Organic Photoredox
Catalysis. Chem. Rev. 2016, 116, 10075—10166. (b) Shaw, M. H,;
Twilton, J.; MacMillan, D. W. C. Photoredox Catalysis in Organic
Chemistry. J. Org. Chem. 2016, 81, 6898—6926. (c) McAtee, R. C;
McClain, E. J.; Stephenson, C. R. J. Illuminating Photoredox
Catalysis. Trends Chem. 2019, 1, 111—-125.

(10) (a) Barham, J. P.; Kénig, B. Synthetic Photoelectrochemistry.
Angew. Chem.,, Int. Ed. 2020, 59, 11732—11747. (b) Glaser, F.; Kerzig,
C.; Wenger, O. S. Multi-Photon Excitation in Photoredox Catalysis:
Concepts, Applications. Methods. Angew. Chem. Int. Ed. 2020, 59,
10266—10284. (c) Koike, T. Recent Progress in Photocatalytic
Reactions Involving the Excitation of Electron-Primed Catalysts. J.
Photochem. Photobiol. 2023, 17, 10020S.

(11) (a) Cowper, N. G. W.; Chernowsky, C. P.; Williams, O. P,;
Wickens, Z. K. Potent Reductants via Electron-Primed Photoredox
Catalysis: Unlocking Aryl Chlorides for Radical Coupling. J. Am.
Chem. Soc. 2020, 142, 2093—2099. (b) Huang, H.; Strater, Z. M;
Rauch, M,; Shee, J; Sisto, T. J.; Nuckolls, C.; Lambert, T. H.
Electrophotocatalysis with a Trisaminocyclopropenium Radical
Dication. Angew. Chem., Int. Ed. 2019, 58, 13318—13322. (c) Kim,
H.; Kim, H.; Lambert, T. H.; Lin, S. Reductive Electrophotocatalysis:
Merging Electricity and Light to Achieve Extreme Reduction
Potentials. J. Am. Chem. Soc. 2020, 142, 2087—2092. (d) Tian, X;
Karl, T. A,; Reiter, S.; Yakubov, S.; de Vivie-Riedle, R.; Ko6nig, B.;
Barham, J. P. Electro-Mediated Photoredox Catalysis for Selective
C(sp*)—O Cleavages of Phosphinated Alcohols to Carbanions.
Angew. Chem., Int. Ed. 2021, 60, 20817—20825. (e) Chernowsky, C.
P.; Chmiel, A. F; Wickens, Z. K. Electrochemical Activation of
Diverse Conventional Photoredox Catalysts Induces Potent Photo-
reductant Activity. Angew. Chem., Int. Ed. 2021, 60, 21418—21425.

(12) (a) Ghosh, I; Ghosh, T.; Bardagj, J. I; Kénig, B. Reduction of
Aryl Halides by Consecutive Visible Light-Induced Electron Transfer
Processes. Science 2014, 346, 725—728. (b) Ghosh, I; Kénig, B.
Chromoselective Photocatalysis: Controlled Bond Activation through
Light-Color Regulation of Redox Potentials. Angew. Chem., Int. Ed.
2016, S5, 7676—7679. (c) Neumeier, M.; Sampedro, D.; Méjek, M.;
de la Pena O’Shea, V. A,; von Wangelin, A. J; Pérez-Ruiz, R.
Dichromatic Photocatalytic Substitutions of Aryl Halides with a Small
Organic Dye. Chem.—Eur. J. 2018, 24, 105—108. (d) MacKenzie, 1.
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.
(e) Cole, J. P.; Chen, D.-F.; Kudisch, M.; Pearson, R. M.; Lim, C.-H,;
Miyake, G. M. Organocatalyzed Birch Reduction Driven by Visible
Light. J. Am. Chem. Soc. 2020, 142, 13573—13581. (f) Chmiel, A. F;
Williams, O. P.; Chernowsky, C. P.; Yeung, C. S.; Wickens, Z. K.
Non-Innocent Radical Ion Intermediates in Photoredox Catalysis:
Parallel Reduction Modes Enable Coupling of Diverse Aryl Chlorides.
J. Am. Chem. Soc. 2021, 143, 10882—10889. (g) Xu, J.; Cao, J.; Wu,
X.; Wang, H,; Yang, X,; Tang, X.; Toh, R. W.; Zhou, R.; Yeow, E. K.
L.; Wu, J. Unveiling Extreme Photoreduction Potentials of Donor—
Acceptor Cyanoarenes to Access Aryl Radicals from Aryl Chlorides. J.
Am. Chem. Soc. 2021, 143, 13266—13273.

(13) (a) Horsewill, S. J.; Hierlmeier, G.; Farasat, Z.; Barham, J. P.;
Scott, D. J. Shining Fresh Light on Complex Photoredox Mechanisms
Through Isolation of Intermediate Radical Anions. ACS Catal. 2023,
13, 9392—9403. (b) Shaikh, A. C.; Hossain, M. M.; Moutet, J.;
Kumar, A.; Thompson, B.; Huxter, V. M.; Gianetti, T. L. Isolated
Neutral Organic Radical Unveiled Solvent-Radical Interaction in
Highly Reducing Photocatalysis. Angew. Chem., Int. Ed. 2025, 137,
No. €202420483.

(14) (a) Fawcett, A.; Pradeilles, J.; Wang, Y.; Mutsuga, T.; Myers, E.
L.; Aggarwal, V. K. Photoinduced Decarboxylative Borylation of
Carboxylic Acids. Science 2017, 357, 283—286. (b) Wu, J; He, L;

Noble, A,; Aggarwal, V. K. Photoinduced Deaminative Borylation of
Alkylamines. J. Am. Chem. Soc. 2018, 140, 10700—10704. (c) Wu, J.;
Bir, R; Guo, L.; Noble, A; Aggarwal, V. K. Photoinduced
Deoxygenative Borylations of Aliphatic Alcohols. Angew. Chem., Int.
Ed. 2019, 58, 18830—18834. (d) Shu, C.; Madhavachary, R.; Noble,
A.; Aggarwal, V. K. Photoinduced Fragmentation Borylation of Cyclic
Alcohols and Hemiacetals. Org. Lett. 2020, 22, 7213—7218.

(15) (a) Candish, L.; Teders, M.; Glorius, F. Transition-Metal-Free,
Visible-Light-Enabled Decarboxylative Borylation of Aryl N-Hydrox-
yphthalimide Esters. J. Am. Chem. Soc. 2017, 139, 7440—7443.
(b) Sandfort, F.; Strieth-Kalthoff, F.; Klauck, F. J. R.; James, M. J;
Glorius, F. Deaminative Borylation of Aliphatic Amines Enabled by
Visible Light Excitation of an Electron Donor—Acceptor Complex.
Chem.—Eur. ]. 2018, 24, 17210—17214. (c) Friese, F. W.; Studer, A.
Deoxygenative Borylation of Secondary and Tertiary Alcohols. Angew.
Chem., Int. Ed. 2019, 58, 9561—9564. (d) Ma, G.; Chen, C.; Talukdar,
S.; Zhao, X; Lei, C.; Gong, H. Metal Catalyst-Free Photo-Induced
Alkyl C—O Bond Borylation. Chem. Commun. 2020, 56, 10219—
10222. (e) Chen, K; Cheung, M. S.; Lin, Z; Li, P. Metal-Free
Borylation of Electron-Rich Aryl (Pseudo)Halides Under Continu-
ous-Flow Photolytic Conditions. Org. Chem. Front. 2016, 3, 875—879.
(f) Mfuh, A. M.; Doyle, J. D.; Chhetri, B.; Arman, H. D.; Larionov, O.
V. Scalable, Metal- and Additive-Free, Photoinduced Borylation of
Haloarenes and Quaternary Arylammonium Salts. J. Am. Chem. Soc.
2016, 138, 2985—2988. (g) Jin, S.; Dang, H. T.; Haug, G. C.; He, R;;
Nguyen, V. D.; Nguyen, V. T.; Arman, H. D.; Schanze, K. S;
Larionov, O. V. Visible Light-Induced Borylation of C—0O, C—N, and
C—X Bonds. J. Am. Chem. Soc. 2020, 142, 1603—1613. (h) Liu, W,;
Yang, X,; Gao, Y.; Li, C.-J. Simple and Efficient Generation of Aryl
Radicals from Aryl Triflates: Synthesis of Aryl Boronates and Aryl
Iodides at Room Temperature. J. Am. Chem. Soc. 2017, 139, 8621—
8627.

(16) (a) Sandford, C.; Aggarwal, V. K. Stereospecific Functionaliza-
tions and Transformations of Secondary and Tertiary Boronic Esters.
Chem. Commun. 2017, 53, 5481—5494. (b) Fyfe, J. W. B.; Watson, A.
J. B. Recent Developments in Organoboron Chemistry: Old Dogs,
New Tricks. Chem. 2017, 3, 31-358.

(17) (a) Crisenza, G. E. M.; Mazzarella, D.; Melchiorre, P. Synthetic
Methods Driven by the Photoactivity of Electron Donor—Acceptor
Complexes. J. Am. Chem. Soc. 2020, 142, 5461—5476. (b) Zheng, L.;
Cai, L.; Tao, K;; Xie, Z.; Lai, Y.-L.; Guo, W. Progress in Photoinduced
Radical Reactions using Electron Donor—Acceptor Complexes. Asian
J. Org. Chem. 2021, 10, 711—748.

(18) (a) Cheng, Y.; Miick-Lichtenfeld, C.; Studer, A. Metal-Free
Radical Borylation of Alkyl and Aryl Iodides. Angew. Chem., Int. Ed.
2018, 57, 16832—16836. (b) Wang, C.; Zhou, L.; Yang, K.; Zhang, F.;
Song, Q. Photoinduced Nal-Promoted Radical Borylation of Alkyl
Halides and Pseudohalides. Chin. J. Chem. 2021, 39, 1825—1830.

(19) (a) Friese, F. W.; Studer, A. New Avenues for C—B Bond
Formation via Radical Intermediates. Chem. Sci. 2019, 10, 8503—
8518. (b) Tian, Y.-M,; Guo, X.-N.; Braunschweig, H.; Radius, U,;
Marder, T. B. Photoinduced Borylation for the Synthesis of
Organoboron Compounds. Chem. Rev. 2021, 121, 3561-3597.
(c) Lai, D.; Ghosh, S.; Hajra, A. Light-Induced Borylation:
Developments and Mechanistic Insights. Org. Biomol. Chem. 2021,
19, 4397—4428. (d) Shang, Z.-H.; Pan, J.; Wang, Z.; Zhang, Z.-X;
Wuy, J. Transition-Metal-Free Radical Borylation Reactions. Eur. J.
Org. Chem. 2023, 26, No. €202201379.

(20) (a) Isse, A. A; Lin, C. Y.; Coote, M. L.; Gennaro, A. Estimation
of Standard Reduction Potentials of Halogen Atoms and Alkyl
Halides. J. Phys. Chem. B 2011, 115, 678—684. (b) Savéant, J. M.
Dissociative Electron Transfer. New Tests of the Theory in the
Electrochemical and Homogeneous Reduction of Alkyl Halides. J. Am.
Chem. Soc. 1992, 114, 10595—10602. (c) Ji, C.-L.; Zhai, X.; Fang, Q.-
Y; Zhu, C,; Han, J; Xie, J. Photoinduced Activation of Alkyl
Chlorides. Chem. Soc. Rev. 2023, 52, 6120—6138.

(21) (a) Wang, B,; Peng, P.; Ma, W,; Liu, Z.; Huang, C,; Cao, Y,;
Huy, P; Qi, X;; Lu, Q. Electrochemical Borylation of Alkyl Halides:
Fast, Scalable Access to Alkyl Boronic Esters. J. Am. Chem. Soc. 2021,

https://doi.org/10.1021/jacs.5c03864
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.1021/jo0017988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0017988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trechm.2019.01.008
https://doi.org/10.1016/j.trechm.2019.01.008
https://doi.org/10.1002/anie.201913767
https://doi.org/10.1002/anie.201915762
https://doi.org/10.1002/anie.201915762
https://doi.org/10.1016/j.jpap.2023.100205
https://doi.org/10.1016/j.jpap.2023.100205
https://doi.org/10.1021/jacs.9b12328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201906381
https://doi.org/10.1002/anie.201906381
https://doi.org/10.1021/jacs.9b10678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b10678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b10678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202105895
https://doi.org/10.1002/anie.202105895
https://doi.org/10.1002/anie.202107169
https://doi.org/10.1002/anie.202107169
https://doi.org/10.1002/anie.202107169
https://doi.org/10.1126/science.1258232
https://doi.org/10.1126/science.1258232
https://doi.org/10.1126/science.1258232
https://doi.org/10.1002/anie.201602349
https://doi.org/10.1002/anie.201602349
https://doi.org/10.1002/chem.201705326
https://doi.org/10.1002/chem.201705326
https://doi.org/10.1038/s41586-020-2131-1
https://doi.org/10.1038/s41586-020-2131-1
https://doi.org/10.1021/jacs.0c05899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c02515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c02515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.202420483
https://doi.org/10.1002/ange.202420483
https://doi.org/10.1002/ange.202420483
https://doi.org/10.1126/science.aan3679
https://doi.org/10.1126/science.aan3679
https://doi.org/10.1021/jacs.8b07103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201910051
https://doi.org/10.1002/anie.201910051
https://doi.org/10.1021/acs.orglett.0c02513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201804246
https://doi.org/10.1002/chem.201804246
https://doi.org/10.1002/anie.201904028
https://doi.org/10.1039/D0CC04776G
https://doi.org/10.1039/D0CC04776G
https://doi.org/10.1039/C6QO00109B
https://doi.org/10.1039/C6QO00109B
https://doi.org/10.1039/C6QO00109B
https://doi.org/10.1021/jacs.6b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC01254C
https://doi.org/10.1039/C7CC01254C
https://doi.org/10.1016/j.chempr.2017.05.008
https://doi.org/10.1016/j.chempr.2017.05.008
https://doi.org/10.1021/jacs.0c01416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.202100009
https://doi.org/10.1002/ajoc.202100009
https://doi.org/10.1002/anie.201810782
https://doi.org/10.1002/anie.201810782
https://doi.org/10.1002/cjoc.202100115
https://doi.org/10.1002/cjoc.202100115
https://doi.org/10.1039/C9SC03765A
https://doi.org/10.1039/C9SC03765A
https://doi.org/10.1021/acs.chemrev.0c01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1OB00323B
https://doi.org/10.1039/D1OB00323B
https://doi.org/10.1002/ejoc.202201379
https://doi.org/10.1021/jp109613t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp109613t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp109613t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00052a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00052a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3CS00110E
https://doi.org/10.1039/D3CS00110E
https://doi.org/10.1021/jacs.1c06473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c03864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

143, 12985—12991. (b) Wang, B.; Zhang, X.; Cao, Y.; Zou, L.; Qj, X;
Lu, Q. Electrooxidative Activation of B—B Bond in B,cat,: Access to
gem-Diborylalkanes via Paired Electrolysis. Angew. Chem., Int. Ed.
2023, 62, No. €202218179.

(22) (a) Suzuki, K.; Nishimoto, Y.; Yasuda, M. (o-
Phenylenediamino)borylstannanes: Efficient Reagents for Borylation
of Various Alkyl Radical Precursors. Chem.—Eur. J. 2021, 27, 3968—
3973. (b) Sun, B.; Zheng, S.; Mo, F. Transition Metal- and Light-Free
Radical Borylation of Alkyl Bromides and Iodides Using Silane. Chem.
Commun. 2021, 57, 5674—5677.

(23) (a) Zhang, L; Wu, Z.-Q; Jiao, L. Photoinduced Radical
Borylation of Alkyl Bromides Catalyzed by 4-Phenylpyridine. Angew.
Chem., Int. Ed. 2020, 59, 2095-2099. (b) Bai, L.; Jiao, L.
Photoinduced Radical Borylation of Alkyl Chlorides. Eur. J. Org.
Chem. 2024, 27, No. €202400043.

(24) Zhang, L.; Jiao, L. Visible-Light-Induced Organocatalytic
Borylation of Aryl Chlorides. J. Am. Chem. Soc. 2019, 141, 9124—
9128.

(25) Cahard, E.; Schoenebeck, F.; Garnier, J.; Cutulic, S. P. Y.;
Zhou, S.; Murphy, J. A. Electron Transfer to Benzenes by
Photoactivated Neutral Organic Electron Donor Molecules. Angew.
Chem., Int. Ed. 2012, 51, 3673—3676.

(26) Hu, J.; Wang, G.; Li, S.; Shi, Z. Selective C—N Borylation of
Alkyl Amines Promoted by Lewis Base. Angew. Chem., Int. Ed. 2018,
§7, 15227—-15231.

(27) Hiinig, S; Wehner, I. Two Step Redox Systems LII: 2,2’-
Bipyridylboronium Salts. Heterocycles 1989, 28, 359—363.

(28) Mansell, S. M.; Adams, C. J.; Bramham, G.; Haddow, M. F.;
Kaim, W.; Norman, N. C.; McGrady, J. E.; Russell, C. A; Udeen, S. J.
Synthesis and Characterisation of the Persistent Radical
[BCL,(bipy)]®. Chem. Commun. 2010, 46, 5070—5072.

(29) (a) Wood, T. K; Piers, W. E.; Keay, B. A.; Parvez, M.
Spirocyclic Boronium Ions: Precursors to Persistent Neutral Radicals.
Chem. Commun. 2009, 5147—5149. (b) Yoshino, J.; Sekikawa, T.;
Hatta, N.; Hayashi, N.; Higuchi, H. Photoinduced Solid-State
Coloring Behavior of Boronium Complexes. Tetrahedron Lett. 2016,
57, 5489—5492. (c) Chrzanowski, M.; Collins, S.; Zeller, M.; Gray, T.
G. 9-Borabicyclononane Bipyridyl Complexes: Synthesis, Lumines-
cence, and Electronic Characterization. Eur. J. Inorg. Chem. 2020,
2020, 3738—374S.

(30) For examples of reactions catalyzed by boryl radicals generated
by pyridine-mediated B—B bond cleavage, see: (a) Cao, J.; Wang, G.;
Gao, L,; Cheng, X; Li, S. Organocatalytic Reductive Coupling of
Aldehydes with 1,1-Diarylethylenes Using an In Situ Generated
Pyridine-Boryl Radical. Chem. Sci. 2018, 9, 3664—3671. (b) Gao, L.;
Wang, G,; Cao, J; Yuan, D.; Xu, C,; Guo, X;; Li, S. Organocatalytic
Decarboxylative Alkylation of N-Hydroxy-Phthalimide Esters Enabled
by Pyridine-Boryl Radicals. Chem. Commun. 2018, 54, 11534—11537.
(c) Jo, J; Kim, S;; Choi, J.-H.; Chung, W.j. A Convenient Pinacol
Coupling of Diaryl Ketones with B,pin, via Pyridine Catalysis. Chem.
Commun. 2021, 57, 1360—1363. (d) Liu, Y; Lin, S.; Li, Y.; Xue, J.-H.;
Li, Q; Wang, H. Pyridine-Boryl Radical-Catalyzed [27 + 20]
Cycloaddition of Bicyclo[1.1.0]butanes with Alkenes. ACS Catal.
2023, 13, 5096—5103. (e) Yu, T.; Yang, J.; Wang, Z,; Ding, Z.; Xu,
M.; Wen, J.; Xu, L.; Li, P. Selective [26 + 20] Cycloaddition Enabled
by Boronyl Radical Catalysis: Synthesis of Highly Substituted
Bicyclo[3.1.1]heptanes. J. Am. Chem. Soc. 2023, 14S, 4304—4310.
(f) Liu, Y; Lin, S; Ding, Z.; Li, Y,; Tang, Y.-J.; Xue, J.-H.; Li, Q.; Li,
P.; Wang, H. Pyridine-Boryl Radical-Catalyzed [37 + 20] Cyclo-
addition for the Synthesis of Pyridine Isosteres. Chem. 2024, 10,
3699—3708. For a review on this topic, see: (g) Castro, L C. M,;
Sultan, I; Tsurugi, H.; Mashima, K. Pyridine-Mediated B—B Bond
Activation of (RO),B—B(OR), for Generating Borylpyridine Anions
and Pyridine-Stabilized Boryl Radicals as Useful Boryl Reagents in
Organic Synthesis. Synthesis 2021, 53, 3211—3226.

(31) (a) Chen, C.; Wang, Z.-J.; Lu, H.; Zhao, Y.; Shi, Z. Generation
of Non-Stabilized Alkyl Radicals from Thianthrenium Salts for C—B
and C—C Bond Formation. Nat. Commun. 2021, 12, 4526. (b) Ma,
Y,; Pang, Y,; Chabbra, S.; Reijerse, E. J; Schnegg, A.; Niski, J;

Leutzsch, M.; Cornella, J. Radical C—N Borylation of Aromatic
Amines Enabled by a Pyrylium Reagent. Chem.—Eur. ]. 2020, 26,
3738—-3743.

(32) Liao, L.-L;; Song, L.; Yan, S.-S;; Ye, J.-H.; Yu, D.-G. Highly
Reductive Photocatalytic Systems in Organic Synthesis. Trends Chem.
2022, 4, 512-527.

https://doi.org/10.1021/jacs.5c03864
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.1002/anie.202218179
https://doi.org/10.1002/anie.202218179
https://doi.org/10.1002/chem.202004692
https://doi.org/10.1002/chem.202004692
https://doi.org/10.1002/chem.202004692
https://doi.org/10.1039/D1CC02134F
https://doi.org/10.1039/D1CC02134F
https://doi.org/10.1002/anie.201912564
https://doi.org/10.1002/anie.201912564
https://doi.org/10.1002/ejoc.202400043
https://doi.org/10.1021/jacs.9b00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201200084
https://doi.org/10.1002/anie.201200084
https://doi.org/10.1002/anie.201809608
https://doi.org/10.1002/anie.201809608
https://doi.org/10.3987/COM-88-S34
https://doi.org/10.3987/COM-88-S34
https://doi.org/10.1039/c0cc00187b
https://doi.org/10.1039/c0cc00187b
https://doi.org/10.1039/b911982e
https://doi.org/10.1016/j.tetlet.2016.10.094
https://doi.org/10.1016/j.tetlet.2016.10.094
https://doi.org/10.1002/ejic.202000557
https://doi.org/10.1002/ejic.202000557
https://doi.org/10.1039/C7SC05225A
https://doi.org/10.1039/C7SC05225A
https://doi.org/10.1039/C7SC05225A
https://doi.org/10.1039/C8CC06152A
https://doi.org/10.1039/C8CC06152A
https://doi.org/10.1039/C8CC06152A
https://doi.org/10.1039/D0CC07723B
https://doi.org/10.1039/D0CC07723B
https://doi.org/10.1021/acscatal.3c00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2024.08.010
https://doi.org/10.1016/j.chempr.2024.08.010
https://doi.org/10.1055/a-1486-8169
https://doi.org/10.1055/a-1486-8169
https://doi.org/10.1055/a-1486-8169
https://doi.org/10.1055/a-1486-8169
https://doi.org/10.1038/s41467-021-24716-2
https://doi.org/10.1038/s41467-021-24716-2
https://doi.org/10.1038/s41467-021-24716-2
https://doi.org/10.1002/chem.202000412
https://doi.org/10.1002/chem.202000412
https://doi.org/10.1016/j.trechm.2022.03.008
https://doi.org/10.1016/j.trechm.2022.03.008
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c03864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

