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Abstract

For more than seventy years, nitrogen-centered radicals have been recognized as potent synthetic
intermediates. This review is a survey designed for use by chemists engaged in target-oriented
synthesis. This review summarizes the recent paradigm-shift in access to and application of
N-centered radicals enabled by visible-light photocatalysis. This shift broadens and streamlines
access to many small molecules because the conditions are mild. Explicit attention is paid to
innovative advances in N-X bonds as radical precursors, where X = CI, N, S, O, and H. For
clarity, key mechanistic data is noted, where available. Synthetic applications and limitations are
summarized to illuminate the tremendous utility of photocatalytically-generated nitrogen-centered
radicals.
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1. INTRODUCTION

Nitrogen-centered radical species are highly reactive, promising synthetic intermediates.!
Given their potential, Zard remarked that paucity in early reports detailing the use of
nitrogen-centered radical species as synthetic tool can be attributed to “... a dearth of
convenient routes for generating these reactive species and a lack of awareness concerning
their reactivity’ Indeed, harsh thermal or photonic reaction conditions, or a toxic radical
initiator were necessary to generate these intermediates. In the late 2000s, investigations
into reactions that rely on nitrogen-centered radical species underwent a tectonic shift when
organic chemists adopted visible light-mediated photocatalysis as a practical strategy to
construct organic molecules.?

Reactions involving photocatalytically-generated, nitrogen-centered radicals may proceed
mechanistically through: a closed, formal catalytic cycle where each molecule of product
formed requires direct interaction with a photocatalyst and may include a second interaction
for closure of the photocatalytic cycle (Scheme 1, path A), a radical chain where the radical
of one molecule of substrate engages another to perpetuate a chain reaction (Scheme 1, path
B), or some combination thereof.3# To distinguish between these processes, measurements
of a reaction’s quantum yield can provide evidence supporting some extent of radical chain
propagation.® Evidence for or against the kinetic feasibility of a given reaction step can

be derived from characterization of the excited state photocatalyst and its interactions with
reaction components, often by transient absorption spectroscopy (TAS) and Stern-Volmer
quenching experiments.® Additional data can support or refute proposed mechanistic steps
based on electrochemical measurements of oxidation and reduction potentials for reaction
components. Published values for a broad array of organic molecules are available; a
compilation has been included of known ground and excited state potentials for relevant
photocatalysts (Figures 1-4). In many cases, data is unavailable to distinguish between these
processes. So several processes described herein as “photoredox catalyzed”4”:48 may not
technically be catalyzed, but instead simply depend on the combination of visible light
irradiation and inclusion of low- to sub-mol-percent amounts of photocatalysis-capable
compound.
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Regardless of their role in a particular reaction, photocatalysis-capable compounds have
broadly enabled both novel reactivity and new pathways to known reactivity. Often capable
of serving as potent oxidants, reductants, and energy-transfer agents, photocatalysts are
generally bench-stable with little to no toxicity and available for commercial purchase.
Moreover, photocatalytic reactions are applicable in a vast array of settings, from
process-scale and flow-reactor syntheses?43 to picomolar high-throughput screening.*4:4>
Development of these technologies continues to accelerate their broader adoption.

Ultimately, the glow of photoredox catalysis has illuminated new corridors through

which the energy of visible-light can be used to mediate access to versatile nitrogen-
centered radical intermediates. Photocatalysis has enabled otherwise rare reaction manifolds,
including: the C—H functionalization of (hetero)arenes (Section 2, Section 5, Section 6.3),
intermolecular, anti-Markovnikov amino-difunctionalization of alkenes (Sections 2-6.3,
Section 6.5), and guided, intermolecular Giese conjugate addition reactions (Section 5.5,
Section 6.2, Section 6.4). Furthermore, the array of new bond disconnections leading to
nitrogen-centered radicals enabled by photoredox catalysis (Section 4, Section 5, Section 6)
has generated a veritable menu of options for viable precursors, each with unique properties
capable of enabling reactivity in diverse reaction environments, while tremendous strides
have been made in the fundamental understanding of processes such as proton-coupled
electron transfer (PCET) (Sections 6.2—6.3). As reports of this type continue to proliferate,
they further catalyze interest and innovation in the important field of photocatalysis.

This review constitutes a survey of transformations that may capitalize on visible-light
photoredox catalysis to access nitrogen-centered radical intermediates through the direct
interaction of an excited-state photosensitizer and a substrate. The reactions discussed
throughout this review are selected to include those expected to generate nitrogen-centered
radicals under conditions requiring both visible light irradiation and catalytic quantities of a
photocatalysis-capable compound. Generally, manuscripts where fulfillment of these criteria
is ambiguous or contradicted by the available data are not included. The photochemical and
photophysical underpinnings of these processes have been well-reviewed by others,2:46:47:48
so, when available, mechanistic data has been included to allow readers to understand the
strength of associated mechanistic proposals.

This review is organized by radical precursor, focusing on the pioneering inventions of
viable precursors that rely on cleavage of N-CI, N-S, N-N, N-O or N-H bonds to generate
the critical putative nitrogen-centered radical intermediates. For each addressed technology,
attention is paid to the process of nitrogen-centered radical generation, any information that
can be used to distinguish between radical-chain propagation processes and truly catalytic
processes, and the synthetic advantages and limitations afforded by the associated method.
This review focuses principally on reactions that are thought to initially rely on free-radical
intermediates, and, for the most part, does not discuss photosensitized or photocatalyzed
nickel-mediated transformations,*%:59 many of which appear to rely on nitrogen-centered
radicals as intermediates.51:52:53,54.55.56.57 Additionally, it does not address photoredox-
mediated reactions that employ tertiary amines as reagents.>8-° Notably, related, focused
review articles cover a subset of similar topics;60 61. 62,63, 64,65 however, there is no
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comprehensive review article that unites these topics. Accordingly, this review aims to
deliver a comprehensive overview of investigations on this topic.

2. NITROGEN-CENTERED RADICALS CAN BE GENERATED FROM
NITROGEN-CHLORINE BONDS IN THE PRESENCE OF PHOTOREDOX
CATALYSTS

For more than a hundred years, nitrogen-halogen bonds have been known precursors to
&-functionalized products as in the course of Hofmann-L6ffler-Freytag (HLF) reactions.66:67
Investigations into the mechanism of this class of reactions were not reported until

the mid-twentieth century with the work of Wawzonek and Thellan, who proposed a

radical mechanism based on the importance of radical initiators like hydrogen peroxide

or visible light irradiation.58 Their proposal of a radical-chain propagation mechanism

was later confirmed through extensive investigations by Corey and Hertler.5° While

HLF reactions have found broad synthetic utility, the ability to derive the key nitrogen-
centered radical under neutral and room temperature conditions has been the subject of
continuing research in the intervening decades. Pre-installation of the nitrogen-halogen
bond has allowed for solely visible-light-initiated HLF-type reactions for a variety of
nitrogen-containing functional groups, including amides and sulfamate esters.”% 71. 72 Other
functional groups, such as A~chlorosulfonamides, are not reactive under the same room
temperature, solely visible-light-initiated conditions, instead requiring ultraviolet irradiation
to induce photolysis.”® 73. 74 In 2015, S. Yu and Qin disclosed a system for 6-C(sp3)-H
chlorination (Scheme 2) that relies on a mild light source and iridium photocatalyst, and may
be photoredox-initiated or mediated.”® Indeed, in the presence of visible light irradiation, the
photoexcited iridium catalyst [Ir(ppy),bpy]PFg can be quenched by A-chlorosulfonamide 1
to produce a chloride anion, oxidized Ir(IV), and A-centered radical intermediate 3. After
this point, the A~centered radical intermediate 3 is expected to rapidly proceed through a
1,5-HAT to give the carbon-centered radical intermediate 4, which can feasibly engage in
one or more productive reaction pathways depending on the particular substrate. From the
carbon-centered radical intermediate 4, the reaction can proceed directly to the chlorinated
product 2 by radical-chain propagation (Scheme 2, path a)%9 through abstraction of the
chlorine present in another molecule of substrate 1. While “light-on, light off” experiments
conducted by Qin and Yu showed light to be required for significant reaction progress, it

is noteworthy that this does not preclude a radical chain propagation mechanism.3 With
more oxidatively labile carbon-centered radical intermediates, a mechanistic scenario has
not been excluded: it may be theoretically possible that these alkyl radicals are oxidized to
cations, which are then trapped by chloride in radical-polar crossover process. Specifically,
both reaction pathways are plausible in the production of &-chlorinated product 2a, as the
resonance stabilization afforded by the benzylic position should result in a relatively low
oxidation potential (oxidation of secondary benzylic radical PACHsCH3z Ep,® = +0.37 V
vs SCE). 76 By contrast, the demonstrated reactivity under the same conditions to give

the primary &-chlorinated product 2b could indicate an efficient radical chain propagation
mechanism, as the oxidation of primary alkyl radical of type 4 where R = H would be
thermodynamically challenging.
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Subsequent research from other laboratories suggests a radical chain propagation
mechanism in photoredox-mediated, sulfonamide-guided chlorination reactions (Scheme 3).
7T In W. Yu and co-workers recent disclosure of a procedure for in situ-generation the
nitrogen-chlorine bond, the quantum yield of the sulfonamide-guided chlorination when
employing a preformed N—CI bond was found to be (¢) = 3.23, meaning an average of 3.23
molecules of product were formed per absorbed photon. This result provides substantial
evidence for a radical-chain propagation mechanism in sulfonamide guided-chlorination
reactions.

N-chlorosulfonamides have also been employed to chlorosulfonamidate unactivated terminal
olefins (Scheme 4).78 Under visible-light irradiation and in the presence of an iridium
photocatalyst, A~chloro-A~methyl toluenesulfonamide 9 engages in chlorosulfonamidation
of terminal olefins 8 and ind-1-ene, with sulfonamidation occurring exclusively at the
terminal carbon. Some variation in substitution at the olefin is tolerated, with styrene
yielding chlorosulfonamidated product 10a in 78% yield and oct-1-ene yielding product 10b
in 64% yield. This reaction, however, relies on secondary A-chlorosulfonamide substrates,
and does not engage electron-deficient olefins. As will be observed in numerous examples
throughout this review, amidyl radicals, and the electronically similar sulfonamidyl radicals,
are electrophilic, which influences reaction selectivity, particularly when engaged in
intermolecular 1,2-difunctionalization of alkenes. The electrophilic character of amidyl
radicals has been investigated by Newcomb and co-workers, and the reality of this character
is borne out through the complete regioselectivity reported in this investigation and others
like it.79:80

While A-chlorosulfoximines have long been known to engage in intermolecular 1,2-
difunctionalization of electron-rich olefins via UV-irradiation or radical initators,81

recent methods employing photoredox catalysts have enabled similar reactivity under
room-temperature, visible-light irradiation(Scheme 5).82 Using a photo-excited ruthenium
complex and organic base in acetonitrile, A-chlorosulfoximine 11 reacts with an excess of
styrene 12 to furnish 1,2-difunctionalized products, like 13a. Across substrates 13a-13c,
reaction efficiency decreases in parallel with the extent of alkane fluorination, underscoring
the apparent necessity of an S-fluoroalky! substituent for efficient application of this process.

Photoredox-capable complexes appear important to a visible light-induced A-arylation
utilizing A-chloroamines as substrates and benzoxazoles as radical trapping agents (Table
1).83 The mechanism for this reaction is not well explored.

Photoredox catalysis driven by visible light irradiation has also been implemented to

convert A-chlorophthalimides 14 to imidyl radicals for use in an arene imidation reaction
(Table 2, entries 1-2).84 The conditions can be adapted to permit /n situ formation

of A-chlorophthalimide (entries 3—4) with a slightly diminished yield. This use of A-
chlorophthalimide was disclosed within months of analogous methods for arene imidation
that rely on an A-trifluoroacetoxyphthalimide8® and an Aisuccinimidyl perester8® under
photoredox and electrochemical regimes, respectively. Consistent with other investigations,
N-acetoxyphthalimide is an inefficient nitrogen source under these reaction conditions (entry
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5).85 Similarly, sulfonate-based leaving groups (entries 6-8), as well as other halides (entries
9-10), are inferior substitutes for the chlorine atom.

These reactions84 85 are proposed to rely on strongly reducing photocatalyst Ir(dFppy)s

or Ir(ppy)s to access critical phthalimidyl radical 17 with a chloride or trifluoroacetoxy
anion as a byproduct (Scheme 6). With A~chlorophthalimide (14a), the viability of this
mechanistic step is supported by data showing that A-chlorophthalimide (14a) quenches the
photoexcited [Ir'!"]* in a concentration dependent manner (Kq = 2.6 x 108 M1 s71)8 and

is thermodynamically feasible (£,AIr'V/IrM!*) = ~1.57 V vs SCE;17 £, (14a) = -0.45 V

vs SCE in CH3CN®7). Resultant A-centered radical 17 is proposed to add into the arene’s
rt-system. Additional support for this mechanism comes from kinetic isotope experiments
employing a 1:1 ratio of CgHg:CgDg Which gave a kinetic isotope effect measurement

of Kiyp = 1.13;84 this value is consistent with those measured in electrophilic aromatic
substitution and related radical aromatic substitution reactions, indicating the deprotonation
step likely occurs after the rate-determining step.88 The authors propose the photocatalytic
cycle to be closed by oxidation of the resonance-stabilized, carbon-centered radical 18 to
give cationic Wheland intermediate 19, which is poised for deprotonation to give desired
product 16 in modest to good yields. Absent iridium catalyst and acetic acid, only 8% yield
of the desired product is isolated, indicating that use of a photoredox catalyst is necessary to
access the desired product in synthetically useful yields.

Whereas substrates such as A-chlorosulfonamides were previously only engaged under
ultraviolet irradiation, with the introduction of photocatalysts to initiate and perpetuate
reactions, similar transformation can be affected at ambient temperature and with

visible light irradiation. Owing to these mild conditions, radical-mediated reactions

have become more broadly synthetically viable. Under visible light, photosensitized or
catalyzed processes harness A-chlorinated precursors to nitrogen-centered radicals in alkene
1,2-chloroamination reactions, directed C—H functionalization reactions of alkanes, and
intermolecular C-H imination of arenes. These constitute a small subset of the technologies
unlocked through photocatalytic or photosensitized generation of nitrogen-centered radicals.

3. NITROGEN-CENTERED RADICALS CAN BE GENERATED FROM
NITROGEN-NITROGEN BONDS WITHIN N-AMINOPYRIDINIUM SALTS IN
THE PRESENCE OF PHOTOREDOX CATALYSTS#89.20

Nitrogen—nitrogen bonds are not often formed or cleaved in fine chemical synthesis, yet
nitrogen—nitrogen bond cleavage is a viable path to a variety of A-centered radicals. In
2005, Studer and co-workers reported carbamate-masked 3-amino-1,4-cyclohexadienes 20
as stable precursors to nitrogen-centered radicals (Figure 5).91 These were further developed
into 1-amino-Hantzsch-type dihydropyridine esters 21.92 Both of these were, however,
employed using traditional radical initiators. Photosensitizers were used to engage this
category of nitrogen-radical precursor by the 2015 development of aminopyridinium salts
22a.
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In one of the first known examples of photoredox-driven generation of a nitrogen-centered
radicals from N-N bond cleavage, A-aminopyridinium salts 14b serve as precursors for
radical C—H amination of (hetero)arenes (Scheme 7-8).%3 These salts have a relatively low
reduction of potential (EprEd (14b) = -0.75 V vs SCE) and their reduction by photoexcited
ruthenium catalyst (&1, (Ru'™*/Ru'"") = -0.81 V vs SCE) is thermodynamically favorable.%
Under visible, blue light irradiation, slightly elevated temperatures, and in the presence of
4A molecular sieves, amino-pyridinium salt 14b can be reduced, releasing 2,4,6-collidine
and phthalimide radical 17. Radical species 17 can then react with the excess benzene

15, as had already been observed in related systems with A-acyloxyphthalimides (vide
infra)8:9%and Atchlorophthalimides (vide supra),8* to access dearomatized radical species
18. Subsequent oxidation to 19 and deprotonation, likely by 2,4,6-collidine, provides N-
phenylphthalimide (16) in modest yield. A unique benefit of this approach is the concurrent,
stoichiometric production of pyridyl base, which eliminates the need to add exogenous base
in this reaction (compare to Scheme 6). 8

Under related conditions, Studer and co-workers extended their A~aminopyridinium salt-
generated radicals to engage in direct C(2)-amidation of Asmethyl indoles and pyrroles
(Scheme 8).93 Employing the same ruthenium photocatalyst in acetonitrile, use of two
equivalents of A-aminopyridinium salts based on A-(methyl)toluenesulfonamide or A-
methyl-Boc-amine to give indole-derived products 24a and 24c, as well as pyrrole-derived
24b. These reactions (Scheme 7-8) are the first reported example of photoredox-enabled
generation of nitrogen-centered radicals from the controlled, unsymmetric breaking of N-N
bonds. Moreover, the successful use of an A-Boc-amine as a nitrogen-centered radical agent
was unprecedented in photoredox chemistry prior to this publication.

Nitrogen-centered radicals, derived from aminopyridinium salts engage in regioselective
aminohydroxylation of olefins in the presence of visible light and a photosensitizer, with
amination occurring at the less substituted carbon of the parent olefin, yielding products

25. (Scheme 9).96 With a slight excess of aminopyridinium salt 22b and in a 9:1 mixture

of acetone and water, photoexcited iridium species is proposed to engage in a single-
electron reduction of the A=A bond to produce sulfamyl radical 26 and pyridine. This

step is both thermodynamically feasible (Epred (22b) = -0.80 V vs SCE) for photoexcited
iridium (Ey2(Ir""*/1r'V) = -1.73 V vs SCE)16 and kinetically feasible (Kq = 6.0 x 103
M~1s71) based on Stern-Volmer quenching analysis. The nitrogen-centered radical then adds
to the less-substituted carbon of the olefin to give carbon-centered radical intermediate

27. Benzylic radical 27 may then be converted by oxidized iridium species to aromatic-
stabilized carbocation intermediate 28. In the presence of pyridine and water, a combination
of nucleophilic attack by water or hydroxide and deprotonation by pyridine yields desired
product 25 in 85% yield.

Expanding from this reaction (Scheme 9), amidohydroxylation is feasible using
amidopyridinium salts 29 as nitrogen sources to furnish amide- and carbamate-
functionalized products, 30a and 30b, respectively. (Scheme 10).97 These nitrogen sources
are viable owing to inclusion in the reaction of a catalytic amount of scandium (111) triflate,
which is proposed to act as a Lewis acid, complexing with amidopyridines 29 and lowering
the thermodynamic barrier for reduction of the nitrogen—nitrogen bond. The reaction does
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not proceed in the absence of light, iridium photocatalyst, or scandium (l11) triflate, which is
consistent with the proposed roles of these reagents and conditions in the reaction.

In 2018, Xu, Hu, and co-workers disclosed a set of conditions for aminohalogenation

of styrenes employing sulfonamide-based aminopyridinium salt 22b and nucleophilic
halogen sources (Scheme 11). Under blue light irradiation at room temperature, the
photoexcited iridium catalyst ([Ir(ppy).dtbbpy]PFg) can generate intermediates analogous

to those described above (Scheme 9, intermediates 26, 27, and 28). In the presence of
nucleophilic halides, such as Olah’s reagent (pyridine*9(HF)), aminofluorination product
31a can be produced in very good yields; while similarly, pyridines(HCI) reacts to give
aminochlorination product 31b in a somewhat reduced 66% yield. Substitution of the halide
sources with pyridines(HBr) does produce aminobromination product 31c, however only at a
heavily reduced 17% vyield

Under related conditions, aminopyridinium salt 22b engages in diastereoselective
aziridination of B-methylstyrenes 32 (Scheme 12).%8 Using a modest excess of dibasic
potassium phosphate and aminopyridinium salt 22b in dichloromethane with an iridium
photocatalyst under blue light irradiation, mixtures of £- and Z-styrenes are aziridinated in
good yields with >20:1 dr for frans-aziridines containing an inductively deactivating group
(i.e., 33a and 33b). Somewhat unexpectedly, a product derived from styrenes bearing an
inductively donating tolyl group (33c), however, does not react as readily, with substantially
reduced yields and a modest 1.5:1 dr biased toward the cis-aziridine product instead.

Aminopyridinium salts have also been employed to produce a-sulfamyl-containing carbonyl
compounds from O-protected enolates (Scheme 13).99 Using primarily O-acyl enolates 34,
the reaction proceeds with photoexcited Ir(ppy)s in acetonitrile under blue light irradiation,
providing access to the title compounds. A variety of aromatic ketones can be synthesized in
good to excellent yield, including those bearing potentially reactive aryl substituents, such as
aryl iodide-containing product 35a at 83% yield. Aliphatic ketones are produced, including
ketone 35b containing a newly-formed quaternary sulfamyl center in 52% yield, and cyclic
ketone 35¢, which, impressively, contains two unreacted alkenes. Finally, several aldehydes
are synthesized, including a-sulfamyl undec-10-enal 35d which is produced at 66% yield.

Leveraging the pyridine liberated from this class of reactants as a heteroarene source

rather than as a base, Hong and co-workers have recently disclosed a series of reactions
which produce new pyridyl-C(sp?)-C(sp®) bonds, beginning with an aminopyridylation of
vinyl ethers and amides (Scheme 14-15).100 Mechanistically, to initiate the reaction, photo-
excited eosin Y reacts with an excess of aminopyridinium salt 37a in a thermodynamically
and kinetically feasible single-electron reduction (£p/2(37a) = =0.62 V vs SCE in CH3CN;
E1/2(PC*/PC**) = =1.11 V vs SCE in 1:1 H,0:CH3CN;19 Stern-Volmer experiments
found Kqe(t) = 11.87 M~1) to release pyridine and produce nitrogen-centered radical
intermediate 39. As noted previously (vide supra, Scheme 4),79:80 electrophilic sulfamyl
radical intermediate 39 adds to more electron-rich terminal carbon of vinyl ether 36a to
give intermediate 40. Carbon-centered, nucleophilic radical intermediate 40 then likely adds
to the C(4) position of another equivalent of aminopyridinium salt 37a to give radical,
cationic species 41. This readily is deprotonated by the excess of tribasic phosphate which

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

Page 9

can undergo radical decomposition to produce another equivalent of 39 and final product
38a. This reaction proceeds through a radical chain mechanism, consistent with a quantum
yield (¢) of 33.5, which suggests that on average each absorbed photon of light results

in formation of thirty-three and a half equivalents of product. For this transformation,

DFT calculations suggest that position selectivity may arise from non-covalent interactions
between the negatively-charged sulfamyl oxygens and positively-charged aminopyridinium
nitrogen—nitrogen bond, which are spatially proximal when intermediate 41 forms by
reaction at C(4) but not at C(2).102

This reaction tolerates variations in both the vinyl component 36 and the pyridyl-component
of 37 (Scheme 15). Pyridyl C(4)-selectivity is degraded by substitution to the pyridyl
C(3)-position, with 3-methoxypyrid-4-yl product 38b synthesized with a 2.5:1 C(4):C(2)
selectivity. Functionalization at C(2) of the pyridine group is frequently beneficial to yields
and selectivity with product 38c synthesized in >98% yield. Limited diastereoselectivity

is observed in stereocenter-containing vinyl-substrates, such as serine-derived product 38d
which is obtained with a 1.1:1 dr. A~vinyl acetamide is also successfully employed under the
same reaction conditions to give amide-containing product 38e in 70% yield.

In order to modulate the previously demonstrated C(4)-selectivity (vide supra, Scheme 14—
15), Hong and co-workers turned to amidopyridinium reagent 42a and strongly oxidizing
mesityl acridinium photocatalyst, which could be generate a nitrogen-centered radical
without initial loss of the pyridyl group, in an overall process that induces C(2)-selectivity
by radical formal 1,3-dipolar cycloaddition (Scheme 16-17).193 The photocatalytic
oxidation of amidopyridinium 42a to nitrogen-centered radical intermediate 44 is kinetically
feasible (Kge(t) = 370.43 M~1). While some of the alkenes used could be directly oxidized
by photocatalyst (£1/2(PC*/PC*") = +2.09 V vs SCE in CH3CN), such as 32 (5,2 (32) =
+1.74 V vs SCE in CH3CN)104 the relatively lower oxidation potential of amidopyridinium
42a (Ep;p® (42a) = +1.58 V vs SCE in CH3CN) makes the desired pathway highly
competitive, if not dominant. Once formed, electrophilic amidyl radical intermediate 44 adds
to the more electron-rich carbon of the alkene to give stabilized carbon-centered radical
intermediate 45. In a radical formal 1,3-dipolar cycloaddition process, carbon-centered
radical 45 transiently produces 5-membered radical cation intermediate 46; this step
proceeds with complete diastereoselectivity in all reported instances for an ant/-relationship
between substituents of unsymmetric alkenes (as well as a 1,2-syr-relationship between the
amide and pyridine in the final products). The stereochemical preference is understood to
arise from steric interactions between the alkene substituents in the transition state between
45 and 46 (calculated as 2.7 kcal/mol by DFT).195 The final reaction steps, including V-
bond scission, deprotonation of the pyridine C(2), and protonation of the amide, are likely
rapid and are proposed to proceed through amidyl radical intermediate 47. Quantum yield
experiments (¢ = 0.141) don’t directly implicate a radical chain propagation mechanism, and
kinetic isotope effect for pyridine-d5-derived 42a (Kp,p = 1.01) is negligible, indicating the
deprotonation of 46 is not rate-limiting. This amidopyridylation reaction engages an array
of activated and unactivated alkenes alike, maintaining pyridine C(2)-selectivity throughout
(Scheme 17).
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By employing phosphonate-quinonlinone photocatalyst,32 Hong and co-workers convert
amino- and amidopyridinium salts via 1,5-HAT process to alkyl pyridines 50, with complete
selectivity for addition at pyridine C(4) (Scheme 18).106 The reaction employs blue light
irradiation in DMSO at room temperature and is reported to be complete within 30 minutes.
Likely beginning with a reduction of starting material 49 (Elolz”ad (49) =-0.82 V vs SCE

in CH3CN) by excited-state photosensitizer (£1/2(PC*/PC**) = -1.29 V vs SCE in CH3CN),
pyridine is released to form nitrogen-centered radical intermediate 3c. This initial step is
further supported by a demonstrated quenching of excited state photosensitizer by starting
material 49 (Stern-Volmer experiments found Kqe(t) = 6.98 M~1). The subsequent 1,5-HAT
process furnishes carbon-centered radical intermediate 4c. This intermediate is proposed

to engage in nucleophilic attack of another molecule of aminopyridinium salt 49, which
occurs selectively at the pyridinium group’s C(4)-position. Pyridyl-radical intermediate 51
is likely then deprotonated and the A=A/ bond is broken to produce another molecule

of nitrogen-centered radical intermediate 3c. The precise mechanism of deprotonation in
this step is unclear; however, addition of base slightly decreased NMR vyields of the
optimization substrate. Quantum yield experiments (¢ = 41.2) support a proposed radical
chain propagation mechanism.

With higher concentrations of phosphonate-quinolinone photosensitizer (Scheme 18) and
modulating the pyridinium salt’s anion, Hong and co-workers are able to extend their
reaction protocol to include amidopyridinium salts, such as 52 (Scheme 19). Reacting at a
lower overall concentration and on a longer timescale, pyridylation products 53a and 53b are
synthesized with a bias toward pyridine C(4)-selectivity, albeit with meaningful amounts of
C(2) minor products. Yields are generally higher for pyridylation at tertiary alkyl radicals,
with a stronger bias toward pyridine C(4)-selectivity for these more sterically-hindered
radicals as well. Quantum yield experiments (¢ = 12.7) implicate an analogous radical

chain propagation process to that proposed for the sulfonamide-guided pyridylation above
(Scheme 18).

Introduction of A=A/ salts and A/~ zwitterionic species has enabled guided- and
unguided-amination reactions. Loss of pyridine from the starting salts upon single-electron
reduction by photocatalysts results in the slow addition of a weak base to the reaction, which
has simplified systems that might otherwise require an exogenous base (Table 1 and Scheme
6). Moreover, the metered generation of nitrogen-centered radicals, through direct SET or
radical chain propagation mechanisms, affords additional control over reaction progress and,
in many cases, obviates potential overreaction by preventing A~centered radical generation
on the same molecule after its initial reaction. These benefits must be measured against

cost of additional steps required to access substrates bearing the requisite A~/A/ bond,

and, in instances where these benefits are greater, this method of nitrogen-centered radical
generation will surely enable innovative chemistry for years to come.
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4. NITROGEN-CENTERED RADICALS MAY BE GENERATED FROM
NITROGEN-SULFUR BONDS

Few reports document photocatalyst-mediated reactions that utilize nitrogen—sulfur bonds as
precursors to nitrogen-centered radicals; however, a recent example was disclosed in 2018
by Bolm and co-workers (Scheme 20A).107 The dearth of examples may be due in part to
N-S bonds with low oxidation-state sulfur groups being relatively labile to direct photolysis,
as demonstrated in recent C—H xanthylation reactions.108:109.110 |n the presence of Ir(ppy)s,
under blue light irradiation, thiocyanate substrates react with an excess of styrene to

give good yields of desired, difunctionalized products (Scheme 20A). Though mechanistic
information about this reaction is sparce, the observed regioselectivity, lack of additives, and
lack of reaction absent photocatalyst implicate a photoredox- or photosensitizer-generated,
nitrogen-centered radical mechanism.

Radical reactions have been described in the presence of a photocatalysis-capable
compounds that involve N-S bonds, where the sulfur atom is in higher oxidation

state (Scheme 20B-C).111. 112 These detosylation processes differ in terms of substrate
applications and conditions. In initial disclosures by Lu, Xiao and co-workers, N, -
disubsituted sulfonamides rely on iridium photocatalyst to reduce the substrate, and
Hantzsch ester as a reductant and hydrogen atom source in the course of detosylation. This
protocol can enable selective detosylation of a fully-substituted nitrogen centers bearing

an aryl amide in the presence of a secondary nitrogen bearing a tosyl group (Scheme
20B).111 More recently, an organic photocatalyst has been applied to affect detosylation

of N-aryl, N,N-diaryl and N,N-dialkyl sulfonamides (Scheme 20C). In the presence of an
(Mes-PhAcr)-based to mediate substrate reduction and base oxidation, with Hiinig’s base
as a reductant and hydrogen atom source, detosylation proceeds selectively on a substrate
bearing a pendant methylsulfonamide (Scheme 20C).112 Under the standard reaction
conditions, detosylation of amidyl 56¢ furnishes protonated 57¢ (Scheme 20D). This same
substrate provides limited evidence that these reactions may proceed via nitrogen-centered
radical intermediates. Specifically, absent water, amidyl 56¢ furnishes both protonated 57c.
and cyclized 57d (Scheme 20D). This byproduct is suggestive of the presence of a nitrogen-
centered radical as a putative reaction intermediate.

5. NITROGEN-CENTERED RADICALS CAN BE GENERATED FROM
NITROGEN-OXYGEN BONDS

Nitrogen-centered radicals are accessible from the nitrogen—oxygen bonds within oximes,
oximides, oxyamides, benzenesulfonamides, amidoximes and imidates. The generated
nitrogen-centered radicals participate in bond-forming reactions with appropriate radical
trapping agents. This section summarizes reactions that propose neutral nitrogen-centered
radical species as intermediates. Many complementary reactions are outside of the scope of
this review, including promising transformations that rely on photocatalyst-mediated N-O
bond cleavage with pyridinium salts to generate pyridyl radical cation intermediates.113: 114
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Iminyl Radicals Can Be Generated from O-Aryl and O-Acyl Oxime Analogues

5.1.1 Radicals Prepared from O-Aryl or O-Acyl Oximes Can Add Across
Olefins—Iminyl radicals are important synthetic intermediates,11® and are accessible

from C-aryloximes. When incorporated into y,6-unsaturated ketoximes, these O-aryloxime
precursors can be converted into 1-pyrroline analogues!18-117 via iminyl radical
intermediates. Within substrate C-aryloximes, a weak N-O bond is amenable to homolytic
fission to reveal the corresponding nitrogen-centered iminyl radical 118 The bond homolysis
event can be triggered thermally, photochemically, or in the presence of single-electron
reductants such as phenolate, Fe- and Cu-salts, Sml, and SnBuzH.119

At the end of the 20t century, Narasaka and co-workers discovered that iminyl

radicals could be generated from O-aryloximes via single-electron reduction,120:121,122

The accessed iminyl radical intermediate is poised to undergo 5-exo-trig cyclization

with a pendant olefin to deliver a nucleophilic carbon-centered radical.122 Subsequent
trapping of the radical with a hydrogen atom or other electrophile provides 1-pyrroline
derivative. Uncovering this photochemical process propelled Narasaka and co-workers to
develop a photocatalyst-mediated strategy to convert C-aryloximes to 1-pyrrolines.122 In
2001, Mikami and Narasaka disclosed photoredox catalysis as a tactic to transform y,6-
unsaturated C-aryl oximes to pyrrolines (Scheme 21A).123.124.125 | this transformation,
following photoexcitation of 1,5-dimethoxynaphthalene (1,5-DMN, £/, (DMN*/*DMN) =
-2.5V vs. SCE (CH3CN))2 the excited state photocatalyst is proposed to reduce an O-aryl
oxime to furnish a phenolate and the putative iminyl radical intermediate. The generated
iminyl radical intermediate undergoes 5-exo-trig cyclization, and, in more efficient reactions,
the resultant carbon-centered radical intermediate is quenched using 1,4-cyclohexadiene as a
hydrogen atom source.

Reaction efficiency is sensitive to the wavelength of the engaged light source, as substrate
58 absorbs irradiation beneath 320 nm. Consequently, absent photosensitizer, G-aryl oxime
58 undergoes homolytic cleavage to generate undesired ketone byproduct 61, along with
pyrroline 60 (entry 2). Pyrroline 60 forms more efficiently when light below 320 nm

is excluded from the reaction (entry 3), and with C-aryl oxime 58. With more effective
O-aryl oximes, lower catalyst loadings can prove equally efficient (entry 7). Ultimately, this
practical reaction highlights the promise of photoredox catalysis as a tactic to use O-aryl
oximes as stable precursors to iminyl radical intermediates.

Leonori and co-workers126 advanced the technology from Misaka and Narasaka with a
synthetic protocol that relies on an C-aryloxime as iminyl radical precursor but requires a
lower photocatalyst loading and irradiation using a less intense light source (Scheme 21B).
Instead of 1,5-dimethoxynaphthalene, eosin Y (EY) is employed as the photocatalyst, which
elicits the desired transformation at 2 mol % catalyst loading. Leonori and co-workers are
able to replace the use of a specialized Hg(Xe) lamp, and employ less intense visible light
sources. In their research, photoexcitation of eosin Y prompts SET between *EY and C-aryl

aThe £1/2(DMN*/*DMN) was calculated from the Rehm-Weller equation, where £1/2(DMN+/*DMN) = £1/2 (DMN*/DMN) —
Ep-0. The £1/2 (DMNT/DMN) and £p-q values were obtained from Reference 31.
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oxime 62 to generate iminyl radical that participates in a 5-exo-trig hydroimination reaction
to furnish 1-pyrroline 63 in 78% yield.

In conjunction with these tactical modifications, Leonori and co-workers evaluated a similar
range of aryl groups within the precursor oxime to permit efficient conversion of the C-aryl
oxime to the product. Oximes 64a—64d possess the appropriate reduction potential (Epred)
to be irreversibly reduced by eosin Y (£1[EY*/*EY] =-1.11V vs. SCE in CH3CN).
2,4-Dinitroaryl oximes, such as 64a, were chosen for more extensive explorations due to
their relatively low Epred, which favor irreversible SET between eosin Y and oxime, and
because these oximes are relatively easy to purify.

The method advanced by Leonori and co-workers is similar to the method developed by
Misaka and Narasaka inasmuch as this reaction is sensitive to the wavelength of the light
source. When comparing the efficiency of a reaction under blue, green, or red LEDs, the
most efficient process relies on green LEDs (A = 530 nm), which promote the reaction of
starting material 62 to 1-pyrroline 63 in 95% yield. This improvement in efficiency might be
predicted, as eosin Y is known to absorb green light (Agps = 539 nm)127 optimally to yield
*EY. Consequently, the result from the experiment allows the authors to suggest that the data
are consistent with reaction mechanism that is initiated by SET between EY* and O-aryl
oxime 62.

Nearly concurrently, a similar cascade sequence was described that, relies on the conversion
of O-acyloximes viasingle-electron reduction through iminyl radical intermediates and
5-exo-trig cyclization onto a pendant olefin to afford a nucleophilic carbon-centered radical.
At this point do the processes diverge — the generated radical can be trapped by an electron-
rich olefin to furnish pyrroline products with pendant ketones (Scheme 22A).128 This
transformation is highly sensitive to the reaction solvent. Broadly, while polar protic and
amine solvents (excepting pyridine) greatly hinder or arrest reactivity, polar aprotic solvents
are required for product formation. Of these, DMF was chosen as the optimal solvent.
Solvents such as DMA and NMP also displayed high conversion of starting material,

but favor formation of undesired 67 over desired 66. This reaction manifold is robust to
variety of aryl-substituted oximes, such £- and Z-configurated 2-thiophenyl oximes. The
reaction is ineffective with styrenyl or phenylacetylynyl oximes, and with tri-substituted and
sterically congested silyl enol ethers (not depicted). This reaction is suitable for downstream
derivatization of pyrrolines to pyrrolizidine alkaloids (Scheme 22B).128

Insofar as an iminyl-radical-generation / 5-exo-trig cyclization cascade permits rapid access
to pyrroline scaffolds, by analogy, use of an oxime imidate substrate decorated with

pendant olefin should provide an oxazoline. This recognition makes the reaction cascade
exponentially more powerful than initially envisioned: a masked allyl alcohol can serve as
an imidate radical precursor to provide access to oxazolines and masked 1,2-amino alcohols
(Scheme 23).129 These reactions rely on an intramolecular cyclization / radical trapping
cascade to achieve net aminoalkylation, aminoarylation, and hydroamination reactions. A
subsequent acidic work-up can reveal 1,2-amino alcohol products, providing efficient access
to high-value targets.
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5.1.2 Radicals Prepared from O-Acyl Oximes Can Cyclize onto Arenes or
Vinyl Arenes—As a complement to these approaches, iminyl radicals derived from
oximes with conjugated rt-systems engage in 6-endo-trig cyclization reactions to provide
N-heterocycles such as phenanthridines, quinolines, and pyridines (Scheme 24).120.121,130
To access this reactivity, Yu and Zhang activate G-acyl oxime substrates by photoirradiation
with visible light in the presence of Ir(ppy)s photoredox catalyst, ultimately furnishing a
series of heterocyclic products.13! These transformations rely on irreversible reduction of
starting O-acyl oximes 72 by the photocatalyst (£[Ir'V/1r*!] = -1.73 V versus SCE)16

to reveal iminyl radicals, a process that benefits from the selection of an appropriate acyl
precursor (Scheme 24A). Electron-deficient benzoyl groups 72a-72c affect the conversion
of O-acyl oximes 72 to phenanthridines 73 in 91% to quantitative yield. By contrast,
phenanthridines are not isolated from reactions that rely on more electron-rich, less readily
reduced substrates that incorporate benzoyl groups, aryloxy carbonates, or an acetoxy group
(i.e., 72d-72h). Presumably, variations in ease of reduction reflect the electronic influence of
O-acyl groups on the o*\_g orbital energy of O-acyl 72.132 While pentafluoro-substituted
substrate 72b delivers the desired product in quantitative yield, p-trifluoromethyl 72a is an
attractive redox-active handle over 72b due to its slightly lower molecular weight.

The transformation is robust to a wide variety of O-acyl oximes to provide differentially
substituted phenanthridines, quinolines, and pyridines (Scheme 24B-C). Notably, with meta-
substituted arene substrates 74a and 74b, accessed iminyl radical intermediates add across
the aromatic rt-systems at two sites competitively to deliver mixtures of positional isomers
as products (i.e., 75a and 75b, Scheme 24B). Importantly, this strategy has been applied

to improve access to nornitidine, a benzo[ c]phenanthridine derivative with anti-tumor
properties (Scheme 25). With these technologies, nornitidine can be accessed in five steps
and 55% overall yield, a considerable advance over a previous 11-step route (20% overall
yield).133 This achievement underscores the powerful potential of photoredox catalyst and
nitrogen-centered radicals for organic synthesis.

This general approach to preparing quinolines and phenanthridines would be more powerful
if it were to rely directly on readily available aldehydes as starting materials, rather than

on aldehyde-derived O-acyl oximes. Consequently, Yu and co-workers have disclosed a
one-pot protocol to convert aldehydes via O-acyl hydroxylamines into quinolines and
tetrahydrophenanthridines (Scheme 26).134 With this method, an aldehyde condenses with
an O-acyl hydroxylamine with a 4-cyanobenzoyl group, and the intermediate C-acyl

oxime then proceeds through a 6-endo-trig cyclization reaction, obviating the syntheses

and isolations of requisite O-acyl oximes. This protocol depends on blue LEDs as the
reaction light source, as undesired side products form when a light source is used

that emits light across a broader wavelength range. This approach has been employed

with biaryl aldehydes and O-4-cyanobenzoyl hydroxylamine to afford phenanthridines, as
exemplified by a two-step gram-scale synthesis of trisphaeridine, an alkaloid possessing
antitumor and antiretroviral properties (Scheme 27).135136.137 This procedure represents an
improvement over the previous best-in-class synthetic route to trisphaeridine, which requires
four synthetic steps from the same aryl bromide 89 and provides trisphaeridine (92) in 29%
overall yield.138
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5.1.3 Radicals Prepared from O-Acyl Oximes Can Abstract Hydrogen Atoms
—In addition to adding across olefins, or aromatic rings, iminyl radicals can affect C-H
abstraction, typically by way of 1,5-hydrogen atom transfer (HAT) based on a six-membered
transition state. Indeed, oximes have been used as precursors for iminyl radicals that engage
in 1,5-HAT prior to addition across an arene (Scheme 28). These technologies build on
seminal resesarch by Forrester and co-workers.139.140 |n these reactions, thermolysis of

the oxyacetic acid 93 under basic and oxidative conditions triggers a cascade sequence to
form iminyl radical 95, which affects 1,5-HAT to generate carbon-centered radical 96. Once
formed, this nucleophilic radical adds across an aromatic r-bond to deliver a cyclic imine
(not depicted). Upon rearomatization and /n s/tu hydrolysis, this sequence affords 1-tetralone
product 94 (Scheme 28). Considering the allure of 1-tetralones as monoamine oxidase
inhibitors for Parkinson’s disease therapy4!, milder photoredox methods to generate 1-
tetralones from oxyacetic acid derivatives have emerged.

Inspired by this transformation, Nevado and co-workers developed the first photoredox
catalyst-mediated process that harnesses this strategy with G-acyl oxime substrates (i.e., 97,
Scheme 29). 142 To date, the transformation of O-acyl oximes to 1-tetralones only proceeds
in the presence of water as co-solvent, and is most effective in the presence of an acid
additive (AcOH), which is thought to facilitate a reversible and rate-determining HAT event
(Scheme 29A).140 Competent substrates range from those containing electron-deficient to
electron-dense arenes as oxime substituents, benzofurans, or pendant aliphatic rings sizes
(not shown). To add complexity to this advance, under basic conditions, in the presence

of light, photocatalyst and in a non-aqueous solvent system, these same O-acyl oxime
substrates undergo homolytic cleavage and 1,5-HAT, but then subsequently react to provide
1-pyrrolines (Scheme 30). Reaction diastereoselectivity is limited when not reinforced by a
cyclic ring.

5.2. Hydroxyacid-Derived Oximes Are Appropriate Precursors to Iminyl Radicals

5.2.1 These Iminyl Radicals Can Serve as Intermediates in
Iminofunctionalization Reactions—While O-acyl oximes serve as efficient precursors
to iminyl radical intermediates, many similar transformations can be achieved using
hydroxyacid-derived oximes. Indeed, nearly fifty years ago, Forrester and co-workers
discovered that hydroxyacid-derived oximes are appropriate precursors to iminyl
radicals.143-144 Building on this research, thirty years ago, Boivin, Zard and co-workers
employ a thusly-derived iminyl radical intermediate in a 5-exo-trig cyclization. The
resultant carbon-centered radical reacts with methyl acrylate in a Giese-type reaction to
afford alkylated 1-pyrroline.145: 146,147 These pivotal findings set the stage for analogous
technologies that employ milder photoredox-catalyst conditions to streamline access to
functionalized 1-pyrroline (Scheme 31-32).

In 2017, Studer, Leonori, and co-workers developed photoredox catalyst-mediated tactics
to convert hydroxyacid-derived y,8-unsaturated ketoximes, such as 105, to iminyl
radicals.148: 149 Following intramolecular 5-exo-trig cyclization, the resultant radicals can
be trapped by olefin in intermolecular Giese reactions.14® In Jiang and Studer’s cascading
Giese-type reaction, y,8-unsaturated ketoxime 105 is transformed to desired product 106a
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in 68% yield when [Ir(dF(CF3)ppy2)(dtbbpy)]PFg is employed as photosensitizer and CsF as
a base (Scheme 31). Using this strategy, a wide catalogue of Michael acceptors participates
in the Giese reaction to access alkylated 1-pyrrolines. For example, thiophene-substituted
ketoxime and a pendant piperidine are carried through the reaction to furnish pyrrolines.
Furthermore, under these conditions a cascading cyclization reaction proceeds with excellent
diastereoselectivity to generate a [5-6]-fused bicyclic system (i.e., 106d).

By contrast, Leonori and co-workers rely on [Mes-Acr]ClO4 to affect their
iminofunctionalization reactions (Scheme 32). Concurrent with Jiang and Studer’s
disclosure, Leonori and co-workers disclosed a very similar approach to
iminofunctonalization reactions — one that proceeds through an identical iminyl radical
intermediate (Scheme 33). To design an optimal iminyl radical precursor, Leonori and
co-workers analyzed the electrochemical half potentials for a series of carboxylates,

and determined that a,a-dimethylated carboxylates, 150 such as 107, are more readily
oxidized than their less substituted analogues (i.e., 111a-111d). Consequently, Leonori

and co-workers rely on these more substituted analogues as precursors to their
iminofunctionalization reactions. Leonori and co-workers anticipated that these carboxylates
would be oxidized in the presence of light by excited state *[Mes-Acr]CIO4 (£*12

=+2.08 V vs. SCE in CH3CN),27 a process that is reported to be infeasible with

excited state *[Ir(dF(CF3)ppy2)(dtbbpy)]PFg (F*ox = +0.89 V vs. SCE in CH3CN).8 Upon
decarboxylation and loss of acetone, an iminyl radical would form, poised for cyclization
onto a pendant olefin. Following cyclization, the resultant carbon-centered radical could trap
a broad array of radical electrophores.

Like Jiang and Studer, Leonori and co-workers evaluate a,p-unsaturated electrophiles
with their novel iminyl radical precursors (Scheme 33). Cascading cyclization reactions
proceeded with modest diastereoselectivity to generate a [5-6]-fused bicyclic system (i.e.,
113a). Moreover, the reaction tolerates a range of a,-unsaturated carbonyl electrophiles,
including cyclohexenone and diethyl (£)-diazene-1,2-dicarboxylate, to form products such
as 113b and 113c, respectively.

Leonori and co-workers’ iminofunctionalization strategy can be generalized to

affect iminohalogenation, iminochalcogenation, hydroimination, iminoazidation, and
iminoolefination processes by varying the solvent, base, and employed atom- or group-
transfer agent (Scheme 34). These reactions rely on a hydroxyacid-handle as an iminyl
radical precursor, and [Mes-Acr]CIO, as a photosensitizer. Halogenated 1-pyrrolines are
accessed when NFSI1%1, NCS152, diethyl bromomalonatel®3, and N1S154 are employed

as halogen-transfer agents. In this context, one limitation is well documented: the
iminoiodination reaction results in synthetically useful yields when a terminal olefin is
engaged but is not efficient when di- and trisubstituted olefins are targeted as the sites

for installation of a relatively weak carbon—iodine bond (not shown). Stronger C(sp3)-S

and C(sp?)-Se bonds can be accessed when benzosuccinimide derivatives are used as
chalcogen group-transfer agents.155156 Furthermore, azides can be installed through the use
of arylsulfonyl azide as a group-transfer agent.157 If a reductively neutral process is targeted,
hydroimination processes proceed in the presence of aryl disulfide, a known catalytic
hydrogen-atom donor.158 Alternatively, iodine (V) sources are appropriate precursors to
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enable group-transfer in the course of carbon—carbon bond-forming reactions.159.160.161
Ultimately, this is a versatile approach to enable targeted iminofunctionalization reactions.

Moreover, this approach to iminofunctionalization can enable late-stage reactions with
synthetically useful efficiencies. In the late 20" century, Zard and co-workers used a
thevinone (117) derivative to showcase an intramolecular hydroiminaton reaction (Scheme
35A). Zard and co-workers converted thevinone to oxime 118, which, following homolysis
of the weak N—O bond, cyclizes to furnish imine 119.162 Building upon this precedent,
Leonori and co-workers employ thevinone derivative 117 as a precursor for a series of
photoredox mediated iminoazidation, iminoamidation and iminoselenylation reactions to
access polycyclic imines 121a-121c, respectively (Scheme 35B).149

Similarly designed iminyl-radical precursors can, upon radical-addition to a pendant olefin,
be intercepted by a cobalt complex en route to an intramolecular Aza Heck-type cyclization
reaction to provide pyrrolines (Scheme 36A).163 In the presence of a [Mes-Acr]CIO,
photoredox catalyst and Co(dmgH)(dmH5)Cl, complex, oxime ester 122 undergoes
cyclization reaction to provide organocobalt intermediate 124, which is poised for p-hydride
elimination to furnish product 123. Previously, this pyrroline scaffold was accessed via

the Narasaka-Heck cyclization between oxime ester and pendant olefin with a palladium
catalyst.164.165 photocatalytic conditions are relatively mild, so the dual photoredox/Co
catalysis manifold offers advantage over the Narasaka-Heck reaction by tolerating oxime
esters bearing substituents that are sensitive to Pd or Cu complexes. For example, an oxime
ester bearing aryl iodide participates in the reaction to provide pyrroline 123a in 53%

yield. This reaction enables rapid construction of polycyclic scaffolds, such as cis-fused
tetracyclic product 123b in 49% yield in 1:1 dr. Modifying reaction condition and employing
Co(dmgH),(4-CN-Py)Cl, complex permits radical Aza-cyclization / intermolecular Heck-
type reaction cascade with oxime ester 122 and olefin 125 to provide pyrroline motif

126 (Scheme 36B). Similarly powerful examples come from the synthesis of thiophene-
decorated pyrroline 126a and pyrroline bearing 1,1,2-trisubstituted internal olefin 126b in
moderate yields and with high selectivity for (£)-isomer.

5.2.2 Hydroxyacid-Derived Iminyl Radicals Can React with Chalcogens to
Install New Chalcogen—Nitrogen Bonds—A mechanistically analogous iminyl radical
formation / intramolecular A-radical addition cascade can be intercepted by a pendant
thioether to furnish an isothiazole (Scheme 37).166 In the propose reaction mechanism,
generation of radical species 130 triggers intramolecular annulation reaction via N-radical
addition to sulfur. Upon thioether fragmentation, this event would provide desired product
129 and methyl radical, which would be oxidized under aerobic condition to provide
formaldehyde as a byproduct. During the course of reaction optimization, the net
transformation of oxime 127 to isothiazole 129 is viable in presence of photocatalyst

with excited oxidation potential lower than the irreversible oxidation potential of sodiated
oxime salt 128a (£p»** = +1.58 V versus SCE in acetone). Strongly oxidizing [Mes-
Acr]ClO, (E£1/2[PC™/PC*] = +2.08 V versus SCE in CH3CN)27 is empirically identified
as the optimal photosensitizer for the reaction. The reaction is less efficient in presence

of photosensitizers that are more oxidizing than [Mes-Acr]CIO,4. Equally pertinent to the
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reaction efficiency is the thioether group of a-imino-oxy acid. Within a series of thioethers
(i.e., 128b-128e), which all have compatible £,/,°* values with respect to [Mes-Acr]CIOy,,
benzyl thioether 128d reacts with the highest efficiency, presumably due to formation of
resonance-stabilized benzylic radical en route to product 129. This is a viable strategy to
generate varied arenes, including tricyclic 1,3-benzodioxole-containing isothiazole 132a,
methylated isothiazolo[5,4-b]pyridine 132b, and furan- (132c) and thiophene-embedded
isothiazole (132d) scaffolds (Scheme 38).

Ketoximes and Aldoximes Can Serve as Precursors to Persistent Iminyl Radical

Intermediates

Furthermore, with ketoximes such as those derived from acetophenone and benzophenone,
conversion to an iminyl radical can procced based on an energy transfer mechanism
involving photosensitizer, and thereby prompt an array of radical reactions. This iminyl
radical generation strategy was first documented by Glorius and co-workers in 2019 in a
reaction in which electron-deficient G-acyl oxime 133 undergoes energy transfer-triggered
decarboxylation to provide aryl radical (not depicted) and iminyl radical 135a (Scheme
39A).167 The aryl radical is trapped by iodine-transfer reagent (CH»ICI) to provide aryl
iodide 134. Based on the electrochemical potentials of starting material 133 (Eplzred =
-2.00 V versus SCE) and photosensitizer (£/o[*Ir'"/1r'V] = -0.89 V vs. SCE, £ p[Ir'"/ir!
=-1.37 V vs. SCE), a SET pathway is excluded as a mechanistic possibility because it
would be a thermodynamically unfavorable process. By contrast, photosensitizer possesses
appropriate triplet energy (51 = 60.8 kcalemol™1) to sensitize oxime 133 (&7 = 46.4
kcalemol~1). Notably, this reaction gives rise to byproducts imine 136, ketone 137, and
hydrazine 138a, which are likely to originate from iminyl radical 135a. In fact, these
byproducts provide evidence that iminyl radical 135a is a persistent radical species —
otherwise, byproducts 136—138a would be unlike to form. Consistent with this hypothesis,
under deuterium-transfer conditions, O-acyl oxime 139 produces deuterated arene 140 and
6-phenylphenanthridine 141, presumably by way of intramolecular radical addition of the
nitrogen-centerd radical to a neighboring rt-system (Scheme 39B).

A net intramolecular decarboxylative C—N bond forming reaction can be used to access

an aliphatic primary amine surrogate, such as alkyl amine 143a, from aliphatic O-acyl
oxime 142a (Scheme 40A).18 Mechanistically, this reaction appears to rely on energy
transfer between oxime 142a and triplet excited-state iridium photosensitizer to afford triplet
excited-state oxime 144 viatriplet-triplet energy transfer (TTEP), en route to critical iminyl
radical 135b (Scheme 40B). Steady-state and transient electronic transition spectroscopy
experiments revealed that the rate of triplet-triplet energy transfer between oxime 142a

and photosensitizer (kg1 = 1.1 x 108 s71) is faster than the rates of radiative (k = 3.8

x 10° s71) and non-radiative decays (A, = 3.8 x 10 s71) of excited photosensitizer. So,
triplet-triplet energy transfer between the two species occurs before the decay of excited
photosensitizer back to singlet ground-state. A number of standard methods to access iminyl
radical intermediates from C-acyl oxime esters are not viable when using benzophenone-
derived O-acyl oxime esters 142a as substrates. For example, Forster-type resonant energy
transfer is unlikely, given negligible spectral overlap between the absorption spectrum for
oxime 142a and the phosphoresence spectrum for several excited-state iridium (I11) complex
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(Scheme 40C). Additionally, a single electron tranfer mechanism is excluded because it is
not thermodynamically favorable, based on the electrochemical potentials of oxime 142a
(Epred =-1.83 V versus SCE, £,° = +2.35 V versus SCE, Scheme 40D). Ultimately, once
iminyl radical forms, recombination with alkyl radical is proposed to deliver primary amine
surrogates.

A similar energy transfer mechanism is proposed as the basis for the position-selectivity

of a photosensitizer-enabled carboimination reaction between benzophenone-derived O-acyl
oxime esters 142b and unactivated olefins 146 to afford a-iminonitriles (Scheme 42).168
Consistent with previous findings,18 a number of standard methods to access iminyl radical
intermediates from O-acyl oxime esters are not viable when using benzophenone-derived
O-acyl oxime esters 142D as substrates. So, a triplet-triplet energy transfer mechanism

is proposed between oxime 142b and photexcited iridium complex to furnish excited

oxime 148, which gives way to persistent!6® iminyl radical 135b upon decarboxylation.

The position-selectivity of this carboimination reaction is predicted to originate from the
persistent radical effect1®® (Scheme 42B). Relying on long lifetime of iminyl radical 135b,
more transient alkyl radical 149 escapes the solvent cage to undergo radical addition to
terminal site of olefin 146. In keeping with this hypothesis, radical crossover experiments
with oximes 142b, 151a and acrylonitrile 146 furnish non-crossover a-iminonitrile products
1473, 152a and hydrazines 138b, 153, crossover a.-iminonitrile products 152b, 147b

and hydrazine 154 as detected by GC-MS. This protocol offers position-selectivity that
complements that available from previous intermolecular carboamination reactions that were
initiated by nitrogen-centered radicals,170 presumably because they did not rely on persistent
benzophenone imine radicals.

Intermolecular, radical-radical cross-coupling reactions that rely on a persistent
benzophenone iminyl radical as a precursor to a transient alkyl radical can be extended to
synthesize 1,2-amino alcohol surrogates (Scheme 42).171 Specifically, oxime carbonates 155
react with olefins 156 in net oxyimination proceses, mediated by a thioxanthone organic
photosensitizer. This protocol permits highly atom-economical assembly of 1,2-amino
alcohol analogues as every atom of oxime carbonate and mono-, di-, and trisubstituted
olefin feedstocks are utilized. Control experiments suggest that chemoselectivity may arise
due to the low rate of radical recombination between alkoxycarbonyloxy and iminyl radicals
(Scheme 42B), thereby affording 1,2-aminoalcohol surrogates efficiently.

Intermolecular, radical-radical cross-coupling reactions have been disclosed between a
persistent benzophenone iminyl radical and an aryl-derived radical, also based on a
proposed energy transfer mechanism, and can be used to assemble primary amines

bearing tetrasubstituted a.-carbon centers (Scheme 43A).172 For example, amine product
164a is isolated in 86% yield upon reaction of acetophenone-derived oxime 162 and
4-cyanopyridine 163 in presence of an iridium photosensitizer, diisopropylamine as a
reductant and benzoic acid as a soluble proton source (Scheme 43A). This reaction protocol
provides access to primary amines adjacent to a sterically bulky Bu-substituent (164b), and
medicinally-relevant cyclopropyl’3 (164c) and F3C174 (164d) groups. The transformation
is largely restricted to cyanopyridines, which can be more readily reduced to critical

radical intermediates (i.e., 172). For example, non-heteroaromatic cyanoarene such as 1-
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napthonitrile does not engage in two-component coupling reaction with iminyl radical to
provide amine 164g.

The reaction is proposed to proceed based on initial energy transfer between photoexcited
*[1r'"] and oxime 162 to provide triplet excited-state oxime 165. Stern-Volmer analysis
reveals that bimolecular quenching of *[Ir'!'] by oxime 162 is kinetically favorable (Kgt =
Ky ~ 2.6 x 107 M~Les71) and proceeds faster than decay of *[Ir'!'] back to ground-state [r'!']
(k=2.0%x 105571 ky = 6.4 x 10° s71).175 Indeed, oxime 162 undergoes facile N-O bond
cleavage to generate persistent iminyl radical 166 that is poised to abstract hydrogen-atom
from DIPA to form closed-shell imine 167 and carbon-centered radical 168. It is proposed
that imine is protonated by benzoic acid to generate iminium benzoate 169, which engages
in exergonic single-electron reduction with radical 168 to provide 1-phenylethaneaminyl
radical 170 and diisopropylimium benzoate 171 (AG = 7.4 kcalsmol™1). Alternatively,
1-phenylethaneaminyl radical 170 can be generated from single-electron transfer between
iminium benzoate 169 (£eq ~ —0.8 V versus SCE in DMSO) and [Ir'"] (£, = -1.42

V versus SCE in MeCN). Concurrently, 4-cyanopyridine 163 undergoes PCET with [Ir'']
and proton source to generate persistent radical 172 that undergoes radical-coupling with
1-phenylethaneaminyl radical 170 to afford intermediate 173. Ultimately, rearomatization of
intermediate 173 expels hydrogen cyanide and delivers product 164a.

Remarkably, nitrogen-centered radicals can be either nucleophilic or electrophilic, based
in part on the pendant functionality, and this polarity influences reaction kinetics. This

is the chemical basis for the reaction of sulfonamide 174 with hydrazone 175 to provide
hydrazonamide 176 (Scheme 44).176 This C(sp?)-N bond-forming reaction is initiated by
photoredox-mediated generation of sulfonamidy| radical species 177, which undergoes
radical-addition across C=N bond to provide nitrogen-centered radical intermediate 178.
In fact, the unpaired electron and adjacent lone-pair stabilizes the intermediate through
three-electron mt-bonding interaction.1’” Single-electron oxidation of intermediate 178 by
[1r'V] complex regenerates ground-state photocatalyst and resonance-stabilized diazenium
cation 179 / 180. Ultimately, deprotonation of diazenium cation furnishes desired product
176. Through this reaction, hydrazonamide bearing quinoline 176a and phenyl-enriched
hydrazonamide 176b form in 88% yield, and 76% yield, respectively. By contrast, A-Boc
and N-Bs hydrazones do not participate in reactions with sulfonamidyl radical intermediates
— events that would give rise to products 176c¢ and 176d, respectively.

5.4 Iminyl Radicals That Are Generated from Strained Cyclic Oximes Can Engage in
Ring-Opening Cascade Reactions

5.4.1 These Ring-Opening Cascades Are Well-Established Strategies to
Affect Distal Carbofunctionalization Reactions Involving Olefins—When the
accessed iminyl radicals are substituents on strained cyclic oximes, p-scission can occur

to furnish an alkyl radical that is available for subsequent reactions. Zard and co-workers
discovered that under visible light, photoreactive cyclobutanone-derived oxime substrate
181 partakes in a -scission / radical conjugate addition / chalcogenation cascade with a
radical trapping agent such as methyl acrylate (Scheme 45).178 The operative mechanism in
this transformation is posited to involve activation of cyclic oxime 181 via net photolysis
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of N-O bond to reveal iminyl radical species 183. Subsequently, B-scission of iminyl

radical 183 generates y-cyanoalkyl radical 184. This radical intermediate is poised for the
Giese reaction with methyl acrylate to provide electrophilic radical intermediate 185 that

is ultimately sequestered by 2-pyridinethiyl group to give rise to chalconized indane 182.
Torsionally strained four-membered cyclic oximes are generally employed as substrates
where the ring-opening steps are considerably exothermic (AG ~ -26.3 kcalsmol~1 for
cyclobutane).1”® Five-membered cyclic oximes, which have less exothermic ring-opening
steps (AG ~ —6.2 kcalemol~1)179 than their four-membered congeners, are reactive substrates
under certain reaction conditions, and they typically require further driving force, such as
that available when a resonance- or inductively stabilized alkyl radical species forms through
iminyl radical -scission.

5.4.2 By Using Hydroxyacid-Derived Oxime Substrates, Ring-Opening
Cascades Can Result in Direct Atom- or Group-Transfer Processes—Leonori,
Sheik and co-workers recognized hydroxyacid-derived oximes as iminyl radical precursors
amenable to photoredox-mediated iminyl radical formation/ p-scission / fluorine-, chlorine-
and azide-transfer cascades.189 Formally, oximes 186 react with electrophilic atom- or
group-transfer agents “X-Y”, where X is partially positive atom or group, to furnish

distal functionalized aliphatic nitriles 187 (Scheme 46A). The initial reaction mechanism is
analogous to the tactics disclosed by Leonori and Sheik to affect intramolecular cyclization
of an iminyl radical onto an olefin (Scheme 21B).14° In one plausible mechanism, acid

186 is a precursor to a,a-dimethylhydroxycarboxylate (not depicted), which can reductively
quench an excited state photocatalyst to initiates the sequence that forms iminyl radical 188
and triggers p-scission to unveil 3° cyanoalkyl radical intermediate 189. The nucleophilic
carbon-centered radical engages in atom- or group-transfer reaction with X-Y to yield
desired products 187. Electrophilic reaction byproduct Ye readily accepts an electron

from photocatalyst to generate closed-shell species Y and regenerate the ground-state
photocatalyst. In fact, the single-electron reduction of electrophilic Ye by photocatalyst is
speculated to be exergonic, which could prevent premature oxidation of 3° carbon-centered
radical 189. Using this approach, fluorination, chlorination and azidation of aliphatic nitrile
are realized (Scheme 46A). Under the appropriate reaction conditions, Selectfluor®181
serves as a competent fluorine-transfer agent to yield fluorinated products, while NCS12
can serve as appropriate chlorine-transfer agent to afford chlorinated products. Furthermore,
arylsulfonyl azide traps the putative cyanoalkyl radicals to deliver azide products.1°’

Even though this distal fluorination reaction of aliphatic nitriles hinges on productive
photocatalyst turnovers by the substrates, a quantum yield experiment indicates that

this fluorine-atom transfer process proceeds predominantly via radical chain propagation
mechanism (¢ = 2.8), albeit in tandem with the photoredox reaction manifold (Scheme
46B). To gauge the propensity for substrates to participate in the fluorination reaction,
AG® values of the conversion of iminyl radical 188 to alkyl radical 189 are approximated
by DFT calculations (Scheme 46C). The quantum mechanical investigation suggests that
“experimentally successful” fluorination reaction is broadly driven by thermodynamically
favorable ring-strain release of the iminyl radical and the radical stabilizing effects of
substituents. Cyclobutanone-derived oximes are speculated to engage in facile fluorination
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reaction due to the exergonic ring-strain release, while larger cyclic oximes (ring size =5
< 7) partake in the reaction if they possess substituents that stabilize the concomitant alkyl
radicals.

Furthermore, hydroxy acid-derived oximes engage in potentially mechanistically analogous
group-transfer reactions with other electrophilic group-transfer agents. Similar to
photoredox-mediated alkynyl transfer reaction with hypervalent iodine (V) reagent and
unsaturated oxime by Leonori and co-workers, 149 Waser and co-workers reported that
alkyny! transfer reaction with a,a-dimethylhydroxyacid-derived oxime 186a and ethynyl
benziodoxolone-based alkynyl transfer agent160 191a provides alkynylated product 192a
(Scheme 47).40 The reaction is not optimal with conventional photocatalysts such

as [Ir(dFCF3ppy).dtbbpy]PFg, 4-CzIPN, [Mes-Acr]ClO,4 and 9,10-dicyanoanthracene,
presumably because they possess excited state potentials that result in inefficient oxidation
of oxime 190, or undesirably efficient oxidation of product. Nevertheless, this reaction
proceeds in the presence of more oxidizing 4-CzIPN analogues. Among the 4-CzIPN
derivatives, 4-CICzIPN most effectively converts 190 to 192a, presumably because its
oxidation potential is appropriate to oxidize substrate 190 without promoting product
oxidation. With this catalyst, diastereoenriched product 192b is accessed in 65% yield,

and electron-deficient alkyne 192c is isolated in 71% yield (Scheme 48). In fact, other
hypervalent iodine (V) reagents can be employed to permit styrene-transfer reactions (cf.
192d) with good stereoselectivity, as well as nitrile-transfer (cf. 192f) and silyl alkyne-
transfer (cf. 192¢) reactions, albeit with diminished product yields. Togni’s reagent is found
to be the exception, as it does not promote trifluoromethyl-transfer reaction to furnish
a-trifluoromethylated amine 192g.

5.4.3 Ring-Opening Cascades Can Trigger Alkene Carbofunctionalization
Reactions—{f-Scission/ring-opening cascade sequences can be intercepted by iminyl
radicals derived from cyclic oximes with readily oxidizable electron-dense methoxybenzyl
groups, much as -y,8-unsaturated oximes with PMP handles template iminyl radical
generation / intramolecular annulation upon reductive quenching of photocatalyst.3* Indeed,
cyclic oximes with PMB ethers engage in the Giese reactions with an array of electron-
deficient olefins to furnish alkylated products 193a under UV irradiation with organic
photosensitizer 2-CI-AQN (Scheme 49).182 To activate cyclic oxime 193a, reactions involve
a net hydrogen-atom abstraction to furnish benzylic/a-ethereal radical 195 that fragments
via B-scission to unveil iminyl radical 196 and p-tolualdehyde. The generation of iminyl
radical is speculated to involve benzylic hydrogen-abstraction of 193a by *2-CI-AQN,183

a postulate that is consistent with KIE experiments (An/Ap = 2.13-2.18). In this reaction,
efficiency is correlated with the thermodynamic stability of the generated benzylic radical
across a series of readily reducible oximes 193b-193d (£&p, = +1.37 to +1.86 V versus

SCE in CH3CN, £1,°% = +2.3V versus SCE in CH3CN). 34182 Once generated, p-scission
of iminyl radical 196 provides alkyl radical intermediate 197 that is trapped by olefin

to provide ester-stabilized a-radical species 198. Finally, ester-stabilized radical 198 is
converted to desired product 194 through two possible mechanisms. First, radical 198

could engage in direct solvent hydrogen-atom abstraction with 2-butanone to provide 194.
Second, radical 198 (£, ~ ~0.63 V versus SCE in CH3CN)!84 could be reduced by
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2-CI-AQN (£ [AQ/AQ™"] = -0.96 V versus SCE in CH3CN)3® to provide enolate (not
depicted) that undergoes solvent deprotonation to afford 194. Indeed, deuterium labeling
experiments suggest that the latter mechanism should prevail over the hydrogen-atom
abstraction mechanism.

Zhou and co-workers developed a related approach to assemble gem-difluoroalkenes from
hydroxy-acid-derived oxime 199 and a-trifluoromethyl alkene (Scheme 50).18% Using

this approach, a variety of (hetero)aryl-derived a-trifluoromethyl alkenes can engage in
the reaction, as exemplified by synthesis of gem-difluoroalkene with 2-methoxypyridine
substituent in 80% yield. While larger cyclic oximes tend to be unresponsive to radical
cascade reaction paradigm, this reaction condition renders six-membered cyclic oxime
reactive to provide the corresponding product 201e in 75% yield with 5:1 dr. Remarkably
congested compounds can be assembled efficiently, including gem-difluoroalkene product
201f, which contains two contiguous quaternary centers, and is accessed in 77% yield with
15:1 dr.

To the best of knowledge, prior to 2019, there were no photo-mediated strategies to

allow the productive and direct use of hydroxyoximes as iminyl radical precursors.
Hydroxyoximes are used directly with arylsulfinyl chlorides in the Hudson reaction to
generate A-sulfonylimines that results in N—O bond fragmentation, and this approach

has been leveraged to convert hydroximes to iminyl radicals.186.187 Nevertheless, photo-
irradiative reactions of hydroxyoximes have remained unexplored due to unproductive and
competitive O—H bond cleavage that arise from weak O—H BDEs of hydroxyoximes.188 In
2019, Xiang, Chen, Yang and co-workers addressed this gap in the literature (Scheme 51).
189 Byuilding on the recognition by the Xie and Zhu research groups that triphenylphosphine-
derived phosphoranyl radicals®0 could be used to directly activate strong C-O

bonds, 191 192, 193 these researchers determined that the N—O bond of hydroxyoximes could
be activated to homolytic cleavage by reaction with these phosphoranyl radicals (Scheme
51). Specifically, these researchers accomplish two-component coupling with hydroxime
204 as an iminyl radical precursor, and a,a-diaryl- or a-trifluoromethyl-substituted alkenes
as radical trapping agents en route to installation of bis-aryl or gem-difluoroalkene groups
under the aegis of PhsP additive. Triphenylphosphine enjoys a pivotal role in the reaction as
an activating group by forming phosphonyl radical 194 PhsP** (£5[PhsP**/PhsP] = +0.98
V versus SCE),19° which arises from thermodynamically favorable reductive quenching

of the photocatalyst (&1, [*Ir'!'/Ir!1] = +1.21 V versus SCE).8 Indeed, Stern-Volmer
analysis confirms that the photocatalyst can be reductively quenched by PhsP. The generated
phosphonyl radical reacts with hydroxime 204 to furnish phosphoranyl radical 205.19
Thermodynamically driven B-scission¥7 is followed by radical addition to an alkene form
carbon-centered radical 206. The radical is poised for reduction by photocatalyst (£,
[1r/1r11] = -1.37 V versus SCE)® to generate carbanion 207. For example, reduction of
diphenyl-stabilized methinyl radical species (£;/2[R*/R-] ~ —1.34 V versus SCE)2%4 is
achieved by strong reductant [Ir]"' to provide the desired carbanion intermediate. At this
stage, protonation or B-fluoride elimination from anion 207 give rise to diaryl 208 or
difluorinated 209, respectively. Thereby, hydroxyoximes can serve as direct precursors to
iminyl radicals in productive synthetic transformations.
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Using this approach, extremely electronically varied olefins constitute appropriate radical
trapping agents (Scheme 51). a-Trifluoromethylated alkenes participate in the coupling
reaction to access gem-difluorinated alkenes with resonance donating and electron-
withdrawing aryl substituents (i.e., 209a and 209b, respectively).198: 199 Unsurprisingly,

a Giese reaction with chalcone proceeds under this reaction conditions, furnishing

Giese reaction product 208a in 92% yield. With a,,a-diarylolefins, the reaction tolerates
pendant quaternary carbon center 208b, and carbamate 208c, and can install alkenes

with pendant heterocycles to furnish products such as 2-thiophenyl 208d. Interestingly,
bis-p-methoxyphenyl groups prompt the formation of olefinated product 208e as the major
product rather than the anticipated net-alkylated product (not depicted). Logically, this
reaction pathway could result if generate radical intermediate 206 is more amenable not to
the depicted reduction to anion 207, but, instead, to oxidation to a cationic intermediate (not
shown), with subsequent base-mediated elimination to install the olefin. Recognizing this
minor limitation, this process offers a step-economical approach to directly engage cyclic
hydroxyoximes in B-scission / Giese-type reactions with electron-deficient olefins without
pre-installing redox-active handle.

5.4.4 Ring-Opening Cascades Can Be Intercepted by Transition-Metal
Mediated Bond-Forming Processes—Oximes can be used as alkyl radical precursors
in nickel-mediated cross-coupling reactions (Scheme 52),200 merging the above-described
approach with known nickel- and photosensitizer-driven processes.146 A process that

relies on oxime precursors may entail photocatalyst activation of oxime 186 to reveal
cyanoalkyl radical 189, which is speculated to undergo C-C cross-coupling reaction with
nickel complex and carbon group transfer agent. Highly related reaction conditions furnish
arylated-, alkylated-, and vinylated aliphatic nitriles. (Hetero)arylated aliphatic nitriles are
easily installed with an array of (hetero)aryl bromides, as exemplified by cross-coupling
reactions with caffeine-derived aryl bromide. Alkyl bromide such as L-p-bromoalanine

can be trapped to afford an unnatural amino acid product. Terminal alkynes as trapping
agents promotes a net vinylation reaction that delivers gem-disubstituted terminal olefin, as
demonstrated with A-(3-butynyl)phthalimide as reaction partner to afford an 1,4-diamine
product. These photoredox-mediated nickel-catalyzed cross-coupling reactions provide an
approach to access (hetero)arylated, vinylated and alkylated alkanes.

An alternative strategy to intercept this photoredox-mediated ring opening cascade sequence
takes precedent from a photoredox-mediated and Co-catalyzed vinylation reaction between
oxime esters and alkenes'62 to affect olefination (Scheme 53).201 Indeed, this transformation
permits assembly of a diverse catalogue of alkenes from a range of cyclix oxime esters and
styrene derivatives. For example, azetidine-derived oxime ester and styrene react to give
allylic amine 211a in 63% yield with high stereoselectivity (>20:1 £/ 2). This reaction is
more broadly relevant, as 2-vinylbenzothiophene is a viable substrate to provide (£)-isomer-
enriched desired product 211c in 72% yield. Interestingly, when benzyl methacrylate is
subjected to the reaction conditions, a mixture of internal and terminal alkene products
211d and 211e are generated. This observation suggests that g-hydride elimination step

of organocobalt complex is not regioselective in the presence of multiple B-hydrogen

atoms. Unfortunately, this transformation is not suitable for use with 1,2-disubstituted
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styrenes or aliphatic olefins. Nevertheless, dual photoredox- and Co-catalyzed Heck-type
reactions between cyclic oxime esters and styrenes constitutes complimentary reaction to
dual photoredox- and Ni-catalyzed cross-coupling processes that engage cyclic oximes and
terminal alkynes to access internal alkenes.

5.4.5 Ring-Opening Cascades Can Rely on O-Acyl Cyclic Oxime Substrates
to Affect Alkene Carboetherification Reactions—In a seminal report by Uemura,
Nishimura and co-workers, cyclobutanone-derived O-benzoyloxime engage in thermally-
mediated and iridium-catalyzed N-O bond cleavage to form a nitrogen-centered iminyl
radical intermediate.292 This high-energy radical species is predisposed to undergo p-
scission to furnish carbon-centered alkylnitrile radical, which is sequestered by a hydrogen-
atom source or group-transfer agent to provide a series of aliphatic nitriles. This reaction
cascade is mechanistically analogous to the process that engages a-hydroxy acid-derived
cyclic oximes as substrates. In principle, G-acyl cyclic oximes should generate iminyl
radicals in presence of photoredox-active molecules. More than a decade after the
pioneering disclosure, Zhou and co-workers have hypothesized O-acyl cyclic oxime as
photoredox-active substrate that undergoes iminyl radical formation / B-scission cascade
under photoredox manifold.293

A Giese-type reaction constitutes a complementary strategy to introduce new alkyl groups to
alkyl chains, using olefin electrophiles and cyclic oximes as alkyInitrile precursors. Within
this broader reaction manifold, Zhou and co-workers have developed a photoredox catalyst-
mediated approach to utilize cyclobutanone-derived O-acyl oxime 212a as a precursor to an
iminyl radical, which enters a cascade sequence involving B-scission and addition across a
styrenyl olefin with high electron density to provide linear alkane 213a (Schemes 54).203
This strategy relies on a strongly reducing photocatalyst for optimal reaction efficiency: only
Ir(ppy)s and eosin Y deliver the desired product 213a in synthetically relevant yields, and
each of these photocatalysts possesses excited reduction potentials that are compatible with
the reduction potential of oxime 212a (Epred =-0.99 V vs. SCE in CH,Cl5,, Scheme 54).

This approach enables three-component coupling reactions that engage cyclobutanone-
derived O-acyloximes 212a as iminyl radical precursors and styrenyl derivatives as radical
trapping agents. Following radical trapping, generated radical intermediate 215 is presumed
to undergo in situ oxidation furnish a cationic intermediate, which is trapped by the third
reaction component: a nucleophilic solvent (Scheme 55). Indeed, the oxidation of benzyl
radical 215 (£, = +0.73 V versus SCE)?%4 to benzyl cation 216 is thermodynamical
feasible with Ir(ppy) (E12[Ir'V/Ir'"] = +0.77 V versus SCE).16 In methanol, this process
can provide synthetically useful access to p-alkoxyester derives, a class of compounds that
is typically accessed via aldol addition reactions, based on use of the 1,2-disubstituted
olefin, ethyl cinnamate as a radical trapping agent. Alternatively, this process can be used
to install a tetrasubstituted distal center based on the use of a 1,1-disubstituted alkene, such
as isopropenylbenene, as a radical trapping agent. Furthermore, 1,3-amino alcohol analogues
may be accessed using a 3-azetidinone-derived oxime as a substrate. To target formation

of more complex ethers, other nucleophilic alcoholic solvents can be employed, such as
propargylic alcohol and ethylene glycol. Alternatively, to form simpler benzyl alcohols,
water is a suitable nucleophilic solvent.
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5.4.6 Ring-Opening Cascades Can Rely on O-Acyl Cyclic Oxime Substrates
in Net Vinylation Processes—In principle, many alternative approaches could be used
to productively engage intermediates generated from cyclobutanone-derived O-acyl oxime
212 through two-component cascades involving iminyl radical formation / B-scission, and
addition across a m-system. Specifically, Yu has demonstrated that if the engaged olefin is a
styrylboronic acid, the generated benzylic radical 219 is proposed to be oxidized to benzylic
carbocation 220, and this intermediate cation can be quenched through deborylation to
furnish an (£)-1,2-disubstituted olefin (Scheme 56).20° This strategy permits assembly of
biologically relevant scaffolds such as 4,4-disubstituted piperidine,2°¢ which is prepared

in 83% yield and in modest stereoselectivity. Additionally, 1,2-disubstituted allylether and
1,3-diarylpropene are accessed in synthetically relevant yield with high stereoselectivity.
As such, this type of reactivity can be harnessed to forge new C(sp2)-C(sp3) bonds with
appropriate olefin coupling partners.

A vinylation reaction is also feasible based on initial cyclobutanone-derived O-acyl oxime
substrates 221, while relying on the same initial two-component cascade involving iminyl
radical formation / B-scission, and addition across an olefin. Indeed, Chen, Xiao and
co-workers intercept these cascades to affect several complementary reactions (Schemes
57-58). In a net vinylation sequence, following radical trapping by an olefin, oxidation

of a putative benzylic radical provides a benzylic cation, which undergoes base-mediated
elimination reaction of the homobenzlic proton to furnish the olefin (Scheme 57A).207
Intriguingly, this reaction manifold is robust to silyl enol ether as radical acceptors (Scheme
57B). For example, C-acyloxime 212a reacts with tri-substituted silyl enol ether to provide
the a-substituted ketone 227, a class of radical acceptor that was not previously viable
within the context of another iminyl radical cascade.128

5.4.7 Ring-Opening Cascades Can Rely on O-Acyl Cyclic Oxime Substrates
to Trigger Ring-Expansion Processes—Furthermore, a mechanistically analogous
initial two-component cascade can be proposed wherein cyclobutanone-derived O-acyl
oxime substrates 212 react to trigger ring expansion of vinyl cyclobutanol radical trapping
agents 228 and furnish a-arylated cyclopentanone products 229 (Scheme 58).298 A plausible
mechanism to explain this reactivity involves a familiar cascade sequence of iminyl radical
formation / p-scission / addition across an olefin / radical oxidation that can furnish a

cation that is vicinal to a fully-substituted alcohol. This intermediate would trigger a
1,2-alkyl shift in a process that is analogous to type-1 semipinacol rearrangement and
furnish a-arylated cyclopentanone products 229. Consistent with the proposed reaction
mechanism, these reactions are more efficient when they engage electron-dense vinyl
arenes, which are better poised to resonance stabilize an intermediate cation (i.e., 231). So,
anisole-substituted product 229a forms more efficiently (in 92% yield) than 4-fluorophenyl-
substituted analogue, which is isolated in 54% yield. An appropriately positioned ester could
stabilize radical intermediate 230 (Y = CH,, Rl = CO,Me), and does not appreciably affect
the reaction outcome, furnishing ester-substituted 229d in 90% yield in 1:1 dr. By contrast,
oxetane-derived oxime reacts to form ether 229c¢ in 54% yield. In this case, it is possible

that ring-opening to relatively stable a-oxygenated radical 230 (Y = O, Rl = H) could

slow olefin trapping en route to ether 229c¢, which could be the origin of depressed reaction
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efficiencies. Oxetanes themselves do not poison the reaction: vinyl oxetanes can engage
in the reaction as radical trapping agents, as evidenced by production of dihydrofuranone
229¢ in 83% yield. Additionally, while this process is sensitive to substrate substitution,
this reaction can engage less strained cyclopentanol-derived terminal olefin 232 as viable
coupling partner with oxime 212a to deliver cyclohexanone 233 in 69% vyield.

5.4.8 Ring-Opening Cascades Can Rely on O-Acyl Cyclic Oxime Substrates
to Affect Alkene Carbofunctionalization Reactions—A more practical strategy to
introduce carbonyl group to alkyl nitriles from ketone feedstocks is through a radical-polar
crossover cascade that couples O-acyloxime 212a and more readily accessible olefin
trapping agents (i.e., aryl olefins) in the presence of DMSO to affect a radical addition /
Kornblum oxidation cascade. 299210 Thjs reaction is presumed to proceed through a cascade
involving iminyl radical formation / B-scission, and addition across a rt-system, yet, the
thusly generated intermediate cation (i.e., 236) is expected to be intercepted intermolecularly
by DMSO, with generated cation 237 serving as a viable intermediate in a formal Kornblum
oxidation (Scheme 59). While the traditional Kornblum oxidations requires exogenous

base to convert alkoxysulfonium intermediates to ketones, this reaction does not require
exogenous base to obtain the desired ketone product. In fact, the use of base diminishes

the reaction performance.b The operative oxidation process is speculated to arise from

a photoredox-mediated process.21! Specifically, this research relies on the recognition by
Akita and co-workers that an alkoxysulfonium intermediate, such as 237, can be reduced

by a photocatalyst in the key step of a radical-mediated formal Kornblum oxidation
reaction.?11: 212 This mechanistic hypothesis is consistent with the detection by HRMS

of dibenzylsulfide in a crude reaction mixture (Scheme 59B). Furthermore, oxygen-isotope
labeling experiment with Me,S180 (89% 180 incorporated) delivers unlabeled and labeled
products 238a and 238b in 23:73 ratio.210 This mechanistic proposal is also consistent with
the reaction outcome when a-arylated oxime 212c is used as a substrate. Specifically, oxime
212c is expected to react through thermodynamically stable benzylic radical 240, which
does not trap olefin, and therefore does not form three component coupling product 241, but
instead forms ketone 239 directly in 60% yield (Scheme 59C).209

While the Kornblum oxidation cascade constitutes a viable strategy to incorporate ketone
functionality, sulfonylation can proceed when an SO, surrogate is included in the

reaction. In fact, 1,4-diazabicyclo[2.2.2]octane disulfate (DABSO) has been employed

as SO, surrogates to affect visible-light mediated sulfonylation cascade with C-aryl
v.,8-unsaturated oximes and silyl enolates.213:214 |_ess expensive, commercially abundant
potassium metabisulfite can also be used as an SO, surrogate to affect sulfonylation?1®
under photoredox-mediated conditions.?18 O-acyl oximes 212, K5S,0s, olefins and alcohols
participate in multi-component coupling reactions to provide aliphatic sulfones 242 (Scheme
60). This reaction is speculated proceed through trapping of cyanoalkyl radical 189 by SO,
to provide sulfonyl radical 243, which is trapped by olefin to deliver radical species 244.
Subsequent oxidation of benzylic radical 244 to carbocation 245 and nucleophilic attack

bThe reaction mass balance was not disclosed to contextualize the investigation of base, so it is unclear whether diminished yields
in reactions involving exogenous base result owing to a competitive unproductive elimination reaction to furnish alkene byproducts,
which are the dominant reaction products generated in reference 207 under similar reaction conditions.
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by alcohols ultimately produces product 242. Presumably, oxidation of the benzylic radical
occurs at a rate faster than kA~ 8.8 x 107 s1, as a cyclopropyl radical is expected to undergo
ring-opening at this rate,217 and product 242a, with an intact cyclopropane forms in 45%
yield. This result is difficult to interpret as it is unclear whether cyclopropyl ring-opening
products have been detected in this reaction. Reaction conditions are sufficiently mild to
enable conversion of 1-methyleneindane to elimination-prone tertiary ether product 242b,
without generating potential indene byproduct.21® The reaction benefits from strain-release
during cyclobutane opening, as less-strained cyclopentanone-derived O-acyl oxime is an
ineffective substrate that does not provide the product 242c. In terms of nucleophiles, while
tert-butanol is not an effective trapping agent in this reaction, presumably owing to steric
encumbrance, the reaction is flexible enough to allow the use of water and CD30D as
nucleophiles, paving the way to deliver tertiary alcohol 242d, or to assemble deuterium-
incorporating sulfones.

The cascade sequence involving iminyl radical generation / g-scission and SO, trapping

can be invoked to generate alkylsulfonyl radical 243, which can be intercepted by
aryl-substituted methylenecyclopropanes 246 to provide 3,4-dihydronaphthalenes 247
(Scheme 61).218 Plausibly, the initial three-component iminyl radical generation / -
scission and SO, trapping cascade furnishes carbon-centered radical intermediate 248

that undergoes p-scission to form homoallylic radical species 249. This homoallylic

radical is trapped intramolecularly by a pendant arene and re-aromatization (not depicted)
ultimately yields product 247. Higher yields are observed when methylenecyclopropanes
incorporate electron-dense arenes, such as anisole analogues, rather than electron-deficient
arenes, such as benzonitrile derivatives 247b and 247f. Sterically, ortho-substituted aryl
methylenecyclopropanes (247a and 247b) are the least responsive olefin substrates in the
reaction. Aryl methylenecyclopropanes with meta-substitution are more reactive but suffer
because radical-addition to arene is not position-selective. For example, the reaction product
with meta-substituted benzylic ether is isolated as a mixture of positional isomer, favoring
Al3_strain minimized product 247c over Al3-strained product 247d. Not surprisingly, para-
substituted aryl methylenecyclopropanes (247e and 247f) are the most reactive among the
arene series. This three-component coupling reaction is not effective with phenyl-substituted
methylelecyclobutane 250 as a radical trapping agent, presumably because it is expected to
undergo net endergonic cyclobutyl-ring-opening / seven-membered ring formation sequence
(AG ~ +4.9 kcalemol™1).179 This reaction is not effective when the iminyl radical is
generated from heterocyclic oximes, such as azetidine and oxetane derivatives (212d and
212e). Lastly, but not surprisingly, less torsionally strained five-membered cyclic oxime 212f
does not furnish product under the reaction conditions.

By extension, the iminyl radical generation / p-scission / addition to SO, cascade sequence
can be used to generate alkylsulfonyl radical 243, which can be intercepted by cyclic

vinyl sulfone 252, which can serve as both an “SO,"”-source and radical trapping

agent in the preparation of B-ketosulfones 253 (Scheme 62). 219 Mechanistically, this
transformation leverages organic triflate’s propensity to fragment towards F5Ce and SO,220
and relies on chemoselective alkyl radical addition to SO, to generate alkylsulfony! radical
species.?2! To initiate the reaction, literature precedent suggests that energy transfer between
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photosensitizer and vinyl sulfone 252 generates enol radical 254 and CF3S0,¢.222 A net
radical a-trifluoromethylation of 254 liberates SO,, which is poised to react with radical
species 189 to form alkylsulfonyl radical 243. Intermolecular trapping of alkylsulfonyl
radical 243 by another molecule of cyclic vinyl triflate 252 delivers O-stabilized enol radical
257. This enol radical is poised for B-scission to deliver p-ketosulfone 253 and F3CSOoe,
which can fragment into F3Ce and SO, to propagate another cycle of product formation.
This transformation tolerates oximes with synthetically useful functional groups, such as
ester and nitrile; however, yields erode with phenyl-substituted oxime substrates, unless the
benzylic carbon is fully substituted. Branched p-ketosulfones such as 253e and 253f can

be synthesized, albeit with reduced isolated yields. Unlike the aforementioned sulfonylation
reactions, this reaction renders five-membered cyclic oxime to provide the product 253f in
42% yield.

5.4.9 Ring-Opening Cascades Can Rely on O-Acyl Cyclic Oxime Substrates
in (Hetero)arylation Reactions—The related Minisci-type reactions?23: 224 permit
synthetic chemists to formally alkylate heteroarenes and electron-deficient arenes with
alkyl radical species via C(sp2)-H alkylation process. Thus, Minisci-type reactions
between cyanoalky! radicals generated from cyclic oximes and heteroarenes should be
possible. In 2017, the Guo laboratory demonstrated that such cyanoalkyl radicals effect
Minisci-type reactions with heteroarenes under thermally- and nickel-mediated process.22>
The aforementioned research begat a series of milder photoredox-mediated Minisci-type
reactions with cyclic oximes as alkyl radical precursors and heteroarenes (Scheme 63).225,
227,228 Research laboratories led by Kong, Xu, and Wang have disclosed that O-acyloxime
212a reacts with quinoxalinone 258a to deliver alkylated quinoxalinone product 259,

with DMF or CH,Cl; as a reaction solvent (Scheme 63A). 226. 227 Shortly thereafter,
Xiang, Yang and co-workers document that perfluoropyridin-4-ol-derived oxime 260 is an
appropriate precursor to generate the same product viaa Minisci-type reaction with the
same quinoxalinone (i.e., 259, Scheme 63B).228 Collectively, this transformation depends on
strongly reducing Ir(ppy)s photocatalyst (£1/, [*Ir'"/1r'V] = —1.73 versus SCE)16 to cleave
the redox-active handles to reveal the iminyl radical. The O-perfluoropyridinyl-derived
oxime 260 (£p, = =1.49 V versus SCE)?27 can be cleaved by oxidative quenching

of *Ir(ppy)s, and by thermal N-O bond cleavage in dark. Indeed, the reaction without

light furnished the desired product 259 in 60% yield. Sans Ir(ppy)s, the reaction yields
trace quantities of product 259. At this point, the role of Ir(ppy)s is unclear, but, in a

less mechanistically ambiguous scenario, the perfluoropyridin-4-ol handle offers additional
opportunity to trigger Minisci-type reactions with heteroarenes under thermally mediated
conditions.?28 Following iminyl radical formation and -scission, cyanoalkyl radical species
189 is poised to undergo radical addition to quinoxalinone to generate N-centered

radical intermediate 261, which is oxidized by photocatalyst to generate highly reactive
ammoniumy| species that is poised for base-mediated re-aromatization to give the alkylated
quinoxalinone 263 (Scheme 63C).

Each of these disclosures about potentially photo-mediated Minisci reactions documents
reactivity that is distinct. Wang and co-workers show that less-strained a.-phenyl substituted
six-membered cyclic oxime reacts with quinoxalinone 258a to provide a less compact
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product 264 in 42% yield (Scheme 64A).227 Concurrently, Kong and Xu laboratories show
that chromenone 265 can engage in Minisci-type reaction with oxime 212a to yield the
alkylated product 266 in 46% yield,226 which can be thought of as a base-free alternative
that compliments the technology pioneered by Chen, Xiao and co-workers (Scheme 57).207

Quinoxalinones are not unique as viable heteroarene radical trapping agents, the Minisci-
type reaction can engage other heteroarenes to provide isoquinoline 268 in 37% vyield
(Scheme 65A).227 The sluggish reaction performance is improved by the addition of

triflic acid, which presumably protonates isoquinoline to generate a more reactive

radical acceptor poised, after radical addition, to undergo single electron oxidation and
subsequent elimination, ultimately generating isoquinoline 268 in 94% yield.22% While
many heteroarenes are viable, unsubstituted quinoline 269 and 2-phenylpyridine 271, which
have an additional electrophilic carbon-center, produce regioisomeric mixtures of products
270a, 270b and 272a, 272h, respectively (Scheme 65B). These photo-mediated reactions
compliment a silver-catalyzed process.230

5.4.10 Ring-Opening Cascades Can Rely on O-Acyl Cyclic Oxime Substrates
in Annulation Processes—Logically, these approaches can be extended to allow

for net annulation cascades. The laboratories of Zhao, Chen and Xiao, recognized the
viability of annulation cascades involving A-phenylacrylamide (273) as a radical trapping
agent to assemble 3,3-dialkyloxindole derivative 274 (Scheme 66).293.207 Fyrthermore,

both publications document isonitriles as radical trapping agents in the course of

annulation reactions (Scheme 66).203.207 As a complement to these sp-hybridized rc-
systems, Chen, Xiao and co-workers demonstrated that phenylacetylene derivative 277 traps
intermediates arising from 3-phenyl-O-acyl oxime 212g in a net iminyl radical formation/
B-scission / radical formal [4+2]-cycloaddition reaction to access nitrile-decorated 1,2-
dihydronaphthalene derivative 278. (Scheme 66).297 These photoredox-mediated radical
annulation cascades prompted development of synthetic strategies to assemble polycyclic
scaffolds.

The net iminyl radical formation/ p-scission / radical formal [4+2]-cycloaddition reaction
of 3-phenyl-O-acyl oxime 212g and phenylacetylene derivative 277 relies on a pendant
arene within cyclobutanone-derived O-acyl oxime 212g for annulation (Scheme 66, third
reaction).207 Chen and Xiao laboratories have developed complementary synthetic protocol
that employs 3-naphthyl-substituted G-acyl oximes 212 and electron-deficient olefins

as coupling partners to build 1,2,3,4-tetrahydrophenanthrene derivatives 279 (Scheme
67A).231 The efficiency of this protocol depends on specific nature of the electron-
deficient olefin radical trapping agent. These reaction conditions do not efficiently engage
B-substituted methyl acrylate, dimethyl fumarate, a,f-unsaturated amide, or styrene in

the desired reactions. Fortunately, sterically encumbered 3-methylene-dihydrofuran-2-(3H)-
one proves to be a viable radical trapping agent and provides spirocyclic product 279b

in 27% yield. Furthermore, reactions with a,a-disubstituted acrylates furnish 1,2,3,4-
tetrahydrophenanthrenes with tetrasubstituted carbon-centers. Notably, this strategy affects
position-selective radical addition to arenes and avoids the production of site-isomeric
product. Site-selectivity may prove to be predictable: DFT calculations are consistent with
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the hypothesis that Kinetically originated selectivity reflects the relative stabilities of the two
penultimate carbon-centered radical species 281a and 281b leading to the two positional
isomers (Scheme 67B). Indeed, the desired carbon-centered radical 281a is estimated to be
7.0 kcalemol™1 more stable than its site-isomer 281b.

In the absence of an a- or pB-aryl substituent on the cyclobutanone-derived O-acyl

oxime, annulation reactions have been reported with aryl isonitriles as radical trapping
agents, once again relying on net iminyl radical formation/ g-scission cascades to furnish
cyclopenta[]quinoxalines (Scheme 68). 232 Previously, tin-based radical initiator had been
used to synthesize cyclopenta[#]quinoxlines from aryl isonitrile and iodonitrile.233234 The
photoredox manifold obviates the use of toxic stannane reagents. In this transformation, the
addition of O-acyl oxime 212-derived cyanoalkyl radical 189 to aryl isonitriles 282a forms
carbon-centered radical 284, which is poised to engage in the first annulation sequence
(Scheme 68A). In the event, ring closure furnishes iminyl radical 285, which cyclizes onto a
well-positioned arene. Rearomatization reveals cyclopenta[ flquinoxaline products 283a. In
these reactions, arene substitution pattern impacts regio- and chemoselectivity. For example,
meta-substituted aryl isonitriles such as 282b and 282c produce regioisomeric mixture of
products 283b, 283c and 283d, 283e, respectively (Scheme 68B). Reasonably, under the
reaction conditions, o-thiomethyl substituted 282d delivers alkylated benzothiazole product
286 instead of anticipated product, suggesting that the radical-addition to SMe is favored
over the radical-addition to nitrile (Scheme 68C).

5.4.11 Ring-Opening Cascades Can Rely on O-Acyl Cyclic Oxime Substrates
to Affect Atom- and Group-Transfer and -Trapping Processes—Furthermore,
group-transfer agents (Y—-X-X-Y) such as disulfides, diphenyldiselenide and diboronates
have been identified as radical trapping agents that partake in the cascadic two-component
coupling reactions with O-acyl cyclic oximes (Scheme 69). 235 These group-transfer agents
are electronically compatible O-acyl cyclic oximes because electron-rich radical byproduct
Y-Xe can reduce oxidized photocatalyst. Thiolation reactions with azetidine-derived oximes
are viable with dimethyldisulfide and a variety of electronically perturbed diaryldisulfides

to provide amine-substituted sulfides (288a—288c) in good yields. Analogous selenylation
reaction with the same oxime substrate and diphenyldiselenide provides amine 288d in

49% yield. C-acyl cyclic oximes respond to borylation reaction with diboronic acid and
subsequent reaction work-up with pinacol affords easily isolatable boronic ester product. For
example, benzyl ether substituted oxime is transformed to 288e, which is a scaffold could be
carried further to access 1,2-diols, highlighting the broad variety that can be introduced into
a molecular scaffold using this approach.

Another two-component coupling cascade that begins with O-acyl cyclic oxime substrates
involves reductive carboxylation with carbon dioxide.238 Carbon dioxide is an inexpensive
feedstock that is poised for nucleophilic attack by carbanion generated from iminyl radical
formation / p-scission / single-electron reduction cascade. This type of reactivity is difficult
to access from with CG-acyl cyclic oximes because substrate reduction by the photocatalyst
outcompetes reduction of corresponding alkyl radical to the critical carbanion intermediate.
Zhang, Yu and co-workers used this challenge as a testing ground to convert C-acyl

cyclic oxime to carbanion using exogenous reductant (Scheme 70).237 Mechanistically, it is

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

Page 32

proposed that upon excitation of [Ir!""] to [Ir'""™], Huinig’s base (£,°% = +0.68 V versus SCE
in benzene)238 triggers reductive quenching of [Ir'""*] to [Ir'] (Eyo[Ir'/*1r1"] = +0.68 V
versus SCE in MeCN).8 Resultant [Ir''] complex is poised to reduce oxime 289 to generate
radical anion 291. In fact, Stern-Volmer analysis reveals that Hunig’s base reductively
quenches [Ir'!™*] more quickly (Kq = 3.3 x 108 M~1es71) relative to oxime 289. B-scission
of the radical anion species reveals iminyl radical 292, which undergoes a second B-scission
process to furnish benzylic radical species 293. It is speculated that [Ir''] generated from
reductive quenching of [Ir'""*] by Hiinig’s base reduces 293 to carbanion 294. Indeed, the
generation of carbanion is supported by deuterium incorporation with D,O in the reaction
of substrate 289 to afford product 296 with 95% deuterium incorporation. Presuming

an intermediate radical anion forms, nucleophilic attack on CO, would occur to deliver
carboxylate 295, which could be protonated upon acidic work-up to provide carboxylic acid
290 and complete the ring-opening cascade sequence. Under optimal reaction conditions,
oxime 289 is transformed to carboxylic acid 290 in 93% yield. This reaction does not
proceed in the absence of light and furnishes trace product absent Ir(ppy)s. In absence of
CO», product 290 is detected in 35% yield, which suggests that sodium carbonate plays dual
role of minor source of CO, source and reaction base. Removing sodium carbonate from
the reaction yields product 290 in 70%, which establishes CO» as the major CO source.
Intriguingly, absence of Hiinig’s base nevertheless affords product 290 in 34% yield. So,
many of the reaction components serve multiple roles in the reaction.

Through iminyl radical formation / p-scission cascades, other nucleophiles can be
incorporated under the assistance of copper catalyst. This process is exemplified by non-
photo-mediated copper catalyzed radical cross-coupling reactions of cyanoalkyl radicals
generated from O-acyl oximes and terminal alkynes.23% With the rise in utility of copper
under photo-mediated manifolds,240 analogous photo-mediated strategies employing copper
catalysts have emerged. It is worth underscoring that despite ongoing discussions on
copper’s dual role as a photocatalyst and a transition-metal catalyst,240 dark reactions

are viable reaction pathways to elicit desired transformations. The complexity in reaction
mechanisms involving copper arises in part because of the redox properties of copper.241
Notwithstanding the mechanistic uncertainty, irradiation with visible light nevertheless
imparts improvement on reaction performance within the context of multicomponent
coupling reactions involving cyclic oximes, radical trapping agents and organocuprate
intermediates.242: 243 For these reactions, reaction efficiency improves in the presence of
visible-light. This suggests that either a) the copper catalyst participates in photoredox
process in tandem with light-independent pathways or, b) visible-light (blue light = 450 nm
or 63.5 kcalsmol™1) promotes oxidation of the copper catalyst by N-O bond scission (N-O
BDE ~ 57 kcalsmol~1).244 In light of these phenomenon, the upcoming discussions will
include reactions that are speculated to involve photoredox events and may note reaction
mechanisms that occur in the absence of light.

As an alternative strategy to intercept an iminyl radical formation/ -scission cascade and
to install an alkyne, copper catalyst can affect alkynylation in the presence of a terminal
alkyne (Scheme 71). Without light, this reaction is possible under thermally mediated
conditions.239 Alternatively, Shi and co-workers report a two-component coupling reaction
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between O-acyloxime 212a and terminal alkyne 297 with Cu(OTf), under visible-light
irradiation to deliver alkynyl nitrile 298.24° This strategy can be employed to convert
sterically encumbered cyclic oxime to the alkynyl nitrile 298a in 77% yield, as well as
alkynyl nitrile with quaternary carbon-center 298b in 59% yield. This reaction also permits
terminal alkynes such as indole-derived alkyne to provide the corresponding product 298¢
in 55% yield and can render diacetone D-glucose-derived terminal alkyne susceptible to the
desired transformation to access complex alkynyl nitrile in 43% yield. Control experiments
reveal that this reaction does not proceed in the absence of light, which suggests that light
is critical to the operative reaction mechanism. The authors suggest that the benefits of light
to the reaction suggest that the copper catalyst is an active photoredox catalyst?0 or that
photo-irradiation promotes oxidation of the copper catalyst by N—O bond scission.244

An alkyl radical, generated from an O-acyl oxime can react with an enantioenriched
cyanocuprate complex in a process that ultimately forges a new C(sp)-C(sp3) bonds
enantioselectively (Scheme 72).246.247 |n the presence of amino indanol-derived chiral
spirobisoxaoline ligand248 299, enantioselective cyanation proceeds efficiently between
five-membered cyclic oxime 212i and TMSCN, in the presence of blue light and Ir(ppy)s
photocatalyst to deliver (/)-nitrile 300a in 78% yield with 96:4 er. This reaction proceeds
inefficiently absent light, or absent photocatalyst. Absent copper pre-catalyst, this reaction
affords the racemic product in 14% vyield, which confirms that bond-formation is mediated
by chiral copper complex. In a concurrently developed reaction, entligand 299 (ent-299)
and an organic photocatalyst Ph-PTZ react under purple light to furnish product 300b in
(S)-enantiomer quantatively in 95.5:4.5 er (Scheme 72B). Interestingly, this reaction does
not proceed without light and the photocatalyst, although trace product is detected when the
copper pre-catalyst is omitted.

Mechanistically, both transformations are initiated by generation of nitrogen-centered iminyl
radical 301 from photoredox-mediated N-O bond scission involving oxime 212b (Scheme
72B). Indeed, the reduction of oxime 212b (E, = —1.69 V versus SCE in DMA) by

both Ir(ppy)s (Ey/2 [IrV/*1r'] = =1.77 V versus SCE in CH3CN) and Ph-PTZ (&, [Ph-
PTZ**/Ph-PTZ*] = 2.1 V versus SCE in CH3CN) are thermodynamically favorable.24’
Stern-Volmer experiments indicate that the oxidative quenching of Ir(ppy)s by oxime 212b is
kinetically feasible (Kg 2120 = 4.7 x 107 M~2es™1 in PhMe). €, 249 The experiments further
reveals that (ent-299)Cu"(CN) complex can oxidatively quench the photocatalyst (Kg [cy]
=1.4 x 10" M~Les71 in PhMe)C to potentially generate the corresponding reduced [Cu]™?
species. After the photoredox-mediated activation of oxime, it is proposed that the expelled
carboxylate liberates cyanide anion from TMSCN through nucleophilic substitution reaction,
a hypothesis that is consistent with the detection of trimethylsilyl carboxylate in reaction
mixture by GC-MS analysis.247 The liberated cyanide anion is hypothesized to serve as

a counteranion for oxidized photocatalyst. Thermodynamically favorable single-electron
oxidation of (ent-299)Cu"(CN) (&3, [Cu'/Cul'] = +0.36 V versus SCE in CH3CN)226

by photocatalyst (&1, [Ir'V/Ir'"] = +0.83 V versus SCE in CH3CN, £;/» [Ph-PTZ**/Ph-
PTZ] = +0.68 V versus SCE in CH3CN)6: 226 provides (ent-299)Cu™1(CN),.247 This

CThe Kq was calculated from d(Fo/F)/d[quencher] values obtained from reference 247 and phosphorescence lifetime of Ir(ppy)3 in
toluene obtained from reference 247.
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copper complex is poised to trap alkyl radical species 203 generated from the p-scission

of 301 to access organocupric intermediate 303. The ultimate reductive elimination step
establishes new C(sp3)-C(sp) bond to provide enantioenriched dinitrile 300b and regenerate
(ent-299)Cu"CN complex. It should be underscored that under the optimal reaction
developed by Xiao, Chen and co-workers, this reaction possesses low quantum yield

(¢ = 0.509). So, the possibility of this transformation proceeding through radical chain
propagation mechanism cannot be ruled out. Overall, these enantioselective two-component
coupling reactions between cyclic oximes and TMSCN constute an example from a
collection of strategies to affect enantioselective bond-forming reactions through the union
of photoredox catalysis with chiral transition-metal catalysis.

5.4.12 Absent an Exogenous Radical-Trapping Agent, Ring-Opening
Cascades That Rely on O-Acyl Cyclic Oxime Substrates Engage in Migration/
Elimination Sequences, or Trap In Situ-generated Carboxylate Anions—C-Acyl
cyclic oxime substrates can engage in a photoredox-mediated reaction cascade in the
absence of radical or nucleophilic trapping agents. For example, 3,3-diaryl-substituted O-
acyl cyclic oxime 212 is converted to a,B-unsaturated nitrile under the aegis of Ir(ppy)s
photocatalyst and DABCO as exogenous base (Scheme 73).250 Photoredox-mediated N—

O bond scission / B-scission cascade of oxime 212 ultimately reveals 1° alkyl radical
intermediate 305, which undergoes 1,2-aryl migration to form a secondary benzylic radical.
Oxidation of benzylic radical 306 to carbocation 307 and elimination of acidic benzylic
proton by DABCO furnishes (£)-alkene 304 as the major product. For oximes with

different aryl substituents, the migratory aptitude of aryl group appears to be dictated

by stereoelectronic considerations. For example, a more electron-rich thiophene moiety
migrates more readily than a phenyl substituent to deliver thiophenyl 304a. Unfortunately,
non-selective aryl migration occurs when two differently substituted arenes possess similar
electronic and steric profiles. In the case of phenyl and o-xylenyl bearing oxime, both arenes
rearrange competitively to provide a mixture of products. Ultimately, this reaction affords
a,B-unsaturated nitriles and B-functionalized nitriles under mild reaction conditions.

Absent diaryl-substituents, O-acyl oxime 212 engages in p-scission / aryl acetate coupling
cascade through intermediacy of benzyl radical 309 and benzy! cation 310 to furnish
benzoate 308,251 which opens possibilities for downstream functionalization reactions with
nitrile- or benzoate-groups (Scheme 74). Remarkably, compact to large cyclic oximes (n

= 1-5) engage in this transformation productively. Strained 4- and 5-membered cyclic
oximes proceed through the reaction cascade to provide corresponding desired products
308a and 308b in 54% and 81% vyields, respectively. Despite the diminished isolated
yield, 6-membered cyclic oxime reacts to provide product 308c in 48% yield. Slightly
more strained 7- and 8-membered cyclic oximes are amenable to the reaction, and provide
products 308d and 308e in 63% and 69% vyield, respectively. This reaction cascade can be
applied to acyclic oxime, in which ketoxime 311 was converted to ester 312 in 51% yield.

Broadly, reactions with O-acyl cyclic oximes as N-centered radical precursors rely on
oxidative quenching of photocatalyst to affect g-scission / radical addition cascades. These
sequences terminate based on oxidation to form a carbocation intermediate, which is
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quenched by a nucleophile to foment new C—C or C-heteroatom bonds, or with exogenous
base to affect elimination to establish new C=C bonds. Alternatively, by switching the
redox-active handles to those that rely on reductive quenching, new reaction modes become
available. Specifically, the B-scission / radical addition cascade can be followed directly

or indirectly by reduction to install a carbanionic intermediate, and involving electrophilic
radical or anion trapping agents, or Brgnsted acids. In principle, this approach should enable
atom- and group-transfer reactions with electrophilic atom- and group-transfer agents and
Giese-type reactions with electron-deficient olefins.

Iminyl Radicals Guide C—H Functionalization Reactions

Notably, iminyl radical intermediates can induce C—H functionalization reactions, which
are expected to proceed through 1,5-hydrogen atom transfer (HAT) processes, prior to
trapping a halogen atom to generate a 3° alkyl fluoride or chloride. This is remarkable

as intramolecular 1,5-HAT process are not likely to be induced by an iminyl radical,

and gas-phase DFT calculations performed at the UB3LYP/6-31+G(d,p) level of theory
suggest that this abstraction event is an endergonic process (Scheme 75A).180 Theoretical
calculations estimate that the hydrogen-atom abstraction by iminyl radical 313 to generate
carbon-centered radical 314 is endergonic by AG = 4.2 kcalemol~L. Fortunately, Forrester
and co-workers39 envisioned that this process could be energetically favorable under acidic
conditions. In acid, the iminium radical cation generated would be more electrophilic than
neutral iminyl radical and would favor hydrogen-atom abstraction.2>2 Indeed, gas-phase
DFT calculations at the same level of theory reveal that the HAT event that converts 315
to 316 is exergonic by AG = —24.9 kcalemol 1. These calculation results suggest that
acidic reaction condition could deliver a highly effective reaction system. Unfortunately,
traditional protic conditions are incompatible with the mildly basic photoredox-mediated
decarboxylative conditions that furnish access to iminyl radical intermediates.2%3

To overcome this tactical limitation, Leonori and co-workers identified photo-aided
conditions to promote decarboxylative fluorination and chlorination reactions (Scheme
75B—C).180 These photo-mediated fluorination conditions benefit from the addition of

a silver salt, which is presumed to facilitate C-F bond formation.25* The fluorination
process proceeds less rapidly in the absence of photocatalyst. Under the optimal conditions,
the reaction relies on a radical chain propagation mechanism, as indicated through

quantum yield (¢ = 4.8) experiments, which suggest that at least 4.8 equivalents of

product form per photon of light absorbed. Nevertheless, at least one product suggests

that these reaction conditions overcome the site-selectivity that would be achieved

through an unguided reaction. The reaction tolerates pendant esters, phenyl substituents,
bromides, azides, nitriles, ethers, and thioethers, and has not been described with
heteroaromatic substituents. Surprisingly, the developed chlorination conditions tolerate
pendant heteroaromatic substituents, including a chloropyridyl unit and a furan, which is
prone to undesired electrophilic aromatic chlorination reactions, and would be expected

to react directly with the employed chlorinating agent, A~chlorosuccinimide (NCS), under
highly related conditions (Scheme 75C). These guided chlorination reaction conditions, like
the y-fluorination process conditions, have been applied to two substrates that could be used
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to highlight guided site-selectivity. Subjecting a 4,8-dimethyl-1-phenylnonan-1-one-derived
oxime to the reaction condition affords chlorinated product 321c in 34% yield.

Concurrently, Jiang and Studer'48 developed an oxime-guided Giese reaction at tertiary
and benzylic C(sp3)-H centers (Scheme 76).2%° Following hydrolytic aqueous work-up,

a C(4)-functionalized ketone is revealed. This process transforms wide scope of oximes

to their corresponding functionalized ketones, and suitable radical trapping agents include
a,pB-unsaturated esters and ketones. The reaction tolerates aryl and heteroaryl-substituted
oximes, as demonstrated with thiophenyl-substituted oxime. Furthermore, if the reaction is
worked-up with benzoyl chloride and triethylamine, the product incorporates an activated
imine handle that is poised for further functionalization.2>6

Aliphatic OC-acyl oximes 324 can induce guided net C—H vinylation reactions with styrenyl
boronic acids 217a as radical trapping agents under photoredox-mediated conditions to
afford aliphatic ketones 325 (Scheme 77).295 The most efficient vinylation reactions rely on
tertiary radicals as intermediates. So, when a substrate can undergo competitive reactions
at secondary or tertiary centers, vinylation proceeds at the tertiary center. Nevertheless,
vinylation of a secondary carbon is possible when the engaged center is stabilized by an
adjacent heteroatom (cf. 325b), and even at primary benzylic centers (cf. 325c).

A directed vinylation reaction proceeds between O-acyl oxime 326 and olefin 327 to
afford vinylated aliphatic ketone 328 by way of proposed intermediate cation 330, which
is more readily accessible in the presence of an acidic additive (Scheme 78A).257 Not
surprisingly, this transformation exhibits more facile vinylation reactions at tertiary centers
relative to secondary centers, where reactions proceed more readily than at primary
centers, presumably based on the relative stability of the requisite intermediate radicals.
Interestingly, with a-methyl styrene as a radical trapping agent, terminal alkene product
328d predominates relative to internal alkene product (not depicted) in 92% yield and in
>099:1 £ /. With coumarin as a radical trapping agent, C—C bond formation proceeds at

the a.-carbon rather than the p-carbon. Indeed, electron-deficient olefins prove challenging
as radical trapping agents, including benzyl acrylate, benzyl crotonate, acrylonitrile,

and electron-deficient styrenes. Presumably these electron-withdrawing groups should
less readily form requisite carbocation intermediates. Notably, the critical carbocationic
intermediate can be trapped by water or a nucleophilic alcohol to afford alcohol or ether
products (Scheme 78B).258 In these reactions, when 1,3-diene is used as a radical trapping
agent, reactions proceed preferentially at C(2) to provide alcohol 329a, based on the
formation of stable benzylic carbocation en route to product. Ultimately, this approach can
furnish either vinylation or oxygenation products.

Iminyl radicals are powerful reaction intermediates that can be harnessed to affect position-
selective C(sp3)-H functionalization reactions through the intramolecular 1,5-HAT / alkyl
radical trap cascade. Logical future directions for reaction development involve enantio-
and position-selective C(sp3)-H functionalization reactions. These formidable processes are
challenging because enantiodeterming steps involving alkyl radicals must be faster than
unproductive reaction pathways that lead to enantioerosion.2%9
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Fortunately, Nagib and co-workers have reported a guided enantioselective intramolecular
C(sp3)-H amination reaction that transforms closely related imidates to enantioenriched
oxazolines (Scheme 79). These transformations are proposed to involve initial coordination
of the iminyl nitrogen to a chiral Cu-complex. This coordination facilitates N-O bond
reduction by a photoexcited iridium complex. The resultant imidate radical is poised for
1,5-HAT to direct formation of an alkyl radical. In the critical bond-forming step, the

chiral ligand is able to induce enantioselective C-N bond formation.280 This imidate radical-
guided enantioselective C(sp3)-H functionalization could set the stage for the invention

of iminyl radical-guided enantioselective C(sp3)-H functionalization reactions that rely on
exogenous radical trapping agents.

Nitrogen-Centered Radicals Can Be Generated from Oxyimides, Oxyamides, and

Benzenesulfonamides

5.6.1 Radicals Prepared from Oxyimides, Oxyamides, and
Benzenesulfonamides Can Engage in N-(Hetero)arylation Reactions—
Oxyimides are useful synthetic precursors to imidyl radicals by N-O bond reduction,

which can be mediated by visible light photocatalysts. In a pioneering research by Sanford
and co-workers, N-acyloxyphthalimide 334 bearing an electron-withdrawing trifluoromethyl
group engages in A-(hetero)arylation reaction with (hetero)arenes in presence of Ir(ppy)s
photoredox catalyst (Scheme 80).85 The electron-withdrawing trifluoroacyl group is critical
to this reaction. In an earlier investigation led by Okada and Oda, A-acyloxyphthalimide
with a less electron-deficient acyl group preferentially fragments to imidyl anion and

alkyl radical upon photoredox-mediated decarboxylation reaction (Scheme 80A).% By
contrast, with a more electron-deficient trifluoroacyl substituent, excited state [Ir'"'] catalyst
is oxidized to [Ir'V] complex, with concommitant reduction of imidate 334 to afford
trifluoroacetate 336 and critical imidyl radical 17. The accessed electrophilic imidyl

radical 17 is poised to add to arene 15 to afford radical 18, which can be oxidized

by the [Ir'V] complex to provide Wheland intermediate 19 and regenerate ground-state Ir-
photocatalyst. Ultimately, re-aromatization of intermediate 19 by trifluoroacetate 336 yields
product 16 and trifluoroacetic acid. Generally, addition of imidy| radical to arene follows
position-selectivity and reactivity patterns that have been associated with electrophilic
aromatic substutition reactions. For example, p-anisole reacts to provide predominantly
ortho-substituted product 335a, along with less significant amounts of meta-substituted

and para-substituted products. Similarly, a,a,a-trifluoromethylbenzene reacts to furnish
meta-substituted product 335b as the major product. More electron-rich arenes are viable
substrates for the reaction, as are 2,6-dichloropyridine and 2,6-dibromopyridine. As the
process tolerates halogenated arenes, reaction products can be poised for subsequent
manipulations in cross-coupling reactions.

While initially these A-arylation technologies relied on imidyl radical intermediates, this
approach has become more versatile. A similar reaction mechanism can be invoked

to rationalize photoredox-mediated reactions between hydroxylamine analogue 337 and
heteroarenes, such as indole derivative 338 to yield C(2)-functionalized product 339
(Scheme 81A).281 Indeed, this reaction also follows general reactivity patterns previously
observed in electrophilic aromatic substitution reactions. Indoles with electron-donating
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groups are more reactive (339a, 94% yield) than those with electron-withdrawing groups.
The power of this process is showcased using a melatonin derivative that can be transformed
into product 339f in 97% yield. With more recent advances in nitrogen-source designs,
varied electron-deficient O-aryloxy amides 340 can be employed as aminating reagents
(Scheme 81B).262

5.6.2 Radicals Prepared from Oxyimides or Oxyamides Can Add Across
Double Bonds2%3—This approach has been extended to enable intramolecular
carboamination reactions to access pyrroloindolines (Scheme 82).264:265 |n fact, this
strategy has been exploited for rapid synthesis of (x)-flustramide B (Scheme 82A) and
(+)-flustraminol B (Scheme 82B). To access ()-flustramide B,264 Atprenylated O-aryloxy
amide 346 can be prepared in two steps from brominated indole-3-acetic acid 342 and prenyl
bromide 343. Indeed, O-aryloxy amide 346 engages in photoredox-mediated alkylation with
a-sulfonyl acrylate 347 to provide alkylated pyrroloindoline 348 in 76% yield. Subsequent
vinyl sulfone reduction and cross-metathesis deliver ()-flustramide B. This strategy has
been applied to prepare ()-flustraminol B,25° albeit with a critical difference. The key
transformation converts O-aryloxy amide 346 to tertiary alcohol 352 based on trapping of an
alkyl radical intermediate by O, in air in a net hydroxyamination reaction. In this sequence,
amide reduction leads to (£)-flustraminol B. As an alternative, it is possible to intercept

the key radical cascade sequence to affect net intramolecular hydroamination, as a powerful
approach to access other pyrroloindoline cores (Scheme 82C).265

Amidyl radicals generated upon N-O bond cleavage can add across electron-dense olefins
in the course of diamidation and aminooxygenation reactions (Scheme 83). 266 One
mechanistic proposal to explain the net diamination of styrene begins with conversion

of O-aryloxy amide 356a to amidy| radical, possibly based on oxidative quenching of
excited Ir-photocatalyst. The resultant electrophilic amidyl radical 357a is poised to add

to styrene 359 to furnish benzylic radical 360. Benzylic radicals (£, ~ +0.73 V versus

SCE in CH3CN)257 undergo thermodynamically favorable oxidation by [Ir'Y] complexes
(Ep [IFVNrM] = +0.77 V versus SCE in MeCN)16 to provide carbocation 361 and ground-
state Ir(ppy)s. At this stage, carbocation 361 could engage in a Ritter-type reaction with
acetonitrile to generate nitrilium ion 362 and it is attacked by carboxylate 358 to yield
intermediate 363. As an alternative, DMSO is another solvent that can serve as carbocation
trapping agent, and can be used to affect Kornblum oxidation reaction to afford a-amino
ketone 365 from O-aryloxy amide 356b and styrene 359 (Scheme 83B).266 The roles of
solvents in these reactions are supported by experiments using isotopically labeled solvents.
In both reactions, a variety of styrenes are viable olefin radical trapping agents. In contrast
to the diamidation reaction, this Kornblum oxidation reaction can engage heteroarenes such
as thiophene, so this value-adding process is more versatile than the mechaistically related
diamination reaction.

Several complementary mechanisms underpin strategies to induce radical-mediated addition
across an olefin. For example, an imidyl radical can be generated from A-phthalimide
derivative by way of an energy transfer event between appropriate photosensitizer.

Such an energy transfer process is expected to be the basis for a reaction between
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O-vinylhydroxylamine 366 and alkene 368 in presence of Ir-photosensitizer and H,O

to provide ketone 367 (Scheme 84).170 This intermolecular carboamination reaction is
promoted by fragmentation of substrate 366 to oxygen-centered radical species 369 and
imidyl radical 370 upon energy transfer. At this point, imidyl radical 370 engages in radical
addition to alkene 368 at the sterically uncongested carbon-atom to deliver carbon-centered
radical intermediate 371. Radical 371 engages in a second radical addition with starting
material 366. Finally, p-scission of intermediate 372 affords product 367 and regenerating
phthalimidyl radical 370 . As corroboration for this proposed radical chain propagation
mechanism, the quantum yield of this reaction is greater than 1 (¢ = 12.9). Through this
methodology an array of ketones is constructed. For example, 1,2-diamine decorated ketone
367a is synthesized in 47%. In contrast to reactions mediated by transition-metal catalysts,
substrates containing Lewis basic functional groups are compatible in this photosensitized
multi-component carboamination reaction. This benefit is evident when an alkene with
pendant free-hydroxyl group is subjected to the reaction to provide amino alcohol derivative
367b in 55% yield.

In an effort to identify easily accessible precursors to amidyl radicals, Studer and co-workers
identified a.-amido oxyacids 373a as amidyl radical precursors (Scheme 85).268 Using

these amidyl radical precursors, a cascade sequence involving addition to an olefin can be
intercepted by an atom-transfer reagent. To affect fluorination, a.-amido oxyacid 373a is
proposed to give way to amidy| radical, which can add across olefin 368. The resultant
benzylic radical reacts with Selectfluor as a fluorine-atom donor to afford B-fluoroamide
374. This reaction tolerates free hydroxyl groups, as well as bromides (374b), nitro

groups (374c), and protected amines (374d). Interestingly, under similar reaction conditions,
tetrasubstituted olefin 380a engages in an ene-type fluorination reaction with Selectfluor to
provide allylic fluoride 381, which then participates in the amidofluorination reaction with
amidy! radical and a second equivalent of Selectfluor to provide difluorinated amide 382 in
85% vyield.

An analogous reaction cascade can be extended to trigger anti-Markovnikov hydro- and
deuteroamidation reactions that engage olefins 380 and a-amido oxyacids 373a under
conditions that may enable dual photoredox and thiol catalysts in the presence of water

or heavy water (Scheme 86).259 In the proposed reaction mechanism, following activation
of a-amido oxyacid 373b towards amidyl radical 357b via reductive quenching of a
photocatalyst, amidyl radical 357b would react with olefin 380 to form a new C-N

bond, and provide carbon-centered radical 364. Concurrently, carbonate or carbonic acid
undergoes proton- or deuterium-exchange with H,O or D,0 to provide carbonic acid that
transfers a proton or deuteron to thiolate 387 to provide thiol or deuterated thiol 385.
Hydrogen- or deuterium-atom abstraction delivers hydro- or deuteroamidated product 383.
Remarkably, this reaction is so mild that it tolerates pendant trimethylsilyl ethers, as well as
free primary alcohols, and can be used to access a range of selectively deuterated products.

It is possible to engage amidy! radical precursors in enantioselective reactions with 2-acyl
imidazoles 389, which form chiral-at-rhodium complex (A-RhO) to provide enantioenriched
a-aminated product 390 (Scheme 87).20 This enantioselective transformation relies

on A-RhO complex to behave as both reaction photosensitizer and enantioselective
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catalyst, analogous to A-1r complexes employed by Meggers and co-workers to affect
enantioselective alkylation between 2-acyl imidazole and alkyl bromides.27° In this
enantioselective C-N bond-forming reaction, A-RhO complex serves as both photosensitizer
to generate amidyl radical 391 from precursor 388 and as an enantio-inducing Rh-catalyst
to promote the formation of chiral Rh-enolate 392. Subsequently, amidyl radical 391
undergoes radical-addition to chiral Rh-enolate 392 at s/face to provide Rh-ketyl 393.
Ligand-exchange involving starting material 389 ultimately releases product 390 and re-
forms Rh-activated 2-acyl imidazole complex 395. Interestingly, this reaction proceeds via
radical chain propagation (¢ = 13.6). It is likely that Rh-enolate 392 behaves as initiatior and
reinitiator, or “smart initiator”.271 To re-initiate the reaction via radical chain propagation
mechanism, electron-rich Rh-ketyl complex 393 is poised for single-electron reduction with
carbamate 388 to provide amidyl radical 391 and Rh-complex 393. Ultimately, this is a
powerful approach to enantioselective photosensitized reactions.

5.6.3 Radicals Prepared from Oxyimides or Oxyamides Can Affect C—H
Functionalization Reactions—Amidyl radicals can engage in intermolecular C-H
functionalization reactions. With the identification of a-amido oxy acids 396 as amidyl
radical precursors, an opportunity has emerged to take advantage of the propensity of
[1.1.1]propellanes 397 to undergo strain-release reactions with nitrogen-centered radicals,
and thereby reveal bicyclo[1.1.1]pentylamines, historically challenging to access motifs
that are less readily oxidizable bioisosteres of anilines (Scheme 88).272 This reaction
involves mechanistically familiar kinetically feasible reductive quenching of excited

state photocatalyst by a-amido oxy acetate 399 (K; = 3.6 x 10% M~1es™1) to furnish

amidyl radical 401. Once formed, amidy| radical 401 is trapped by [1.1.1]propellane

397 viastrain-releasing transition-state geometry 402 to furnish carbon-centered radical
403. DFT calculations estimates this initial two-component coupling step to possess
energy barrier of AG* = 15.3 kcalsmol~1 and is exergonic by —12.4 kcalsmol™2.

The formed carbon-centered radical can engage in chlorine-atom transfer to provide
chlorinated bicyclo[1.1.1]pentylamine 398a. Alternatively, carbon-centered radical 403 can
unproductively react with another molecule of [1.1.1]propellane 397 to provide radical
species 408 and undergo oligomerization. Kinetically, the chlorine-atom transfer reaction is
predicted to have a lower energy barrier than oligomerization by 0.8 kcalemol™2, thereby
favoring formation of the desired product. Given the relevance of bicyclo[1.1.1]pentane
derivatives in medicinal chemistry, chlorinated bicyclo[1.1.1]pentylamine with heteroaryl
groups can be incorporated. Indeed, chlorinated bicyclo[1.1.1]pentylamine decorated

with 2-chloropyridyl group 398b is synthesized in 64% vyield, as well as tolerating

furanyl group to access product 398c in 59% yield. As exemplified by product

398d, this reaction can incorporate electron-deficient imidyl group in assembly of
chlorinated bicyclo[1.1.1]pentylamine derivative. Unfortunately, primary chlorinated
bicyclo[1.1.1]pentylamine 398e cannot be assembled through this reaction protocol. Instead,
the reaction with NH-amidy| radical provides complex mixtures of compounds.

Notably, other atom- and group-transfer reactions can be triggered with appropriate
reagents (Scheme 89).272 Brominated bicyclo[1.1.1]pentylamine 409a is accessed with
bromotrichloromethane as bromine-atom transfer agent, albeit in 20% yield due to

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

5.7.

Page 41

oligomerization. Chalogenation reactions employs phthalimide derivatives as sulfide- and
selenyl-transfer agents, providing sulfides 409b and 409c in 66—77% yields and selenylated
bicyclo[1.1.1]pentylamine 409d in 72% yield. 2-phenylmalononitrile serves as hydrogen-
atom transfer agent to deliver bicyclo[1.1.1]pentylamine 409e in 49% yield. Ultimately,
this approach provides access to a broad variety of bicyclo[1.1.1]pentylamines, which are
promising aniline isosteres.

Amidyl radicals can guide C-H functionalization reactions through intramolecular 1,5-HAT
events. Accordingly, photoredox-mediated reaction conditions have been developed to
transform oxime esters 401 to functionalized amides 411 with atom- or group-transfer
agents through the intermediacy of amidyl radical poised for 1,5-HAT reaction (Scheme
90).273 To induce productive 1,5-HAT / guided atom- or group-transfer reaction cascade

a variety of nitrogen-centered radical species (413-412d) have been examined through
theoretical investigations of local electrophilicity of nitrogen-centered radical (w* ), N—

H and C—H BDEs, as well as AG* and AG of 1,5-HAT processes. Not surprisingly,

iminy! radical 413 ranks lowest in electrophilicity (w* = 0.77 eV) and 1,5-HAT event

is endergonic by 4.2 kcalemol~1 with energy barrier of 13.7 kcalemol~1. Carbamoyl radicals
412a, 412b and amidyl radical 412c are more electrophilic than iminyl radical 413 and are
estimated to proceed through exergonic 1,5-HAT events with lower energy barriers. Amidyl
radical 412d is ranked as the most electrophilic radical intermediate (w* ;= 1.38 eV) and is
expected to undergo facile 1,5-HAT with estimated AG* = 5.7 kcalemol™! and AG = -16.6
kcalemol ™. Note that for these nitrogen-centered radicals, the difference in BDEs (ABDE
= BDEN_H — BDEc_p) correlates to AG values of 1,5-HAT events. Relying on previously
employed atom- and group-transfer agents and a permutation of photocatalyst, reaction base
and solvent, fluorine-,81 chlorine-,152 thiol-,155 cyano-161 and alkynyl-transfer10 reactions
are accomplished to provide functionalized amides. For all functionalization reactions under
each optimized reaction condition, low quantum yields were observed (¢ = 0.02 < 0.08).
While these low quantum yields suggest closed radical cycle mechanism, they do not rule
out the possibility of radical chain propagation mechanism.

Nitrogen-Centered Radicals Can Be Generated from Amidoxime Esters

In 2003, Zard and co-workers found that amidinyl radicals could be employed as
intermediates to construct imidazolines and imidazoles, albeit with use of a stannane-
diazo initiator at reflux.2’* Since this disclosure, various reports have described
annulation reactions involving amidinyl radical generation, which include iron-275 and
nickel-catalyzed?”® radical annulations, iodine(111)-mediated C(sp?)-H imidation of A~
arylamidines?’7:278 and electrolytic N-H bond scission of dihydroquinazoline-derived
imines under reflux conditions.2”® Drawing inspirations from pivotal discoveries by
Zard co-workers, a collaborative effort from the Wang, Liu and Wang research groups
developed a mild photoredox-mediated protocol that converts Aaryloxime esters to 2-
substituted benzimidazoles (Scheme 91). 280 The reaction suffers predictable substrate
scope limitations. For example, fert-Butyl substituted A-aryloxime ester do not engage in
the reaction to furnish the product 415c, presumably due to Kinetically unfavorable steric
repulsion in the transition-state geometry of intramolecular annulation event. Further, when
the aniline portion of the substrate contains meta-substituted OMe (414a) and CI groups
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(414b), regioisomeric mixtures of corresponding products 415d, 415f and 415e, 4159 are
obtained, respectively. Nevertheless, this reaction protocol offers mild and benign reaction
condition to productively transform A-aryloxime esters to benzimidazoles.

6. NITROGEN-CENTERED RADICALS CAN BE GENERATED FROM
NITROGEN-HYDROGEN BONDS

6.1 Nitrogen-Centered Radicals Can Be Generated by Direct Oxidation of Amines

6.1.1 Nitrogen-Centered Aminium Radical Cations That Are Generated from
Amines Can Add to Olefins—Nearly 60 years ago, Robert Neale and Richard Hinman
disclosed one of the first productive reactions involving the addition of an aminium

radical cation across an olefin (Scheme 92).70. 281, 282, Thjs invention relied on a step

to stoichiometrically N-halogenate an amine, followed by a second step to process the
N-halogenated amine through protonation with a strong Brgnsted acid and photolysis with
ultraviolet light. Under these conditions, light homolyzes the relatively weak A-X bond (X =
halogen or nitrosyl283 groups are among the most common). The generated aminium radical
cation is poised to form a C—N bond upon radical addition across an olefin. This process
exhibits reliable anti-Markovnikov selectivity, as a consequence of both the positive charge
and highly electrophilic nature of the aminium radical cation.281 During the intervening
decades, a wide array of methods have been developed for accessing aminium radical
cations; none of these reactions, however, enabled direct access to anti-Markovnikov olefin

hydroamination without prefunctionalization of amines, forcing reaction conditions, or both.
63, 281, 283, 284

Fortunately, Knowles and co-workers have streamlined the reaction and liberated it from
relatively harsh reaction conditions. They have developed the first general, aminium radical-
based, photocatalyst-driven process for anti-Markovnikov, olefin hydroamination (Schemes
92-93).285.286 | the presence of light and an iridium photocatalyst, A-aryl-A-alkyl amines
416 engage pendant aryl olefin acceptors in 5- and 6-exo-trig cyclization reactions to
furnish cyclic A-aryl pyrrolidine, piperidine, morpholine, and piperazine products 417.

This advance permits the transformation to generate products that would not be expected

to form under traditional conditions, including 3-pyridinyl 417a, which forms in 86%

yield, as well as furan- and thiophene-containing products (not depicted). In these types of
transformations, 6-exc-trig cyclization reactions to form piperidine products exhibit greater
diastereoselectivity than 5-exo-trig cyclization to form pyrrolidine products (cf. 417d vs.
417e). Importantly, this transformation provides access to A~tosyl piperazine 417f and
morpholine 417g, albeit in slightly diminished 58% and 44% yields, respectively. This broad
substrate tolerance is a testament to the relatively mild and direct conditions that enable this
net redox-neutral reaction to proceed.

Knowles and co-workers have proposed a photoredox-catalyzed mechanism for this
transformation that is supported by physicochemical measurements. In the proposed
reaction mechanism, initial one-electron oxidation of neutral aniline 416 could generate
an aminium radical cation 418, with concurrent reduction of an excited state iridium
photocatalyst. Consistent with this proposal, amine 416 has a peak potential (Ep) of +0.83
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V versus saturated calomel electrode (SCE), indicating that strongly oxidizing iridium(111)
photocatalyst (E1/, [Ir"/1r!] = +0.66 V vs. SCE)® may be slightly thermodynamically
disfavored. Nevertheless, electron transfer between substrate 416 and excited state
iridium(111) photocatalyst is kinetically facile, as demonstrated by luminescence quenching
assays (Kq = 3.1 x 109 M~ 571).12 This oxidation is seemingly reversible, as the relative rate
constants for two substrates differ when they are measured in reactions run as experiments
with substrate competition or as independent transformations. Cyclization of the thusly
generated aminium radical cation onto the olefin would produce benzylic radical species
419. This C—-N bond-forming step is proposed to be the rate-limiting step, an observation
that is supported by Hammett analysis, with a linearly correlated oy, (R2=0.96) and a
negative p (o = —0.56). Whereas, if the rate-determining step proceeds through addition of a
neutral aminyl radical, a positive p-value would be expected.28” Moreover, in the subsequent
steps, the reaction exhibits a modest, kinetic isotope effect (ky/kp = 1.1, in CH30H vs.
CH30D), which is consistent with a mechanism in which a new benzylic C-H bond forms to
furnish product 417 after the rate-limiting step of the reaction.

In principle, two alternative reaction sequences could convert radical 419 to product: the
operative electron-transfer / proton-transfer sequence, or a direct C—H abstraction pathway,
a process that is not consistent with deuterium labeling experiments. If the product were to
form based on C-H abstraction by radical 419 from the solvent, reactions in CD30H would
be expected to result in benzylic deuteration; however, these experiments do not result in
product deuteration. By contrast, an electron-transfer / proton-transfer sequence is consistent
with experimental evidence. Initial reduction should be thermodynamically favorable and
allow an aryl-stabilized radical (E9[Re/R™] ~ —1.45 V versus SCE),288 such as 419, to
engage a strong reductant (E1o[Ir'"/Ir1]= —1.51 V versus SCE)8 to furnish carbon anion
420. Following electron-transfer, a proton-transfer step is consistent with reactions carried
out in CH30D, which result in benzylic deuteration.

Overall, this transformation constitutes a mechanistic complement to the hydroamination
system developed by Nicewicz and co-workers, which relies on an organic photocatalyst to
oxidize an olefin as the starting point for a net hydroamination reaction.289

Building on the development of this technology, Knowles and co-workers advanced the

first general method for the intermolecular, anti-Markovnikov hydroamination of unactivated
alkenes with secondary alkyl amines (Scheme 94).29 Investigating dialkyl amine substrates
was inspired by research from Lusztyk and co-workers, who observed that piperdine-derived
radical cations added to unactivated, internal alkenes with a rate more than 100-fold that

of the aniline derivatives previously used by Knowles and co-workers.2%1: 285 Employing

the more strongly oxidizing [Ir(dF(Me)ppy),(dtbbpy)]PFg (2 mol%) (Eijo (IFM/1r1) = 0.99
V vs SCE (MeCN)), secondary dialkyl amines (421a), such as piperidine (£,° = 0.94 V

vs SCE (MeCN)),104 undergo a single electron transfer to furnish aminium radical cations
(424) which engage in facile addition to olefins (422a) resulting in ammonium and radical-
carbon bearing intermediate (425). Piperidine was found to quench the photoexcited iridium
complex in a concentration-dependent manner (Kq = 1.7 M~ 571,12 290 while among a
representative set of alkenes, only A-Boc-2,3-dihydropyrrole was observed to quench the
iridium complex (kt = 160 M~1), thus differentiating this method from those developed by
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Nicewicz and co-workers.289 In order to close the catalytic cycle and access the neutral,
hydroamination product (423a), Knowles and co-workers found it necessary to include
2,4,6-triisopropylphenyl (TRIP) thiol (50 mol%). The thiol likely facilitates both hydrogen
abstraction by the carbon-centered radical and the deprotonation of the ammonium ion.
Furthermore, the resultant thiol radical can function as an effective electron sink for closing
the catalytic cycle and regenerating the Ir(111) photocatalyst. This critical, double role for
TRIP thiol is supported by control reactions finding no reaction occurs in its absence, as well
as a complete lack of deuterium incorporation when using deuterated solvents indicating that
the solvent is like uninvolved in the transfer of protons.

A broad variety of substituted alkenes can be aminated by secondary amines with 47-98%
yield (43 examples) and complete anti-Markovnikov selectivity. Monosubstituted alkene
products (423b), cyclic and acyclic disubstituted alkene products (423c and 423d), tri-,

and tetra-substituted alkene products (423e, 423f, and 423g) were all accessed in 60-96%
yields (Scheme 95). The least effective of these was mono-substituted alkene product (423b)
which was isolated with 60% yield only after reaction at 45 °C. Conversely, TMS-enol
ethers were found to be particularly effective at engaging in this transformation (423d)

with a 95% yield. A linalool-derived substrate bearing both a trialkyl-alkene and a terminal
allylic alcohol was hydroaminated selectively at the trialkyl alkene in 96% yield (423e). The
tetra-substituted alkene 2,3-dimethyl-but-2-ene was aminated (423g) at an impressive 91%
yield. The reaction is still effective in the presence of other, potentially reactive heteroatoms
on the amine or alkene, including alcohols (423e and 423i), Boc-amines (423f), primary
amines (423h), or spirocyclic amides (423I). The benzylic hydroxyl group of a precursor

to the antidepressant fluoxetine did result a diminished yield (423j, 55% yield), but was
unaffected by the aryl ether present in the API (423k, 80% yield).

As a further extension of this technology, Knowles and co-workers recently disclosed a
new protocol which enables primary amines to engage in intermolecular, anti-Markovnikov
hydroamination of unactivated alkenes with 47-98% yields to give secondary amines
(Scheme 96).292 Remarkably, overalkylation to give quaternary amines is not observed,
and tertiary amines are barely detectable (< 30:1). In terms of position-selectivity, apart
from reactions using dihydropyran as a radical trapping agent, Markovnikov products are
not observed. Once again, TMS-enol ethers are effective radical trapping agents, giving
80% vyield of 1,2-amino alcohol 428a upon acidic workup. Furthermore, a product derived
from cumylamine (428b) is synthesized in 69% yield, which is significant because, with

an acidic workup, the cumyl group can be removed to give a primary amine at the site of
hydroamination. A terminal, primary olefin reacts to furnish primary amine 428c, albeit at
reduced yield. The reaction does tolerate other potentially reactive functional groups, such
as amides 428d, and engages both ¢/s- and trans-oct-4-ene with a marginally higher yield of
desired product 428e when beginning from the ¢/s- isomer.

Aminium radical cations generated by photoredox catalysis have enabled anti-Markovnikov
hydroamination of alkenes both inter- and intramolecularly. Distinct procedures, as
developed by Knowles and co-workers, are applicable to primary and secondary amines for
intermolecular hydroamination and without meaningful amounts of over-reaction, produce
secondary and tertiary amine products, respectively. Mechanistic insights gained from these
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developments suggest that the reversal of site-selectivity from that typically observed in
transition metal-catalyzed processes arises from the electrophilic nature of the radical cation.

6.1.2. Nitrogen-Centered Aminium Radical Cations That Are Generated
from Amines Are Proposed Intermediates in Arylation Reactions—Building
off a related photoredox platform that engages direct oxidation of arenes for C-H
functionalization, 2% Nicewicz and co-workers have disclosed a photo-driven strategy for
(hetero)arene C—H amination that is particularly effective with more electron-dense arenes
(Scheme 97).2%4 Employing a powerfully oxidizing mesityl acridinium photocatalyst under
blue light irradiation, a broad array of amines can react productively. The position-selectivity
of these reactions depends on the arene substituent: isoleucine methyl ester reacts with
anisole to form ortho-substituted product preferentially and reacts with an aryl silyl ether
to forms para-substituted product preferentially. Interestingly, a-chiral amine products
431a-431d fully retain enantioenrichment during the reaction, suggesting that the reaction
does not transiently generate an a-aminyl radical. Notably, this process tolerates sterically
encumbered amines, such as adamantylamine, and electron-dense heteroarenes, consistent
with the broad substrate scope anticipated for reactions under mild conditions.

In order to interrogate the mechanism of this reaction, benzene was employed as a co-
solvent and coupling partner for the valine methyl ester 429a (Scheme 98A). This simplifies
mechanistic investigations, as benzene oxidation by the excited state photocatalyst is not
expected to be thermodynamically favored ([(‘Bu),Mes-PhAcr]BF, : E1j» (PC**/PC") =
2.15 V vs SCE (CH3CN);2% PhH: E, = 2.75 V vs SCE (CH3CN)).2% As product forms
under these reaction conditions, this particular set of coupling partners must react through
initial amine oxidation, likely to give the aminium radical cation 433, which can add into
benzene’s rt-system, producing a resonance-stabilized, carbon-centered radical. To close
the photocatalytic cycle, Nicewicz and co-workers proposed that adventitious molecular
oxygen (O,) is reduced. Superoxide could deprotonate the aminium cation 434, and the
resultant peroxy species could again react with carbon-centered radical of 435 to give the
desired product and hydrogen peroxide as a byproduct. Consistent with this hypothesis,
NMR analysis of the reaction mixture immediately following reaction completion29® reveals
a characteristic hydrogen peroxide singlet in two different deuterated solvents.

A formally similar, yet mechanistically distinct, overall reaction has been developed by
Leonori and co-workers (Scheme 98B).2% They propose that their process involves access
to a secondary aminium radical cation that engages in C(sp)-H amination. The critical
aminium radical cation (i.e. 424) is prepared via an in situ generated A-chloroamminium
intermediate, generated by /n-situ chlorination with NCS followed by activation with an
excess of perchloric acid. Once formed, aminium radical cation 424 is readily reduced.
Reduction of this cationic intermediate is expected to be thermodynamically favorable (Ep/»
=+0.43 V vs SCE (CH3CN)) and exhibits kinetically significant quenching of the excited
state photocatalyst (Kq = 1.5 x 109 M™% s71), while quenching of the photocatalyst was not
observed with other components of the reaction individually or as mixtures.2% Ultimately,
through steps similar to those proposed with primary amines (Scheme 98A), N-aryl amine
products such as A~phenylpiperidine 431h, are accessed by C—H amination of relatively
electron-dense to electron-neutral areness and heteroarenes. Collectively, the approaches of
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Nicewicz and Leonori extend the scope of viable nitrogen-centered radical precursors in
arylation reactions beyond amides to include varied secondary alkyl amines.

Other stoichiometric oxidants can be used in net aryl amination reactions. Dioxygen

has been proposed to perform the same role as a stoichiometric oxidant in the eosin
Y-mediated C-N cross-coupling reaction involving primary and secondary alkyl amines
and 2-(1H)quinoxalinones (Scheme 99).297 Consistent with this proposal, the reaction is
dependent on the presence of molecular oxygen, with no product being produced when run
under an atmosphere of nitrogen.

A complementary dehydrogenative cross-coupling reaction relies on catalytic
triphenylpyrylium salt with an excess of persulfate in CH,Cl, under blue light irradiation
to affect ortho-selective amination of electron-rich phenols by electron-rich diarylamines
(Scheme 100).298 The yield of the desired products decreasing directly with a decrease in
electron-donating ability of the arene. Only very electron-dense arenes are viable substrates
for this reaction, as phenol and 4-methylphenol do not produce any of the desired product
under the reaction conditions.

Nitriles can serve as leaving groups in photo-driven C(sp2)-N bond-forming reactions,
which rely on 2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile (3DPAFIPN) as a
photosensitizer or photocatalyst (Scheme 101).299:300.301, 302 Based on transient absorption
spectroscopy and Stern-Volmer fluorescence quenching studies, A-methylaniline 441a
quenches the excited state photocatalyst (Kq = 9.8 x 107 M™% s71), and oxidation of aniline
441ais thermodynamically feasible by photoexcited catalyst (£, ©* (441a) = +0.92 V vs
SCE (CH3CN):299 £;,5(PC*/PC**) = +1.09 V vs SCE (CH3CN).2% While 4-cyanopyridine
does not exhibit fluorescence quenching of photoexcited catalyst, transient absorption
spectroscopy reveals a concentration dependent quenching of reduced photocatalyst in the
presence 4-cyanopyridine (Kq = 7.0 x 10’ M1 s71). Generated aminy! radical cation 443
and pyridinyl radical anion 444 are then proposed to undergo radical-radical cross-coupling
to give zwitterionic species 445 which should rapidly lose cyanide to give protonated
product 446. Deprotonation furnishes aminated product 442 in 98% yield. While oxidation
of DABCO (Kq = 5.3 x 108 M1 s71) is kinetically competitive with oxidation of 441a, this
process is not critical to reaction progress as the reaction proceeds with sparingly-soluble,
carbonate bases at only slightly reduced yields as well as in the complete absence of base at
21% yield. Notably, other amine sources are viable, including A-alkylhydroxylamines which
react in DMSO absent base and, using tribasic potassium phosphate, unsymmetric A-alkyl
and A-aryl hydrazines are engaged to prepare NV, A-diaryl amine 448c and N-alkyl- N-aryl
amine 448d in 70% yield and 45% vyield respectively (Scheme 102). The process transforms
secondary alkyl amines, and the procedure overall is amenable to reaction at a relatively
small number of positions on heteroarenes, particularly nitriles with 1,2- or 1,4-relationship
to one or more aromatic nitrogen atoms.

Further development of nascent photoredox-generated, aminium radical cation chemistry
has enabled the C—H functionalization of (hetero)arenes and the amination of heteroaryl

nitriles with amines. Consistent with observations from hydroamination reactions, the C—
H functionalization of (hetero)arenes proceeds with preference for amination at relatively
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electron-dense positions. These organophotocatalyzed reactions provide access to important
N-(hetero)aryl products without use of transition-metal catalysis and, in several instances,
without addition of stoichiometric reductants, instead engaging adventitious oxygen to close
the photocatalytic cycle.

6.1.3. Nitrogen-Centered Aminium Radical Cations That Are Generated from
Amines Are Proposed Intermediates in Amide Bond-Forming Reactions—The
construction of amide bonds is an important operation in synthetic chemistry, due in

large part to their ubiquity in biological and medicinal applications. While a plethora of
approaches exist for amide bond formation, the relatively mild, room-temperature, light-
driven conditions are appealing for this application, particularly since this approach does not
typically result in stoichiometric amounts of byproducts like many state-of-the-art processes.

Beginning in 2014, a wide variety of photocatalysts have been applied in reactions forming
amides from secondary alkyl amines, such as 421c, and aryl aldehydes, such as 449a,
using ambient oxygen as a critical component and likely oxidant (Scheme 103).21: 26,3738
Generally, these reactions employ a visible-light excited photocatalyst and an excess

of amine to generate aryl amide products, such as 450a, in good to excellent yields.

These reactions, however, rely on the presence of molecular oxygen and most of the
inventors of these technologies have shown that the presence of stoichiometric hydrogen
peroxide facilitates the reaction with similar efficiency. This significantly muddles the
mechanistic investigation for these reactions. While each make important contributions,
further discussion thereof is outside of the scope of this paper, the overall substrate scopes
are limited to secondary alkyl amines and aryl aldehydes.

The most recent disclosure of a photo-driven, amide bond-forming reaction, however, has a
remarkably broader scope (Scheme 104).393 Utilizing a common iridium photocatalyst and
two equivalents of amine 421, aldehydes 449 are coupled to form new C-N amide bonds
using CH3CN as the solvent and, in the absence of oxygen, employ bromotrichloromethane
as a terminal oxidant. This manuscript provides the first examples of a photoredox-driven
amide bond-forming reaction with a primary alkyl amine, furnishing amino ethyl ester
product 450f, and the synthesis of a urea product (i.e., 450Q).

In contrast to some related technologies, the proposed mechanism reaction is premised on
the exclusion of oxygen from the reaction, making the mechanistic analysis and proposal of
a photoredox-generated, nitrogen-centered radical more straightforward (Scheme 105).303
Beginning with the photoexcited iridium complex, oxidation of pyrrolidine 421c is
thermodynamically feasible (£, (421c) = + 0.89 V vs SCE in CHzCN;104 £, (Ir!11/
Ir'"y = + 1.21 V vs SCE in CH3CN),8 while the possibility of iridium-mediated reduction

of aldehyde 449b is not thermodynamically feasible (£, (449b) = - 1.93 V vs SCE in
CH3CN;104 £,/ (1r/1r!) = = 1.37 V vs SCE in CH3CN).8 Oxidized aminium radical cation
451 can then add across the rt-bond of aldehyde 449b to give OG-radical aminium cation 452,
Subsequent deprotonation and C—H abstraction involves bromotrichloromethane en route to
desired amide 450h.
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While nitrogen-centered radicals derived from other functional groups, such as amides and
sulfonamides are resonance stabilized, less stable amine-based, nitrogen-centered radicals
can be powerful intermediates. Aminium radical cations engage in synthetically efficient
amide bond-forming reactions, C—H functionalization processes involving (hetero)arenes,
and hydroamination reactions involving of alkenes. These reactions provide indirect
insight into and a richer understanding of the nature of fleeting nitrogen-centered radical
intermediates.

Nitrogen-Centered Amidyl Radicals Can Be Generated from N-H Bonds

6.2.1. Amidyl Radicals Form from Amides via Proton-Coupled Electron
Transfer (PCET)—Amidyl radicals have emerged as versatile synthetic intermediates

for C-N bond construction, and as directing groups for functionalization reactions,
specifically because of the invention of mild technologies to prepare amidyl radicals.
Traditionally, amidy! radical intermediates have been inaccessible through direct homolytic
activation of amide N—-H bonds. Amidyl N-H bond homolysis is challenging because the
targeted amidyl N-H bond is strong (BDFE ~100 kcal/mol).304. 305. 306 Consequently,

until recently, amidy! radicals were accessed from amides /ndirectly via N-functionalized
precursors,’9: 91, 92, 262, 307, 308, 309, 310, 311, 312, 313 or gjractfy with the stoichiometric use
of oxidants.314. 315, 316, 317, 318, 319, 320, 321 These methods limit the substrates amenable

to reactions involving amidyl radicals, as many functional groups cannot tolerate the harsh
conditions necessary to access such intermediates. Fortunately, Knowles and co-workers322
have surmounted these challenges, to access amidyl radical intermediates that engage in
productive olefin and C—H functionalization reactions (Schemes 106-109).

As a critical insight to enable these processes, Knowles and co-workers demonstrate that the
strong N—-H bonds of A-arylamides can be formally homolyzed to furnish amidyl radical
intermediates directly based on Proton-Coupled Electron Transfer processes (PCET, Scheme
106A). In this PCET process, an electron from the N-H bond and the N-H proton are
transferred concurrently to two independent acceptors — a one electron oxidant (M") and a
Brensted base (:B7), respectively. In this system, hydrogen-bonding between the base and
the amide weakens the N—-H bond, and facilitates its oxidation to give an amidyl radical
intermediate.

For PCET processes, a thermodynamic formalism can qualitatively predict effective bond
strength for engaged bonds (Scheme 106B), which has predictive power. Specifically, a bond
dissociation free energy (BDFE) is the energy required to homolytically break a bond in a
particularly solvent (Scheme 106B). Formally, a BDFE is the sum of the energy associated
with breaking that same bond heterolytically based on deprotonation, as reflected by the
acidity of that bond (pK ), with the energies required to oxidize the resulting anion to a
neutral radical, to reduce the associated proton to a hydrogen radical.323 In a PCET process,

where the proton and electron travel to separate destinations, an additional term is needed.
324,325,326,327

This formalism can be employed to accurately predict the reagents necessary to affect

Knowles and co-workers’ intramolecular carboamination reactions with synthetically useful
efficiencies (Scheme 106C). Specifically, Knowles envisions that amidyl radical generation
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will rely on a weakly hydrogen-bonding base, and a photocatalyst, whose excited state is
capable of accepting an electron from the amide-base complex. Consequently, the optimal
base/oxidant pair (entry 4) must have a calculated BDFE similar to that of the amide N-H
bond. Indeed, the optimal iridium photocatalyst (Ir(dF(CF3)ppy)2(bpy)PFg) and phosphate
base (NBusOP(O)(OBuU),) are predicted to engage with a bond with a BDFE of ~97 kcal/
mol, near to that of an amide N-H bond (BDFEs ~100 kcal/mol), and furnish the desired
carboamination product in 92% yield (entry 4, Scheme 106C).

Mechanistically, Knowles and co-workers envision that PCET-based oxidation of the amide
to an amidyl radical involves concerted deprotonation by phosphate base (B™) and electron
transfer to photoexcited iridium catalyst (*Ir'!") (Scheme 107). Luminescence quenching
experiments demonstrate that amide oxidation is kinetically feasible, and requires the
presence of base (kt = 731 M_;). Moreover, the reaction remains viable when the employed
base is less acidic than the amide by 20 pK, units, an observation that is consistent with a
PCET mechanism, but would not be consistent with a single electron transfer (SET) process.
Furthermore, in independent rate experiments, a small Kinetic isotope effect (Kny—p/N-D =
1.15) suggests that hydrogen-bonding influences the rate of quenching. The formed amidyl
radical undergoes 5-exo cyclization to form a nascent nucleophilic carbon centered radical,
which further engages in an intermolecular addition with acrylate acceptor 458 to yield an
electrophilic, resonance stabilized a-carbonyl radical. This radical is poised for reduction
by iridium(I1) to regenerate the iridium(111) precatalyst, and form a resonance stabilized
anion, which is poised to deprotonate the weak phosphate base and generate the desired
carboamination product.

Building on this new approach to access amidyl radicals, Knowles and co-workers

have used this strategy to develop efficient and practical olefin hydroamidation
protocols.328. 329, 330, 331 | jke other amidyl radical-based functionalization reactions,
traditionally, amidyl radical-based olefin hydroamidation reactions have been limited by
multistep substrate syntheses, or reliance on hazardous reagents.91: 92, 162, 316, 332, 333, 334
Additionally, hydroamidation processes require selective homolysis of amide N-H bond
(BDFE ~99 kcal/mol) in the presence of hydrogen atom donor that incorporates a weaker
bond, such as a thiophenol S-H bond (BDFE ~79 kcal/mol). Indeed, while empirically
optimizing this reaction, Knowles and co-workers find that background reactivity does
not substantially improve through the inclusion of catalytic quantities of many common
hydrogen-atom donors, such as some phenols, triphenylsilane, some arylamines, and
diphenyl acetonitrile (not depicted). Fortunately, reactions proceed optimally when 10 mol%
of thiophenol is included as a hydrogen-atom donor (Scheme 108).

This olefin hydroamidation reaction accommodates otherwise oxidatively labile substrates
due to the ability of PCET-mediated process to selectively activate amidyl N-H bonds, and
can proceed with substrate-induced diastereoselectivity. For example, the reaction tolerates
varied N-(hetero)aryl substituents to afford pyridyl 463a, oxazolidinone-containing 463b
in excellent yields. Readily oxidizable pendant thioether 463c and primary alcohol 463d
form efficiently, overcoming a known limitation of previous hydroamidation technologies,
which do not tolerate thioethers or unmasked alcohols. Interestingly, the cyclization
reactions involving carbamates derived from the isomeric polyolefins nerol and geraniol
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give isoxazolidinones 463e in 85-95% yield with 1:1 d.r., and provide evidence that
substrate olefin geometry has a limited impact on reaction outcome. As expected, more
rigid enantioenriched small molecules undergo hydroamidation with the high levels of
diastereoselectivity to furnish products such as gibberellic acid-derived 463g (>20:1 d.r.).

A plausible proposed mechanism for this reaction relies on one processes also critical to the
disclosed carboamidation reaction: PCET-based oxidation of the amide to an amidyl radical,
with concurrent reduction of the excited state catalyst to Ir(I1), and subsequent reaction of
the amidyl radical with a pendant olefin to form an exocyclic carbon-centered radical 459
(Scheme 109). Once exocyclic carbon-centered radical 459 forms, hydroamidation product
464 forms via hydrogen-atom abstraction from thiophenol, which also furnishes a thiyl
radical. The resultant thiyl radical could be reduced with concurrent oxidation of the Ir(1l)
photocatalyst to regenerate an Ir(111) photocatalyst and a thiophenyl anion.

Of critical import, this proposal requires the stronger amidyl N-H bond (BDFE ~99 kcal/
mol) to undergo direct oxidation by the photocatalyst, even in the presence of 20 kcal/mol
weaker thiophenol S-H bond (BDFE ~79 kcal/mol), which is known candidate for PCET
activation.33% 336, 337 Although both base-coordinated amide and thiophenol engage in
PCET-based activation with similar rates (kpceT = 8.4 x 10° M~1 571 for amide vs.

9.5 x 10° M~1 571 for thiophenol), chemoselective PCET-based quenching by the amide
proceeds owing to the greater hydrogen-bonding ability of an amide relative to a thiophenol
(hydrogen-bonding equilibrium constant, K = 1050 M~1 for amide vs. K = 200 M~1 for
phenol; Scheme 109).329 A preponderance of evidence supports this mechanistic proposal,
accumulated through luminescence quenching experiments, and DFT calculations.

To improve this reaction, Nocera and co-workers investigate the reaction mechanism in

gory detail, relying on computational, electrochemical, fluorescent quenching, and transient
absorption spectroscopy studies (Scheme 110).338 Consistent with Knowles and co-workers’
analysis, after photocatalysts absorb light to produce the excited state photocatalyst,
followed by the PCET between excited photocatalyst/base pair and the amide 465 form

a key amidy!| radical intermediate (kpce77). The generated amidyl radical can engage in any
of at least three possible reactions: (i) Nonproductive back-electron transfer (BET) between
the amidyl radical 467, and the reduced photocatalyst/conjugate base (BH) pair to regenerate
the starting reagents (kgg7), (ii) Nonproductive HAT between the amidyl radical and thiol to
produce the starting amide 465 and thiyl radical (kga77), or (iii) Productive intramolecular
5-exo cyclization of the amidyl radical 467 with the pendant olefin form a alkyl radical 468
(ko). In the productive reaction, formed alkyl radical 468 abstracts a hydrogen atom from
thiol give desired final product 466 and thiyl radical (ky472). Eventually, the photoredox
cycle is completed by the PCET to regenerate starting reagents (kpce72). The catalytic cycle
could also be closed by the PCET between alkyl radical and reduced photocatalyst/conjugate
base pair (kpcer3). In this investigation, seven rate constants (Kpecers, Kger Knars Ko
Kpara Kecera and kpecers) associated with the productive and nonproductive pathways are
measured using transient absorption spectroscopy.

Nocera and co-workers identify an additive, 2,4,6-trimethyldiphenyl sulfide (MesSSMes),
that can decrease the incidence of nonproductive BET pathways, and increase the photon-
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efficiency of the productve olefin hydroamidation. To separate the nonproductive BET
pathways (kgerand ka7;) from the productive transformations, the authors rely on amide
470 as a substrate, as, owing to the absence of a pendant olefin, this amide cannot cyclize.
These nonproductive pathways consume 91.6% of formed amidy! radical and leave 8.4%
for the intramolecular radical cyclization. Furthermore, the slow radical cyclization rate (k)
due to delocalization of the radical over aromatic ring also contribute to the lower quantum
efficiency of the reaction. To compete with these nonproductive reaction pathways, disulfide
(MesSSMes) is introduced as an additive. This additive reversibly traps the amidyl radical
to form an off-cycle equilibrium product thioamide 469, which would be released back to
the catalytic cycle to effect the productive radical cyclization. Notably, thioamide 469 can
be subjected to olefin hydroamination conditions in the presence of MesSH, and furnishes a
mixture of amide 465 and cyclized product 466 in 87% overall yield with ratio of 1:0.2. This
experiment supports the presence of reversible equilibria between amidyl radical 467 and
thioamide 469 in the olefin hydroamination. Gratifyingly, the use of disulfide (MesSSMes)
in place of thiol (MesSH), perturbs the nonproductive BET pathways and indeed provide
four-fold increased energy efficiency, for example the quantum yield increased to 11.9% for
the para-bromo analog of amide 465a and 20% for para-cyano analog of the amide 465b.

When Knowles’ olefin hydroamidation reaction relies on thiophenol as a hydrogen-atom
transfer catalyst,328 Ataryl amides react productively. Unfortunately, the same protocol is
not effective with A~alkyl amides, which incorporate stronger N-H bonds (N-H BDFE: \-
aryl amides ~ 100 kcal/mol vs. A-alkyl amides ~ 110 kcal/mol), 339 and form more reactive
amidyl radicals. Such highly reactive amidyl radicals engage in nonproductive pathways
that compete kinetically with the desired amidyl radical addition to pendant olefins.80:340.:341
Thiol selection can mitigate this limitation: TRIP thiol can perform as an HAT catalyst, with
TRIP disulfide as an additive in their photoredox system to effect the olefin hydroamidation
of Atalkyl amides (Scheme 111).330

This protocol converts A~alkyl amides, carbamates, thiocarbamates, and ureas bearing
terminal olefins to y-lactams, carbamates, thiocarbamates, and cyclic A-acyl amine
derivatives. It has been applied to functionalize the muscle relaxant, Baclofen to give
Baclofen derivative 472c in 73% yield with 1:1 dr. Notably, hydroamidation of carbamates
having stereogenic centers adjacent to olefin gives product 472d in good yield and

high levels of diastereoselectivity. Predictably, substrates that incorporate multiple olefins
exclusively react through a geometrically accessible pathway to furnish five-membered
ring-containing product 472e. More elaborate fine chemicals, such as a peracetylated cholic
acid derivative, react in excellent yields.

In this reaction, the critical TRIP disulfide may form a stable off-cycle resting state for

the amidy| radical, A-thioamide 475a, as reported by Nocera and co-workers.338 This
hypothesis is consistent with DFT studies that indicate that the conversion of amidyl

radical 473 to A-thioamide 475a is energetically favorable (AG’¢,c. = —4.3 kcal/mol,

DFT calculations (UwB97XD/6-311G++(2d,3p)//UB3LYP/6-31+G(d,p))). Additionally, in
parallel with Nocera’s findings,338 the olefin hydroamidation of presynthesized A-thioamide
475b affords lactam 472h in 86% yield. Based on these observations, Knowles hypothesizes
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that the off-cycle intermediate 475b is likely to improve the reaction efficiency by
suppressing the nonproductive back electron transfer pathways.

A broader range of radical acceptors have been developed for use reactions that rely

on PCET to induce amidyl radical formation. Indeed, Rueping and co-workers employ

aryl alkynyl sulfones to trap the carbon centered radical formed from intramolecular 5-exo-
trig cyclization of amidyl and carbamoyl radicals (Scheme 112).342 Indeed, aryl amides,
carbamates, and ureas 477a-477d participate in the radical addition with internal and
terminal alkyne, and alkene acceptors to give the functionalized alkynyl pyrrolidine-2-ones
in good to execellent yields.

Premised on this approach to access amidyl radicals, arene annulation proceeds with N-
phenylbenzamide 478 or A-phenylcinnamamide 480 substrates, using either iridium-based
photosensitizers,343 or photoactive organic complexes3*4 (Scheme 113). In these systems,
generated amidyl radicals are, or become, poised to undergo oxidative intramolecular C—
H amidation to give phenanthridinones and quinolinones, respectively. With cinnamamide
substrates, to achieve this outcome, (£)-olefins must be able to isomerize to (2)-olefins
under the reaction conditions. Indeed, even in the absence of base, (£)-cinnamamide (482)
partially isomerizes into (2)-cinnamamide, which is positioned for annulation.

Building upon this PCET-based approach to amidy! radical formation,322: 328 Knowles

and co-workers launched a method for a directed site-selective Hofmann-L6ffler-Freytag-
inspired 67,307, 345, C_H functionalization reaction (Scheme 114).° By analogy to the
Knowles’ laboratory’s olefin hydroamidation process, this pioneering transformation begins
with the PCET-enabled conversion of amide 485 to amidy| radical intermediate 486.
Evidence to support the proposed PCET activation mechanism comes from luminescence
quenching experiments and prior pK, measurements.346 The generated nitrogen-centered
radical is poised for C—H abstraction through a six-membered transition state viaa 1,5-
hydrogen-atom transfer process (1,5-HAT), which has been well-established in the context
of Hofmann-L6ffler-Freytag reactions.3%7 The resultant nucleophilic alkyl radical (i.e., 487)
is trapped by intermolecular conjugate addition to olefin acceptor 489. In the proposed
reaction mechanism, reduction of this electrophilic radical with Ir!!, and subsequent proton
transfer afford alkylated product 491.

6.2.2. Amidyl Radicals Formed by PCET Engage in Giese-Type Remote
Alkylation Reactions—These Giese reactions rely on mild conditions that are compatible
with a broad range of functional groups, and can be directed by aryl amides, sulfonamides
and carbamates, albeit in slightly lower yields when carbamates guide the reaction (Scheme
115A). These reactions are most effective when directed at tertiary centers, and less efficient
when guide to secondary centers. Furthermore, this mechanism is viable as a strategy to
affect intermolecular Giese reactions, using a limiting quantity of olefin (Scheme 115B).

Following these pioneering studies,® 322 328 and related investigations by Rovis and
co-workers (vida supra),33 354 Meggers and co-workers have identified synergistic
possibilities between their approach to chiral-Rh(l11)-based, Lewis acid-mediated
asymmetric catalysis3*’ and Knowles’ and Rovis’ strategies for accessing amidyl radicals
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to develop an enantioselective, amide-guided C—H bond alkylation reaction.348 Under the
optimized conditions, an /n situ-generated amidyl radical engages in 1,5-HAT to guide the
formation of an alkyl radical. Once formed, the proposed model for asymmetric induction
involves radical-radical coupling between the generated alkyl radical and a persistent
carbon-centered radical. The requisite persistent radical is proposed to form at the B-position
of an a,B-unsaturated carbonyl compound that is coordinated to an enantioenriched rhodium
complex, following reduction. In this model, the rhodium complex induces asymmetry at the
reactive center (Scheme 116). These reactions rely on a,p-unsaturated 2-acyl imidazoles to
generate the rhodium-coordinated complex, and benzamides as amidyl radical precursors,
and are sensitive to steric encumbrance during the key bond-forming event. These reactions
are ineffective for reactions at secondary centers, but with more activated centers afford
products in moderate to good yields with high levels of stereoinduction.

An advantage arises from the limitations of this directed reaction — as they are sensitive

to steric encumbrance during the key bond-forming event, and ineffective in directed
Giese reactions at secondary centers, carbamoyl radicals that are not positioned to react
efficiently in directed reactions can engage directly in asymmetric intermolecular reactions
with a,B-unsaturated p-aryl 2-acyl imidazoles to install C-N bonds (Scheme 117).34% By
analogy to the C—C bond-forming reactions, the model for asymmetric induction involves
radical-radical coupling — in this instance between the generated carbamoyl radical and a
persistence carbon-centered radical. Once again, the invoked persistent radical is proposed
to form at the B-position of an a,B-unsaturated carbonyl compound that is coordinated

to an enantioenriched rhodium complex, following reduction, and the rhodium complex

is expected to induce asymmetry at the reactive center (Scheme 117). The optimized
conditions benefit from enantioenriched A-RhO3%0, relative to catalysts A-RhS3%1 and A-
IrO352, which do not promote efficient reactions. Interestingly, absent iridium photoredox
catalyst, the reaction proceeds in high enantioselectivity and 39% yield, such that the role
of iridium photocatalyst in this reaction may be less clear. Consistent with prior research,
N-alkyl carbamate 497b, and amide 497d are not ideal nitrogen-centered radical precursors
for this transformation, and p-alkyl enone 497c does not react to furnish much product.
Otherwise, this enantioselective reaction tolerates an impressive range of carbamates and
a,B-unsaturated 2-acyl imidazoles to give chiral p-amino acyl imidazoles in moderate to
good yields as well as in high enantioselectivity.

Visible light-mediated PCET technologies are well-developed in other contexts, but have
only recently emerged as direct strategies to access to amidyl radical intermediates. This
PCET-mediated protocol serves as a useful alternative to the traditional strategies for
generating amidyl radicals which rely on the A-prefunctionalization of amides or processes
that involve an excess of oxidizing agents or harsh reaction conditions. As initial hydrogen
bonding facilitates the PCET process, the chemoselective activation of an amide in the
presence of relatively weaker H-bonding thiol can be efficient under PCET reaction
conditions. The mild nature of the PCET process enables efficient reactions involving simple
to complex small molecules, and even those incorporating otherwise oxidatively labile
functional groups.
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6.2.3. Amidyl Radicals Form from Amides via Sequential Proton Transfer
and Single Electron Transfer (SET) Processes—Concurrent with Knowles and
co-workers’ pioneering directed Giese reactions,® the Rovis laboratory reported a similar
strategy to access amidyl and carbamoyl radicals, and enter the same cascade of steps

to affect C(sp3)—H bond alkylation.353:354 Critically, the Rovis’ and Knowles’ strategies
rely on complementary mechanisms to form amidyl radicals. While Knowles’ protocol
relies on a concerted PCET process wherein an amidyl N—H bond relies on hydrogen
bonding with a weak phosphate base (ApK; ~ 20) to activate the amide to photocatalyzed
oxidation, the Rovis laboratory accesses amidyl radicals via sequential deprotonation of
acidic amidyl N—H bond with an appropriately strong base (ApK; ~ 1.4) with single-
electron-transfer-based amidate oxidation (Scheme 118B). With acidic amide and carbamate
substrates, deprotonation by K3PQOy, is thermodynamically favorable. Subsequent oxidation
of the resultant anion with Ir-photocatalyst is kinetically and thermodynamically feasible, as
demonstrated by reduction potentials and Stern-Volmer analyses.

Rovis’ Giese reactions enables the functionalization of remote tertiary C—H bond of
simple to sterically decorated amides/carbamates with a range of electron-deficient alkene
acceptors to give products 499a—499f with high efficiency (Scheme 118A). This protocol
accommodates the methylene C—H bond of amides/carbamates 499c in lower efficiency.
These conditions enable amide alkylation with simple acrylate or acrylamide radical
acceptors, which are not tolerated using Knowles and co-workers’ conditions. Consistent
with directed 1,5-HAT, steroid-derived acetamide 498f is selectively functionalized at
proximal position to N-H bond though multiple distinct tertiary C—H bonds as well as
heteroatom activated C—H bonds present in the core.

6.2.4. Catalytic Quantities of Photoactive Organic Compounds Can Engage
Weinreib Amides in Radical-Mediated Reactions—With the popularity of Knowles’
and Rovis’ technologies, techniques have emerged that employ organic photoredox catalysts
in radical-mediated reactions involving Weinreib amides as substrates which is particularly
remarkable as they incorporate relatively weak N-O bonds (Scheme 119,355 BDE of

N-H = 90 kcal/mol).304 In this report, an array of methoxyacetamides or benzamides

to participate in the intermolecular amidation of primary, secondary, or tertiary benzyl
positions in moderate to good efficiency. In a related reaction, DDQ has been proposed as

a photocatalyst to mediate the reaction between Weinreib amides and enol ethers (Scheme
120).356

Overall, photocatalyst-mediated processes surmount the use of strong oxidants, A-
functionalized precursors, or harsh reaction conditions during the formation of key
amidyl radical intermediates. These mild protocols allow oxidatively sensitive substrates
to serve as precursors to amidyl radicals, which can participate in efficient intramolecular
alkene carboamination/hydroamination reactions, intra- or intermolecular C-H amidation
processes, and guided alkylation reactions involving remote C—H bonds.
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6.3. Nitrogen-Centered Sulfamyl Radicals Can Be Prepared from Sulfonamides and

Sulfamides

Following their success in both intermolecular hydroamination of alkenes using amines
(vide supra, Schemes 94-95)2%and intramolecular hydroamination of alkenes by PCET

in amides (vide supra, Schemes 106-109),322. 328, 329, 330, 331K nowles and co-workers
demonstrated their PCET protocols to engage sulfamyl nitrogen-centered radicals, primarily
derived from sulfonamides, in both inter- and intramolecular hydroamination reactions
(Scheme 121).331 In the presence of catalytic amounts of strongly oxidizing iridium
photocatalyst, phosphate base, and TRIP thiol under visible light irradiation, unsubstituted
and mono-substituted sulfonamides 508 engage in intermolecular, anti-Markovnikov
addition across unactivated alkenes. The same reaction conditions prove applicable to
5-exo-trig cyclization reactions with sulfonamides bearing a wide array of aryl and

alkyl substituents. Of particular note, sulfamide 510 cyclizes onto pendant mono- and tri-
substituted alkenes in excellent yields. Sulfamides are a less well-known directing group3>”
but have been developed substantially over the past several years, 56:358:359 and structurally
diverse sulfamides remain highly sought-after in synthetic targets.360

Building upon this approach to generate sulfamyl radical intermediates, Knowles and
co-workers have developed an enantioselective, intramolecular hydroamination reaction
that employs bulky BINOL-derived phosphate base to induce enantioselectivity (Scheme
122).361 At decreased temperatures and in a,a.,a-trifluorotoluene, the reaction generates
the requisite sulfamyl radical, in substrates of form 512, through PCET with a strongly
oxidizing iridium-photocatalyst and phosphate base, also including TRIP thiol as an HAT-
cocatalyst (vide supra). Phenol-derived sulfamate ester 513a is accessed in very good
yield with 92:8 er, while a cyclobutane-containing sulfonamide 513b is accessed in 96%
yield with 95:5 er. As demonstrated by product 513c, the procedure is somewhat sensitive
to alkene isomer employed, with yield decreased by 10% when employing a cis-alkene
rather than a #rans-alkene and displaying a slight erosion of enantioselectivity in the same
comparison. This process is relatively mild, and tolerates additional, distal olefins in the
substrates, as demonstrated by unsaturated 513d which is synthesized in very good yields
with a 96:4 er and 1.5:1 dr.

While C-C bond cleavage is not a new concept in synthesis, 362:363
trifluoromethanesulfonamides were first reported as competent in carbon to nitrogen aryl
migrations by Shi and co-workers in 2015.364 While this initial disclosure employs silver
reagents with an excess of strong oxidant at high temperatures, in 2017 Nevado and co-
workers published a related method that relies on relatively mild, photoredox conditions
(Scheme 123).365 Under blue light irradiation and in the presence of a phosphate base

and iridium-based photocatalyst, -y,y-diphenyl-trifluoromethanesulfonamide 514a reacts to
produce nitrogen-centered radical 517, likely by deprotonation and subsequent oxidation by
photoexcited [Ir]. The sulfamyl radical can then proceed through spirocyclic transition state
518 which produces the new A-aryl bond and -y-disposed carbon-centered radical through
concomitant radical C—N bond formation and C—C bond cleavage. Nevado and co-workers
demonstrated the proposed -y-disposed carbon-centered radical 519 could be functionalized
by several radical coupling partners, especially phenylsulfone Michael acceptor 515 to give
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N-aryl y-alkylated product 516a in good yield. The phenylsulfonyl radical is then putatively
reduced to the corresponding anion to close the photocatalytic cycle. Consistent with this
mechanistic proposal, an a,a-dimethyl sulfonamide reacts in reduced yield but gave as a
byproduct -y-homocoupled disulfonamide 522, the structure of which was confirmed by
crystallographic analysis; the most reasonable mechanistic explanations of this byproduct
formation would proceed through carbon-centered radicals. Additionally, sulfonamide 514b,
which has electronically distinct aryl groups, is representative of Nevado and co-workers
observation that more electron-rich aryl groups preferentially migrate (Scheme 124), as
would be expected when mediated by electron-deficient sulfamyl radical 517. Notably, by
changing the base and replacing the acrylate coupling partner with a thiol as a proton-source
or a bromine radical precursor, Nevado and co-workers are able to install a proton or a
bromide at the -y-carbon (Scheme 125).

More recently, sulfonamide-guided heteroaryl migration reaction have been developed in
conjunction with alcohol oxidation processes, which rely on silver complexes as radical
trapping agents (Scheme 126).366 Under strong blue light irradiation at an elevated
temperature, a combination of 10-phenylphenothiazine (Ph-PTZ) as photocatalyst and
excesses of silver carbonate and monobasic potassium phosphate in 1,4-dioxane enabled
the ipso-migration of benzylic heteroarenes, containing two adjacent heteroatoms at tertiary
benzylic alcohols to form a new C—N bond and a ketone in an arene migration/oxidation
process. The reaction tolerates variation in the sulfonamide moiety and is selective for
migration of the electron-dense heteroarenes over other aryl groups.

Sulfonamides are important functional groups in medicinal and agrochemical chemistry,
and their application in mild, light-driven processes further bolsters their usefulness to

the larger chemical industry. Though nitrogen-centered radical generation from the N-H
bond of sulfonamides is less well-explored, recent research, PCET-enabled sulfonamide
activation is amenable to a breadth of potential applications, from reactions involving
heteroaryl migration to processes involving enantioselective cyclization. Moreover, the
broader adoption of PCET-type activation of N-H bonds may enable a more straightforward
application of sulfonamides as directing groups for reactions that have previously been
developed using substrates with pre-functionalized nitrogen centers (vide supra. Sections
2-3).

6.4. Sulfamate Esters Can Direct Photochemically-Mediated Giese Reactions, Likely
Guided by Nitrogen-Centered Sulfamyl Radicals

Following the development of sulfamyl radical-guided halogen’2 367 and group transfer
reactions,110. 368. 369 Rojzen and co-workers,370: 371. 372 Dyan and co-workers,373 and Shu
and co-workers3’4 each disclosed methods that, under photochemical conditions, directly
engage sulfamate esters3’> to guide Giese reactions (Scheme 127). The position-selectivity
in these reactions is noteworthy as it complements the selectivity available through other
known, radical-mediated C—H functionalization processes. These reactions reliably engage
otherwise unactivated secondary and tertiary -y-C(sp3)—H bonds in the presence of more
electronically activated C(sp3)-H centers, such as the (w—1)-C—H bond in substrate 527.
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While there is insufficient data to elucidate a full mechanism, key aspects of the proposed
mechanism are supported by the available information, in particular the sufficiency of

the photocatalyst to engage in the proposed electron transfers and the intramolecular,
guided proton transfer (Scheme 128). These reactions are proposed to involve initial
conversion of sulfamate ester 527a to sulfamyl radical 529. A detailed understanding of

the mechanism leading to initial generation of sulfamyl radical 529 cannot be ascertained
from current data as both proton-coupled electron transfer (PCET) and serial proton
transfer (PT)/single electron transfer (SET) mechanisms are plausible, and there is not

yet direct experimental evidence for a nitrogen-centered radical intermediate. Evidence
suggests that sequential deprotonation to form an anion and subsequent SET would be

both kinetically and thermodynamically viable. Specifically, Roizen and co-workers reported
that the electronically similar propyl N-tert-butyl sulfamate anion 532 has a half-peak
oxidation potential (£p/p) of 0.778 V vs. SCE (in CH3CN), so its oxidation would be
thermodynamically feasible if driven by photoexcited [Ir] (£o""™!' = +1.21 V vs. SCE

in CH3CN).370 Once generated, sulfamyl radical 529 would engage in a 1,6 hydrogen-atom-
transfer (1,6-HAT) process to produce a carbon-centered radical. This is proposed to be

the position-selectivity-determining step and reaction outcomes are consistent with this
directed process even when substrates are likely to be subject to alternative (unguided)

C-H functionalization based on competitive site-selectivity (cf. Scheme 127). For example,
tetrahydrogeraniol-derived substrate 527a reacts at the -y-C—H bond, with no evidence of
oxidation of the weaker, more electron-rich (w—1)-C-H bond, supporting the proposed
mechanism as both selective and intramolecular. This 1,6-HAT process is likely rate-
determining based on the primary kinetic isotope effect (KIE; ky/kp) of 4.69 as measured in
parallel experiments.374 Once this carbon-centered radical is generated, nucleophilic radical
addition across an electron-deficient olefin produces an ester-stabilized radical 531, which
should readily be reduced by the photocatalyst (£1,!'"!! = -1.37 V/ vs. SCE in CH3CN) and
subsequently protonated intermolecularly374 to furnish alkylated sulfamate 528a. Notably,
while sulfamates enantioenriched at the site of functionalization are converted to racemic
products, sulfamates recovered from these reactions retain their initial enantioenrichment,
indicating both that the carbon-centered sulfamyl radical 530 is generated irreversibly and
has a radical lifetime sufficient for epimerization to occur (Scheme 129).

Though a less commonly encountered functional group, the rare -y-carbon selectivity
demonstrated by sulfamate ester-derived nitrogen-centered radicals establishes sulfamate
esters as an important to the development of C—H functionalization technologies.
Furthermore, these reactions are mechanistically interesting, as the exceptionally uncommon
7-membered transition state that is requisite for 1,6-HAT processes. Further development of
this -y-carbon selective technology is ongoing.

Hydrazonyl Radicals Can Be Prepared from Hydrazones

Hydrazonyl radicals are intermediates in organic synthesis that can be easily formed
from hydrazones. Intramolecular 5-exo-trig or 6-endo-trig cyclization reactions involving
hydrazonyl radicals constitute useful synthetic strategies to prepare pyrazoline, pyrazole,
1,6-dihydropyridazine, and pyradazine analogues. Methods to access hydrazonyl radicals
have been developed that rely on the use of copper catalysis,376:377:378 or stoichiometric
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amounts of oxidants such as azodicarboxylates,379-380 or TEMP(Q381:382.383 g glky|
peroxides38 (Scheme 130A). By avoiding high temperatures, stoichiometric oxidants,

and permissive oxidants, photoredox-mediated processes can convert tosyl hydrazones

to hydrazonyl radicals that can participate in 5-exo-trig or 6-endo-trig cyclization

reactions to furnish 4,5-dihydropyrazoles,349: 385 or 1,6-dihydropyridazines (Scheme
130B).340 Interestingly, alkene substitution dictates the type of product that forms, with
B-unsubstituted or alkyl hydrazones 535a—b furnishing 4,5-dihydropyrazole 536a-b, while
B-aryl hydrazones 535c give 1,6-dihydropyridazines 536¢ (Scheme 130B).340

A plausible mechanism for this transformation could involve initial deprotonation of the
hydrazone by a strong base to afford the hydrazonyl anion 538a—c (Scheme 130C). A single-
electron oxidation of hydrazonyl anion (anion 538b, £y, = + 0.56 V versus SCE in DMF)
by the excited state of the photocatalyst (*Ru'!, £;," ! = + 0.77 VV vs SCE in CH3CN)
could afford hydrazonyl radical 537a—c and reduced photocatalyst (Ru'). Luminescence
quenching experiments reveal that hydrazones 538a—c quench excited photocatalyst only
in the presence of base. Subsequently, cyclization can proceed through 5-exo-trig over
6-endo-trig processes. DFT calculations provide insight into the position-selectivity of the
cyclization reaction (Scheme 130D), suggesting that, with B-unsubstituted or alkylated
intermediates, the activation free energy for 5-exo-trig cyclization of hydrazonyl radicals
537a-b is lower than that for 6-endo-trig cyclization. By contrast, with B-unsubstituted or
alkylated intermediates, the activation free energy for 5-exo-trig cyclization of hydrazonyl
radicals 537c¢ is higher than that for 6-endo-trig cyclization, presumably because the
transition state to access a relatively stable arylic radical, would itself be lower in energy,
thereby favoring 6-endo-trig cyclization. Following cyclization, carbon-centered radicals
539a-c could be quenched by a hydrogen atom source or TEMPO to afford products.

To complement this method, it is possible to intercept the generated alky! radical
intermediates to affect net oxyamination reactions (Scheme 131A),386 or net allylation
reactions (Scheme 131B).387 For the oxyamination reaction, limited mechanistic
investigations are consistent with TEMPO (£, TEMPOY/TEMPO+ = + .62 V/ vs Ag/AgCl)
and excited state photocatalyst (*PC, £1/, = + 2.06 V vs SCE in MeCN) co-operatively
catalyzing hydrazony! radical formation. Once generated, the alkyl radical intermediate
intercepts atmospheric oxygen en route to the oxyamination products, as evidenced

by an 180-labeling experiment. This method transforms a series of substituted B, y-
unsaturated hydrazones into its corresponding 4,5-dihydropyrazolyl methanol or 2,3,4,5-
tetrahydropyridazinol derivatives in 51-93% yields.

With these same substrates, absent an intermolecular radical trapping agent, a hydrazone

can be converted to a hydrazonyl radical intermediate, with subsequent cyclization and then
undergo a productive intramolecular arylation reaction in the presence of an oxidizing cobalt
complex (Scheme 132).388 This research builds on visible-light photoredox/cobalt-mediated
reactions disclosed by Lei389:390.391.392 gnd \\393:394 research groups. Absent cobalt,
hydrazone 535 is converted to unaromatized product 543b. Interestingly, addition of oxidant
such as 1,3-dinitrobenzene or tert-butyl perbenzoate provide aromatized product in moderate
yield. Gratifyingly, ruthenium/cobalt-mediated reactions furnish aromatized product 543a.
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A plausible mechanism for this reaction involves initial converstion of hydrazone 535 to
hydrazonyl radical 537 based on deprotonation, and single electron transfer to quench
excited state photocatalyst (Scheme 132B). Indeed, electron transfer is a kinetically viable
process given relatively rapid luminescence quenching of the excited photocatalyst (Ru''*)
by hydrazone 535 in the presence of base. Following intramolecular 5-exo-trig radical
cyclization by hydrazonyl radical, a generated alkyl radical can add intramolecularly to a
pendant aromatic ring to furnish arenium radical 544. In the presence of cobalt, arenium
radical oxidation forms arenium cation 545, which is poised for deprotonative aromatization.
Under the reaction conditions, alkyl and aryl substituted hydrazones are transformed into
the respective benzosultams 543a in moderate to excellent yields. Complementary reactivity
can be observed with g,s-disubstituted- , &-unsaturated hydrazones, which engage in a
6-exo-trig cyclization, radical addition to tosyl group and protonation cascade to deliver
tetrahydropyridazines 543b in moderate to good yields (Scheme 132C). 39

As a complement to the variety of reactions developed to transform substituted g, y-alkenyl
hydrazones based on intramolecular 5-exo-trig or 6-endo-trig cyclization of hydrazonyl
radicals, 6-exo-dig cyclization reaction/Smiles rearrangement396 cascades of hydrazonyl
radical intermediates have been invented to transform substrates containing terminal alkynes
(Scheme 133).397 A plausible mechanism for this reaction involves base assisted formation
of hydrazonyl anion 548 (£, = + 0.54 V vs SCE in EtOH), which is thermochemically
capable of being oxidized by excited state photocatalyst (*Rull, £1,!""' = + 0.77 V vs SCE
in MeCN) to furnish hydrazonyl radical 549. Resultant radical 549 is poised for sequential
intramolecular 6-exo-dig cyclization and a radical Smiles rearrangement to form radical
species 551. Ultimately, the reduced state photocatalyst (Ru') could reduce alky! radical 551
to anion 552, which could be protonated by the solvent to yield phthalazine. This method
accommodates variety of terminal alkyl or aryl substituted alkynyl hydrazones bearing aryl
or heteroaryl migrating groups. Remarkably, authors have also developed an efficient one-
pot two-step protocol for the phthalazines starting directly from the corresponding aldehydes
and sulfonylhydrazines.

The above described methods to prepare of dihydropyrazoles via hydrazonyl radical
cyclization rely on B,y-unsaturated hydrazones as substrates; however, less elaborate
substrates can be viable precursor to dihydropyrazoles based on in situ access to B,y-
unsaturated hydrazones. Recently, Cai and co-workers have used a.-bromo hydrazones

553 and B-ketocarbonyls 554 as precursors to dihydropyrazoles (Scheme 134).398
Mechanistically, initial deprotonation of B-ketocarbonyl 554 is followed by nucleophilic
displacement of a-bromo hydrazones to provide hydrazonyl anion. In the presence of a
visible-light photosensitizer, hydrazonyl anion can be oxidized to hydrazonyl radical 556,
which undergoes intramolecular cyclization to give dihydropyrazoles. A hydrazonyl radical
intermediate is implicated as, absent photocatalyst, 1,2-dihydropyridazine 557 forms. This
method converts a variety of readily accessible alkyl and aryl hydrazones and 1,3-dicarbonyl
analogs to furnish dihydropyrazoles.

These photocatalyst-mediated process avoid the use of high temperatures, and
strong oxidants, and provide a mild protocol for the generation of the hydrazonyl
radical intermediates. The intramolecular hydrazonyl radical cyclization process
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offer straightforward routes functionalized benzosultams, dihydrobenzosultams, 4,5-
dihydropyrazoles, and 1,6-dihydropyridazines, with substrate substitution critically
influencing product-selectivity.

7. CONCLUSION AND OUTLOOK

With efficient access to nitrogen-centered radicals through photocatalysis, many
transformations have become more broadly viable, and more efficient. Among these

are C—H functionalizations involving arenes and unactivated aliphatic bonds, as well

as olefin functionalization processes and transformations involving bond migration.

With typically mild reaction conditions, a variety of otherwise reactive functional

groups can be carried through these transformations. Nevertheless, the abundance of
publications in this nascent field belies the challenges yet to be overcome that will

enable broad adoption of these novel technologies by practitioners of total synthesis, or
within polymer chemistry. Among reactions presented herein, stereoselective processes
remain underdeveloped, with current strategies relying on exogenous, chiral transition-
metal catalysts18: 270, 347, 348, 349, 350, 351, 352 o chjral phosphate bases.361 There are

a number of stereoselective reactions that merge photocatalysis and transition-metal
catalysts,246. 247,399,400 and jt is possible that some of these strategies are compatible with
currently-racemic reactions, while maintaining the advantages conferred by photocatalytic
reactions involving nitrogen-centered radicals. Future developments of broadly generalizable
platforms for photocatalytic reactions of nitrogen-centered radicals will hinge upon and

be bolstered by continuing efforts to better characterize the underlying physical and
photochemical processes in this chemistry. Ultimately, technological developments to date
provide a promising foundation for the future of nitrogen-centered radical chemistry.
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ABBREVIATIONS USED

A Angstrom

Ac acetyl

Acr acridinium

AIBN azobis(isobutyronitrile)

API active pharmaceutical ingredient

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kwon et al.

ag.
AQN

Ar

BET
BDE
BDFE
BH
BHT
BINOL
Bn
BNAH
Boc
BODIPY
Bpy

Bs

Bu

Bz

C

cat
calcd
Chz
CFL
cod
4CzIPN
DABCO
DCA
DCE

DDQ

Aqueous

anthracene-9,10-dione or anthraquinone
aryl

base

back-electron transfer

bond dissociation energy

bond dissociation free energy

conjugate base

butylhydroxytoluene

1,1’-bi-2-naphthol

benzyl
1-benzyl-1,4-dihydronicotinamide
tert-butoxycarbonyl
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene
2,2’-bipyridine

benzenesulfonyl

butyl

benzoyl

Celsius

catalytic or catalyst

calculated

carboxybenzyl

compact fluorescent lamp
1,5-cyclooctadiene

2,4,5,6-tetrakis(9 H-carbazol-9-yl)isophthalonitrile
1,4-diazabicyclo[2.2.2]octane
9,10-dicyanoanthracene
1,2-dichloroethane

2,3-dichloro-5,6-dicyano-1,4-benzoquinone
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drF

dF(CF3)ppy

dFppy
DFT

DIPA
DIPEA
DMF
dmgH
dmgH»
DMN
DMPU
DMSO
dmTroc
3DPAFIPN
dr
dtbbpy
E 12
Ep

E p/2
ee
E.AS
EDG
EnT
equiv
Et

ET
EWG
EY

Fc
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difluoro (in reference to photocatalysts)
2-(2,4-difluorophenyl)-5-trifluoromethylpyridine
2-(2,4-difluorophenyl)pyridine

density functional theory

diisopropylamine

N, N-diisopropylethylamine

N, N-dimethylforamide

conjugate base of dimethylglyoxime (dmgH5)
dimethylglyoxime

1,5-dimethoxynaphthalene

N, N ~dimethylpropyleneurea

dimethylsulfoxide

dimethyltrichloroethyl chloroformate
2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile
diastereomeric ratio

4,4’ -di-tert-butyl-2,2"-bipyridine

half-wave potential

peak potential

half-peak potential

enantiomeric excess

electron donating group

energy transfer

equivalent

ethyl

electron transfer

electron withdrawing group

eosin Y or 2’,4",5”,7’ -tetrabromofluorescein

ferrocene
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FMO

GC-MS

h
H-Bonding
HAT

HATU

HFIP
HLF
HRMS

ISC

kcal

LED

Me
MeCN
Mes
MesSH
mol
mol %

MS

MTBE

frontier molecular orbital

gram

gas chromatography—mass spectrometry
hour(s)

hydrogen bonding

hydrogen atom transfer

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium-3-oxidehexafluorophosphate
1,1,1,3,3,3-hexafluoroisopropanol
Hofmann-Lo6ffler-Freytag
High-resolution mass spectrometry
intersystem crossing

kilo

kilocalorie

ligand

light-emitting diode

molar

meta

milli

methyl

acetonitrile

mesityl
2,4,6-trimethylbenzenethiol or mesitylthiol
mole

mole percentage

molecular sieve

methanesulfonyl

methyl fert-butyl ether

normal
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NCR
NCS
NFSI
NIS
NMM
NMP

NMR

0oX

PC
PCET
Ph

Phth
Ph-PTZ
pin
PMP

ppy
Pr

Py

red
rt
SCE

SET

TAS

nitrogen centered radical
N-chlorosuccinimide
N-fluorobenzenesulfonimide
N-iodosuccinimide
N-methylmorpholine
N-methyl-2-pyrrolidinone
nuclear magnetic resonance
ortho

oxidation

para

photocatalyst
proton-coupled electron transfer
phenyl

phthalimido
10-phenylphenothiazine
pinacolato
para-methoxyphenyl
2-phenylpyridinato

propyl

pyridine

guantum yield

undefined group

reduction

room temperature

saturated calomel electrode
single electron transfer
excited state lifetime

tert

transient absorption spectroscopy
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TBAI tetra-n-butylammonium iodide
TEMPO (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl
Tf trifluoromethanesulfonyl
TFE 2,2,2-trifluoroethanol
THF tetrahydrofuran
TMS trimethylsilyl
TMB 1,3,5-trimethoxybenzene
TRIP 1,3,5-triisopropylbenzene
Trisyl 2,4,6-triisopropylbenzenesulfonyl
Ts para-toluenesulfonyl or tosyl
TTET triplet-triplet energy transfer
uv ultraviolet
\% volt
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(A) Iridium photosensitizers

CF,

[IndFCF3ppy)a(dtbbpy))(PFg)?
R'=H, R2=Bu

Ey(*PC/PC™) = +1.21 V vs SCE
E42(PC/PC) = -1.37 V vs SCE
Ey(PC**PC) =-0.89 V vs SCE
E2(PC*PC) = +1.69 V vs SCE

(Ir(dFCF3ppy),(5,5™-dCF3bpy)](PFe)®
R'=CF; R2=H

Eq2(*PC/PC") = +1.68 V vs SCE
E12(PC/PC) = -0.69 V vs SCE
Ei(PC**PC) =-0.43 V vs SCE
Eq2(PC*PC) = +1.94 V vs SCE

[Ir(dFCF3ppy)2(4,4™-dCF3bpy))(PFg)®
R'=H,R2=CF;

Eq2(*PC/PCT) = +1.65 V vs SCE
Ey2(PC/PCT) =-0.79 V vs SCE
Eq2(PC**PC) =-0.51 V vs SCE
Eq;2(PC*/PC) = +1.93 V vs SCE

[I(dFCF3ppy)2(bpy))(PFe)°
R'=H,R2=H

Ey2(*PC/IPC) = +1.32 V vs SCE
E2(PC/PCT) = —1.37 V vs SCE
E1(PC*"PC) =—1.00 V vs SCE
E1(PC*PC) = +1.69 V vs SCE

\ +
| —|p|=;
P
N 1 =
ey, I “‘N -
Pl
MG
N I =
g
T

(Ir(PpY)2(bpY)I(PFe) ¢
Ey2(*PG/PC) = +1.22 V vs SCE
Eyo(PCIPC) = —1.44 V vs SCE
E,(PC*"PC) = —1.17 V vs SCE
Et,pz(PC"’fPC} =+1.49 V vs SCE

[Ir(dFMeppy),(dtbbpy)](PFg)*®
R'=Me, R2=F

Eqw(*PC/PCT) = +0.97 V vs SCE
E;(PC/PC™) = -1.44 V vs SCE
Eqs(PC**PC) = -0.92 V vs SCE
Eq2(PC*/PC) = +1.49 V vs SCE

[Ir(ppy)2(dtbbpy)](PFg)®f
R'=H,R?= H

Eqp(*PC/PC™) = +0.66 V vs SCE
Ey»(PC/PC™) = -1.51 V vs SCE
E,;(PC*"PC) = —0.96 V vs SCE
Eq2(PC*/PC) = +1.21 V vs SCE

fac-Ir(ppy)s 9™

R'=H

Ey»("PC/PC) = +0.31 V vs SCE
Ey(PC/PC) = —2.19 V vs SCE

Ey2(PC**PC) = -1.73 V vs SCE
Ey2(PC*PC) = +0.77 V vs SCE

Ir(dFppy)s/

R'=F

E,("PC/PC™) = +0.64 V vs SCE
E,»(PC/PC™) = —1.57 V vs SCE

E,(PC*/"PC) = -0.98 V vs SCE
E,(PC*/PC) = +1.23 V vs SCE

Figure 1.
Iridium-Based Photocatalysts and Their Associated Photochemical and Electrochemical

Data (All potentials are measured in acetonitrile). 2See ref 8.8 PSee ref 9.9 ¢See ref 10.10 dSee
ref 1111, eSee ref 12.12, TSee ref 13.13. 9See ref 14.14 hSee ref 15.15 See ref 16.16iSee ref
17.17
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(A) Iridium photosensitizers

[Ir(btp)a(phen))(PFg)*
Eq(*PCIPC") = +0.94 V vs SCE
E;(PC/PC") =—1.04 V vs SCE
Eq(PC*1"PC) = -1.21 V vs SCE
E;(PC*/PC) = +0.77 V vs SCE

Q—s e
P

[Ir(Fppy)a(phen)])(PFg)®
R'=F,R2=H

E,2("PC/PC™) = +1.35 V vs SCE
E,(PC/PC™) = -1.11 V vs SCE
E,(PC*/*PC) = —1.32 V vs SCE
Ey2(PC*/PC) = +1.14 V vs SCE

[Ir(dFppy),(phen))(PFg)?
R, RZ=F

| = N Eq(*PC/PC™) = +1.42 V vs SCE
= "f«..,._ | et E,»(PC/PC") =-1.15 V vs SCE
/'"‘ E,(PC*/*PC) = -1.22 V vs SCE
ol IN ' E,»(PC*/PC) = +1.35 V vs SCE
"‘*- N

[Ir(pbt)o(phen))(PFg)*
Ey("PC/IPC) = +1.16 V vs SCE
Ey(PC/PC) = -1.39 V vs SCE
Ey»(PC**PC) =-1.17 V vs SCE
Ey»(PC*/PC) = +1.38 V vs SCE

(B) Ruthenium photosensitizer

2%

X)2

[Ru(bpy)s]Cl,?, X = CI
E;»(*PC/PC") = +0.78 V vs SCE
Ey(PC/PC) = -1.35 V vs SCE
Ey(PC*"PC) = —0.87 V vs SCE
Ey2(PC*/PC) =+1.26 V vs SCE

[Ru(bpy)s](PFg)"*?, X = PFg
E;(*PC/PC) = +0.77 V vs SCE
Ey(PC/PC™) =-1.33 V vs SCE

[Ir(dFCF3ppy)z(phen)](PFg)?

R', R?=CF,

Ey2(*"PC/PC™) = +1.33 V vs SCE
E;2(PC/PC) =-1.22 V vs SCE
Ey;»(PC**PC) = —0.99 V vs SCE
E,;»(PC*/PC) = +1.56 V vs SCE
(C) Rhodium photosensitizers

Q‘x&

MeCN,,,,

MeCN /l‘@
(5

A-RhO!

(D) Palladium phorosens.-'.'.-'zer

UAc j'
/N"‘Pd"
G’ Me Me

palladium dicarbene PC9

Page 89
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E,(PC*"PC) = -0.81 V vs SCE E,;2(PC/*PC) = +0.87 V vs SCE (DMF)
E,(PC*/PC) =+1.29 V vs SCE Ey2(*PC/PC™) =-1.31 V vs SCE (DMF)

Figure 2.
Transition-Metal-Based Photocatalysts and Their Associated Photochemical and

Electrochemical Data (All potentials are measured in acetonitrile unless otherwise noted.).
aSee ref 18.18 bSee ref 19.19 CSee ref 14.14 dSee ref 15.15 €See ref 16.16 fSee ref 20.20 9See ref
212

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuely Joyiny 1duosnuey Joyiny

1duosnuepy Joyiny

Kwon et al.

Figure 3.

(A) Organic photosensitizers

eosin Y?#

Eqn("PC/PCT) = +0.83 V vs SCE
Eq2(PC/PC™) = —1.08 V vs SCE
Eqa(PC**PC) = -1.15 V vs SCE
Ey2(PC*/PC) = +1.23 V vs SCE

0

b

0, N
\cv

G \
+
N

Clo; Flt

Ph

1
[Imi-PhAcr]CIO,?

R'=Ph

Eq;(*PCIPC™) = +2.36 V vs SCE
E4,5(PC/PC™) = -0.33 V vs SCE
[Imi-MeAcr]CIO,2

R'=Me

Eq2("PC/PCT) = +2.40 V vs SCE
Ey2(PC/PC™) =—-0.28 V vs SCE

CN

L

CN

DCA, 9,10-dicyanoanthracene®
Eqo("PC/PCT) = +1.99 V vs SCE
E,»(PC/PC™) =-0.91 V vs SCE

0

Ph-PTZ, 10-phenylphenothiazine?
E,2(PC*/*PC) = —2.10 V vs SCE
E,(PC*/PC) = +0.68 V vs SCE

N
I -~
Etoso, L*

* Et

phenazinium photocatalyst®

rose bengal®

Eqe(*PC/PCT) = +0.81 V vs SCE

E4»(PC/PC™) = -0.99 V vs SCE

Eqs(PC*/*PC) = -0.96 V vs SCE

E4»(PC*/PC) = +0.84 V vs SCE
Me

Me I Me
"o
R2 ﬁ/ R2
FI|3 X
[Mes-Acr]|BF,'9
R', R2=H, R® = Me, X = BF,
[Mes-Acr]CIO, "9
R', R2=H, R®=Me, X =CIO,

Ey(*PC/PC) = +2.08 V vs SCE
Ey2(PC/PC™) = -0.57 V vs SCE

[2,7-dMe-Mes-PhAcr]BF,"

R' = Me, R2=H, R® = Ph, X = BF,
Eq(*PGIPC™) = +2.09 V vs SCE
E,2(PC/PC) = —0.58 V vs SCE

[('Bu),Mes-PhAcr]BF "

R! =H, R2=rBI.I, R3=Ph,x=BF4
Ey(*PGIPC") = 42.15 V vs SCE
E,2(PCIPCT) =—0.52 V vs SCE

OCH,

e

OCH,
1,5-DMN*/

E;2(PC**PC) =-2.50 V vs SCE
E;2(PC*/PC) = +1.28 V vs SCE

3-phosphonate quinolinone*
Ep2(PC**PC) = 1.29 V vs SCE
Epn(PC*/PC) = +1.63 V vs SCE

1duosnue Joyiny

Organic Photocatalysts and Their Associated Photochemical and Electrochemical Data (All
potentials are measured in acetonitrile). 2See ref 22.22 PSee ref 23.23, CSee ref 24.24 dSee
ref 25.25 €See ref 26.26 fSee ref 27. 27 9See ref 28.28 "See ref 29.29 iSee ref 30.30iSee ref
31.31ksee ref 32.32

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwon et al.

(A) Organic photosensitizers

¢
W

thioxanthone?

Ey("PCIPC™) = +1.18 V vs SCE
E4;»(PC/PC) = -1.65 V vs SCE
E»(PC*"PC) =-1.11 V vs SCE
E4(PC*PC) = +1.69 V vs SCE

(o] Rt
2008
(o]
1-CI-AQN?
R'=Cl,R2=H
Eyp("PC/PC™) = +2.30 V vs SCE
2-CI-AQN
R'=H,R?2=ClI
0
ci CN
Cl CN
0
DDQsd

Eq(*PC/PCT) = +3.18 V vs SCE
E»(PC/PC™) = +0.48 V vs SCE

o

benzophenone?

Ey("PC/PC™) = +1.28 V vs SCE
E4(PC/PC™) = -1.72 V vs SCE
Ey(PC*/*PC) = -0.61 V vs SCE
E,;»(PC*/PC) = +2.39 V vs SCE

B'®
F’ \F Me

BODIPY photocatalyst’

Figure 4.

Page 91

XCz
NC CN
XCz XCz
N
XCz=
X X
X=H,ClBr,F
4-CzIPNY
X=H

Ey{*PC/PC) = +1.35 V vs SCE
Ey»(PCIPC) =—1.21 V vs SCE
Ey(PC*/"PC) = —1.04 V vs SCE
E1(PC*/PC) = +1.52 V vs SCE

4-CICzIPN®

X=cl

Ey2{"PC/PCT) = +1.49 V vs SCE (DCM)
Ey2(PC/PC) = —1.10 V vs SCE (DCM)
Eyn(PC*/*PC) = -0.72 V vs SCE (DCM)
Ey2(PC*/PC) = +1.87 V vs SCE (DCM)

4-BrCzIPN"

X=Br

E4(*PCIPC") = +1.73 V vs SCE (DCM)
Ey(PC/PCT) =—0.85 V vs SCE (DCM)
Ey(PC*/"PC) = —0.80 V vs SCE (DCM)
Ey(PC*/PC) = +1.98 V vs SCE (DCM)

4-FCzIPN"

X=F

Ey(*PCIPCT) = +1.42 V vs SCE (DCM)
E,2(PC/PC™) =-1.18 V vs SCE (DCM)

Ey(PC**PC) = -0.81 V vs SCE (DCM)
Ey(PC*/PC) = +1.79 V vs SCE (DCM)

NPh,
NC CN

PhyN NPh,

3DPAFIPN'

E42("PCIPC™) = +1.09 V vs SCE
E;»(PC/PC") = —1.59 V vs SCE
E,»(PC*/"PC) = -1.38 V vs SCE
E,2(PC*/PC) = +1.31 V vs SCE

Ph

Jo!

P
Ph”5'0% ~Ph
BF,
2,4,6-triphenylpyrylium/X
Eq2("PC/PCT) = +2.02 V vs SCE
Ey2(PC/PC") =-0.32 V vs SCE

Organic Photocatalysts and Their Associated Photochemical and Electrochemical Data (All
potentials are measured in acetonitrile unless otherwise noted.). 2See ref 33.33 PSee ref
34.34 cSee ref 35.35 dSee ref 36.36 €See ref 37.37 fSee ref 38.38 YSee ref 39.39 NSee ref
40.40isee ref 41.41iSee ref 24.24 KSee ref 42.42
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Examples of pro-aromatic, N-radical precursors

0 _Boc Me. _Ts
Me HN—{ Hl:l [;] “BF,
OMe Me N Me Me N* _Me
7~
Me CO,Me EtO,C CO,Et
Me
20 21 22a
1,4-cyclohexadiene Hantzsch-type aminopyridinium salt
dihydropyridine

Figure 5.
Nitrogen-Centered Radicals Derived from Pro-aromatic Compounds Inspired a Photo-

mediated Strategy to Access Nitrogen-Centered Radicals Based on Nitrogen—Nitrogen Bond
Cleavage
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A) a closed photocatalytic cycle
N-Radical
Precursor  hv (visible light) Product

PC (< 1.0 equiv
Q -hltem, o

hv
B¢ e }

PC )

\PC_ . »
Y

o
oY =~ @

N-Centered Reactive
Radical Intermediate
Intermediate

B) a radical chain propagation process

N-Radical
Precursor  nv (visible light) Product

(2 PC ( < 1.0 equiv) o @

/PC* ‘N"hv ® \‘

\ PC’ / N-X /

Y
:
® =
N-Centered Reactive
Radical Intermediate
Intermediate

Scheme 1.

Page 93

Comparison of Mechanisms That Proceed by Radical Chain Propagation Versus Closed

Reaction Cycle
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Page 94

TS..\ TS....
N white LEDs +
H® [Ir(PPY)2bpY]PFg (0.1 mol %) cld
Na,HPO, (1.2 equiv)
: CHCN (006 M) o
p roONt tempersturs 2a, R = Ph, 90% yield
2b, R = H, 64% yield
Reduction of 1a is
P thermodynamically 1 3 A
feasible . J
E,®d (1a)=-0.47 V a) radical-chain
.. cr E, (V) = —1.17 v propagation \ .
Y vs SCE (MeCN) Cl
2
TS\NT 3 TS‘\’J 2 5 Irv Toa TS\N
* | ~N. 7 |
HO -4 Tepar . H.2 > H.,3
5 1,5-HAT s ¢ b) radical-polar =
R crossover R
3 4 5

Scheme 2.

N-Chlorosulfonamides Undergo C(sp®)-H Chlorination in the Presence of Photoredox

Catalysts
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blue LEDs
Ru(bpy);Cl, (0.05 mol %)

TS\N/\/\l/Me > TS\N/\/\rme

H room temperature Cl

6 7, =3.23

Scheme 3.
W. Yu and Co-workers’” Quantum Yield Calculation Supports a Radical Chain Propagation

Mechanism in Sulfonamide-Guided Chlorination Reactions
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Selected from 21 examples

white LEDs
[Ir(ppy).dtbbpy]PFg
T ) Cl Ts
/ (1.0 mol %)
Yt o > PR
Me DCE (0.05 M) R Me
6 h, room temperature
8 9 10a, R = Ph
(1.0 equiv) (1.5 equiv) 72% yield
10b, R - CGH13
64% vyield

no reaction was observed in the absence of a photocatalyst

Scheme 4.
S. Yu and Co-workers Protocol to Access Chlorosulfonamidation of Olefins with A-

Chlorosulfonamides by Photoredox Catalysis
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Selected from 20 examples

blue LEDs cl
[Ru(bpy);](PFg), (2.0 mol %)
0. N—CI s KOACc (2.0 equiv) _>—Ph

N\Y/; P
+ > O N
Ph’s‘”n / CH,CN (0.5 M) DG
4 h, room temperature Ph” "R
11 12 13a, R = CF;, 80% yield
(1.0 equiv) (2.0 equiv) 13b, R = C,Fg, 90% yield

13C, R = CFCl,, 39% yield

no reaction was observed in the absence of a photocatalyst

Scheme 5.
Photoredox-Catalysis Enables 1,2-Difunctionalization of Electron-Rich Olefins by A-

Chlorosulfoximines Bearing S-Fluoroalkyl Substituents

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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0 20 W CFL 0
Ir(dFppy); (0.5 mol %)
% . © K,CO; (3.0 equiv) N
N_ acetic acid (20 mol %) \O
ci - J
(o)

CH5CN (0.1 M), 24 h

14a 15 oI fmpsiature 16, 65% yield
(2.0 equiv) (without acid, [Ir]) 8% vyield
oL Reduction of 14a is Similar to E.A.S., A N—
kinetically feasible:  Kinetic isotope effect 2
14a quenches Ir''" Kyp=1.13
IV Cl Ky=2.6x108 M5 (1-1CHCoD.) K,COx
17 15
Scheme 6.
A Plausible Mechanism By Which Photoredox Catalysis Enables Efficient C—H Imidation of
Arenes

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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6 blue LEDs 0
Ru(bpy)3Cl, (5.0 mol %)
benzene (10 equiv) N

4A molecular sieves

s =
CH,CN (0.1 M), 40°C,5 h o]
14b 16, 49% yield
Reduction of 14b is
R thermodynamically A (1H)-2,4,6-
- feasible collidinium
E,? (14b) =-0.75 V
2,4,6- Ru'l E1 ;2(RU||*/RU“|) =-0.81V 2 4.6-
collidine vs SCE (MeCN) coI’Ii(,:line
o]
(o) o,
Ne * )kN
+ — N < H
o H 7\
o Hulll RU" _ o)
17 15 18 19
Scheme 7.

Light Enables Nitrogen-Centered Radical Generation from Pyridinium Salts in the Course of
C-H Amination of Arenes

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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R Me | N Me 6 blue LEDs
C..@ + ~ N-:. ,R
N “BF, o
Me Me
22
(2.0 equiv)

24a, 86% yield

HU(bPY)3CI2 (5.0 mol %)

. a
N N /TS N N /TS
| / I

/
Me

Me Me Me
24b, 71% yield

Scheme 8.
Radical C(2)-Amidation of A-Methyl Indoles and Pyrroles Can Engage A~Aminopyridinium

Salts as Nitrogen-Centered Radical Precursors

Chem Rev. Author manuscript; available in PMC 2023 January 26.

CH,CN (0.1 M), 40 °C

e

: ll
P N~ Boc
Me '

Page 100

& )
y
Me
24

Me

24c, 61% yield

v’
Me

R
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HN'TS blue LEDs Ts OH
. Z Ir(ppy); (1.0 mol %) HN
“BF, :N -> + »>
\ / /\O 9:1 Acetone:H,0 (0.1 M)
22b 12 25, 85% vyield
(1.1 equiv)
Reduction of 22b is: A
-thermodynamically feasible (_LH)_-
Irllli Epred=—0.80 V pyriainium
E;p(I/1KV) = 173 V vs /
SCE (MeCN) \
oyridine | G -kinetically feasible H'qu
Y Kq=6.0x103 M s pyricEe
Ts Ts Ts
HN/ z _— HN B HN +
26 12 27 28

Scheme 9.
Sulfonamide-Based Aminopyridinium Salts Engage in Photoredox-Mediated

Aminohydroxylation of Olefins

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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R\fo blue LEDs R\fo OH
i Ir(ppy)s; (1.0 mol %)
N ™S Pz Sc(OTf); (20 mol %) HN
| + T
s 9:1 Acetone:H,0 (0.1 M)
30a, R = CF;, 59% vyield

29 12 30b, R = 0'Bu, 58% yield

(2.0 equiv)
30a Without hv - 0% yield
Without [Ir] - 0% yield
Without Sc(OTf); - 0% yield

Scheme 10.
Amidopyridinium Salts Engage in Photo-driven Amidohydroxylation of Olefins

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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'Il's blue LEDs X 'Il's
.NH [Ir(ppy).dtbbpy]PFg (1.0 mol %)
O/\ O\l* pyridine-n(HX) NH
+ ‘BF >
/ 4
CH,Cl, (0.05 M), 25 °C
12a 22b 31

(1.75 equiv)

F Ts Cl 'Il's Br '}'s
NH NH NH
31a, 84% yield 31b, 66% yield 31c, 17% yield
pyridine-9(HF) pyridine+(HCI) pyridine+(HBr)
(1.1 equiv) (1.0 equiv) (1.0 equiv)
Scheme 11.

Aminopyridinium Salt-Derived Sulfamyl Radicals Enable Regiospecific Aminohalogenation
of Styrenes in the Presence of Pyridinium Halides

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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‘ll's
blue LEDs
HN ‘BF4 [Ir(ppy),dtbbpy]PFg (1.0 mol %) X “Me
NY X K,HPO, (1.5 equiv) |
> NV
CH,Cl, (0.05 M), 25 °C R’
32 22b 33
(1.5 equiv)
Selected from 34 Examples
I i s
N N N
ﬁu’hﬂe ﬁc,‘ Me Mme
(pin)B | Me
33a, 69% vyield 33b, 75% yield 33c, 35% yield
>20:1 dr >20:1 dr 1.5:1dr

Scheme 12.
Sulfamyl Radicals Engage in Diastereoselective Aziridination of Substituted Styrenes

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(o)
J e s blue LEDs o Ts
(o) - y N+'N‘Me [Ir(ppy3)] (1.0 mol %) o 1 N‘M
1J§/R3 || _"BF4 CH,CN (0.05 M) ? °
R d 2 p3
R2 Me X Me 2 R® R
34 22a 35
(1.2 equiv)
o) Ts
o Ts
o T o T we A !
N \.Me ~
% Me N.
Me Me H Me
| Me Me Me  a
Me .

35a, 83% yield 35b, 52% yield  35c, 39% yield 35d, 66% vyield

Scheme 13.
Regioselective Amination of O-Protected Enolates Furnishes a.-Sulfamyl-Containing

Carbonyl Compounds

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Me\N e blue LEDs = Ve
‘BF, NT eosin Y (0.5 mol %) N\ /
=~ & N+ K4PO, (1.2 equi N—Ts
.2 equiv.)
EtO 72\ V4 -
< _ ) DMSO (0.1 M), 3 h EtO
36a 37a 38a, 75% yield
(1.5 equiv) 10:1 C4:C2
pc+ Reduction of 37ais: 39
-thermodynamically feasible wNoTS
E,o®9=-0.62 V vs SCE (MeCN) | K,HPO
p N Me 2 4
E1f2(PC /PC-+) = —1 .11 V
pyridine pct* vs SCE (1:1 H,O:MeCN)
Y *kinetically feasible
Kq'(T) =11 .87 M-1 Ts K3P04
Quantum yield: ¢ = 33.5 Me—N’
\N+
Me Me\ 37a /4 \ Me
- —_— N—Ts ;—b \N—T
EtO + N-—Ts . . »
* [ H
EtO EtO
36a 39 40 41
Scheme 14.

Aminopyridinium Salts Engage in Aminopyridylation of Vinyl Ethers with a Preference for
Pyridyl C(4)-Selectivity Likely viaRadical Chain Mechanism

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kwon et al.

Page 107

N—/ R2

\ blue LEDs A M
__ BF; N—Ts  eosin Y (0.5-1.0 mol %) N\ Z ™
n’x/ + N* K3;PO, (1.2 equiv.) N—Ts
72N\ -
< — > R? DMSO (0.1 M), 3 h R1X
36 37 38
X=0, NH (1.5 equiv) OMe
N—
\ / Me\
N—Ts N—
N— N— Me
Me Me xt = \ / \N—Ts
N\ 7/ N\ 7/
N—Ts N—Ts oMe ©
MeO HN >—NH
"BuO "BuO Cbz Me
38b, 64% Yield 38c, >98% Yield 38d, 75% Yield 38e, 70% Yield
2.5:1 C4:C2 1.1:1 dr

Scheme 15.

Vinyl Aminopyridylation Tolerates Variations in Vinyl and Pyridyl Substitution

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwon et al. Page 108

Z blue LEDs
| [2,7-dMe-Mes-PhAcr]BF,
Me ~

- N* (5.0 mol °/o) paar
G + | -
Ph N\(O CH,Cl, (0.1 M) o
PMP
32 42a 43a, 66% yield
Epp™ =174V E,;,> =158V >20:1 dr, XRD confirmed

PC* Me
\
| o

PC*+* [2,7-dMe—Mes—PhAcr]BF4

Y Ei(PC/PC™)=2.09 V vs. SCE (CH,CN) | 47. |
a a 73
M \N"' \N"' H |:1+
= N._O *__N__O & N_ _PMP
+ L]
ol ) m N ey
PMP Me PMP e o

32

Oxidation of 42 is = I 0

kinetically feasible )L anti— NN JL

Kq*(t) = 370.43 M1 '351 H Ee==t N PE”‘P
Me:@H il Me:écl-l

Quantum yield: anti-isomer proceeds through lower energy
¢ =0.141 transition state by 2.7 kcal/mol
Scheme 16.

Aminopyridylation Proceeds Selectively at the Pyridyl-C(2) via Radical Formal 1,3-Dipolar
Cycloaddition Process

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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’\/
R? R3 N |
_ L)

R2 N-jr

0
48 42
(1.0 equiv)
N 7
R PMP
Ph HN—v«
0

43b,R =H, 77% vyield
43c, R = Br, 83% yield
5.4:1 C2:C6

o)

HN—(
\
7 “\ PMP

43f, 58% vyield
>20:1 adr

Scheme 17.

blue LEDs
[2,7-dMe-MesPhAcr]BF,
(5.0 mol %)

CH,Cl, (0.1 M)

N

PMP
n-hexyl HN—«
(0

43d, 38% vyield
(5.0 equiv alkene)

43g, 50% vyield
>20:1 ar

S

Page 109

R2 H
o)
43
N
S/ -
Me PMP
Me HN
o)

43e, 82% yield
(3.0 equiv alkene)

43h, 63% vyield

Amidopyridylation Products Are Readily Produced from Both Activated and Unactivated

Alkenes

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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N

> | blue LEDs =
o ) 3-phosphonate quinolinone 25
r;l" BF, (1.0 mol %) H
Al B s T NN
Ts” 4 3 5 Me DMSO (0.2 M), 30 minutes Ts™ 4 3 5 Me
49 50, 76% vyield
Reduction of 49 is:
-thermodynamically feasible _Ts (1H)-
/ PC* Ep),2 =-0.82V 'f;l pyridinium
E,;»(PC'/PC*) =-1.29 V CsHyq
A vs SCE (MeCN) 3c
pyridine 'y pc+ °kinetically feasible pyridine

Kqe(T) = 6.98 M-
(PC* lifetime not available)

2
1
TS\N 3 49
rll N
1 5 HAT . 4 radical-
MZ chain
propagation
3c 4c
I\lﬂe Quantum yield
N O 3-phosphonate b =41.2
/O/\I o Qquinolinone-based indicates
MeO g dueeseli radical chain
piy Ph mechanism

Scheme 18.
Aminopyridinium Salts are Appropriate Substrates for Directed Pyridylation Reactions

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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= | ~0.SOCH blue LEDs | A
S 3 3 3-phosphonate quinolinone =
’I\I R (2.0 mol %) H
B
/N i N R
Me Me DMSO (0.1 M), 16 h Me Me
0 (o)
52 53a, R = Me, 72% yield
9.3:1 C4:.C2
Quantum yield ¢ = 12.7 indicates 53b, R = H, 53% yield
radical chain mechanism 3.2:1 C4-C2
Scheme 19.

N, N-Dialkylamidopyridinium Salts Engage in 1,5-HAT-Mediated C-H Pyridylation

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(A) 1,2-Difunctionalization Engages Sulfoximines and Thiocyanates
Selected from 24 examples

blue LEDs Ph
i - Ir(ppY)s (1.0 mol %) o O
g i P
SEN 4+ »: Mo
[ . CH,Cl, (0.05 M)
Me 4 h, room temperature
54 12 55, 72% vyield

(1.0 equiv) (5.0 equiv)
no reaction was observed in the absence of a photocatalyst

(B) Lu, Xiao, and co-workers (2013) Detosylate Tosyl Aryl Amides
Selected from 20 examples

white LEDs (_)\\ ,H
[Ir(ppy),dtbbpylPF; ~ O=S o
(2.0 mol %) L
Hantzsch Ester (1.5 equiv) H Ph

CH,Cl, >
12 h, room temperature
Me

57a, 89% yield
(C) N:cew;cz and co-workers (2020) Detosylate Amines
Selected from 38 examples

blue LEDs
[(‘Bu);Mes-PhAcrIBF,
(10 mol %) HzN
DIPEA (3.0 equiv) HN._ _Me
M HN\.SI e - ey
= JN%,  6:1CHONH,0 (0.1 M) o'
56b 20 h, room temperature 57b, 61% yield
(D) Cyclization Product Suggestive of Putative N-Centered
Radical Intermediate
blue LEDs o
[('Bu);Mes-PhAcr]BF,
_Me (10 mol %) Me
N DIPEA (2.0 equiv) .
o solvent (0.1 M) - 3
20 h, room temperature N‘
Me Me
putative
intermediate
o] l
_Me 0
t| 57c 57d H
6:1CH,CN:H,0 | 72% 0% O . N<pe
CH,CN | 32%  22% N, N,
Me Me
57¢ 57d

Scheme 20.
Photo-driven Nitrogen—-Sulfur Bond Cleavage

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Scheme 21.

(A) Narasaka, 2001

six Ar Hg({zx;)) {%’“ P
iant:
e AT 15DMN ol
yield O (50 mol %) e NI 5
MO MMM
Ph Ph Ph Ph
CF;CH;OH
58 (@31}, 36 h 59 60 61
range variation yield yield
entry —Ar (nm) 60 (%) 61 (%)
NO,
1 300-2000° - 23 6
2 300-2000° no 1,5-DMN 23 38
3 NO; 320-20000 = 35 5
4 i 320-2000° - 70 9
5 320-2000° 24 h, no 74 7
CF4CH,0OH
6 320-2000° 500 W, no 75 6
CF3CH,0OH
7 320-2000° 500 W, 1,5-DMN 75 7
(15 mol %), no
CF4CH,OH

2A Kenko UV-30 filter was employed to exclude light of lower wavelengths.
PA Kenko UV-32 filter was employed to exclude light of lower wavelengths.

(B) Leonori, 2015
light source yield

63 (%)
CFL(30W) 78
NO, light blue LEDs (440 nm) 602

eosin Y Me
)'L(V)ﬂ O(z mo(l) %) N green LEDs (530 nm) 9530
a q
—l-

acetone Ph red LEDs (600 nm) 312P

63 AConversion measured via 'H
NMR. Internal standard not

reported. "Reaction in acetone-dg.

A No, ;

Ph Me
para meta ortho X=F X=H
E,® (V) vs. 64a 64b 64c 64d 64e 64f 64g
SCE (CH4CN) -0.55 -0.65 -0.67 -0.93 -1.70 -1.79 -1.88

Page 113

Photoredox Catalysis Transforms O-Aryl Oximes to Iminyl Radicals, Which Participate in
5-exo-trig-Hydroimination Reactions to Afford Pyrrolines

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Page 114

(A) Electron-Deficient Acyl Handles and Polar Aprotic Solvents
Are Pivotal to the Success of this Carboimination Reaction

OTMS

o R
Ph
23 W CFL

_0
U Ir(PPY)s
(2 mol %)
Ph

solvent

2 0¢

65a 65b 65¢
85%, 0%  44%, 3%  13%, 0%
(66, 67) (66, 67) (66, 67)

Polar aprotic solvents
DMF (66 54%, 67 24%)
DMSO (66 55%, 67 10%)
DMA (66 38%, 67 43%)
MeCN (66 15%, 67 9%)

MeCN/DMF (66 36%, 67 24%)

SELS

e

65d
7%, 0% trace no
(66, 67) product reaction reaction

m  PhCF; (66 14%, 67 0%)
m  NMP (66 11%, 67 55%)
m DMPU (trace)

m  EtOAc (trace)

m DCM (trace)

Polar protic solvents
m  MeOH (trace)

m TFE (no reaction)
Amine solvents

m pyridine (66 28%, 67 0%) m pyrrolidine (no reaction)
m triethylamine (no reaction) ® NMM (no reaction)

HFIP (no reaction)

3The acyl group screening was performed in DMF as solvent. ®The yields were
calculated from "H NMR analysis with mesitylene as an internal standard.

(B) Gram-scale synthesis of 69

CF; ;MS o
h
0 Ph P
23 W CFL

e}
N Ir(ppy)s N

2 mol % |
P (2 mol %)
DMF
Me Me

68 (3.5 mmol, 1.265 g) 69 (60% yield, 0.612 g)

(C) Synthesis of pyrrolizidine alkaloid (0.2 mmol scale)

NH
1. NaCNBHj (3 equiv) Ph 2 Ph
AcOH (20 equiv)
EtOH, 24 h, r.t. HyB =N NH, N
69
2. NaCNBHj; (3 equiv) 2h
50°C,4h
Me Me
70 71 (65%, 35.9 mg)

Scheme 22.
Effective Carboimination Reaction Relies on O-Acyl Oxime in Scaleable Reaction That

Provides Rapid Entry to Pyrrolizidine Alkaloid Derivative

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Aminoalkylation (8 examples)

| =

~

L N

blue LED

Ph_ _N_ [Ir(ppy)»(dtbbpy)IPFg (1 mol %)
Y “oph PPr,NE
(0] Me

N MeCN

Me (72% yield)

(Ph_ _Ne
Y

L Me
Aminoarylation (4 examples)
I®
NC Z
blue LED Ph
Pho _N_ [Ir dtbbpy)]PFs (2 mol %
\I// —_— (PPY)2( "Pi::h)lEt 6 ( ) >§N P
(0] X Me e 0 =9 |
\/\I/ MeCN/MeOH (1:1)
Me (62% yield) Me Mo
Hydroamination (14 examples)
Ph N_ 1. blue LED, [Ir(ppy).(dtbbpy)]PF¢ (1 mol %)
7 "OPh ipr,NEt, 1,4-cyclohexadiene, MeCN NHBz
(0] » HO H
N 2 HClaq. (3 M), THF
Z (38% yield over two steps) Z
Scheme 23.

O-Aryl Oximes Can Serve as Imidate Radical Precursors Sequences to Access Masked
1,2-Aminoalcohols

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(A) Transformatfon of acyl oximes into phenanthridines

white LEDs
<2 PP ¢
(1 mol %) O SN
N O =N
Me RCOZ- Me

27 examples Me
82-99% yield 7o

R most readily reduced ++++++++++0.v0..... R |east readily reduced

GO0 O,

X=H X=0Me X-NO: X=H

72a 72b 72¢ 72d  72e 729 72h
quantitative quantitative 91% no no no
yield yield yield reaction reaction reaction
(B) Transformation of acyl oximes into quinolines
N CO:Et
CO,Et
: "'.',':;,:'jfs N"“Me 75a R=C
(1 mol %) q 83;/:.1 yéeld
N 1dr
major duaftereomer:,Sb R = OMe
Ar = p-CF.C«H,CO, R CO.Et 77% )“leld
Ar hibinite N *" 3851dr
exampies P
46-88% 743 R=cl NZ Me
yield  74b R=o0Me minor diastereomer

(C) Transformation of acy:' oximes into pyridines

Ar',\YX " white LEDs
Ir(ppy)s 3 1
_(tmol%h " COR' R1 = O-alkyl, NMe,

N o5 H R? = alkyl
e"amp’es \f TOMF | pr WP RO=Halkyl,an
45-91%
yle‘d 76 Ar Ar = P-CF3C5H4002 77
Scheme 24.

Iminyl Radical with Conjugated rt-System Participates in 6-endo-trig Cyclization to
Assemble A~Heteroarenes

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Me [Ir(OMe)(cod)],

O - oo S (00
+ BH >
(o) Me 0’ THF, 50 °C, 48 h PinB (o)
78 Me g (61% vyield) 80
MeO Br
(0]

MeO 0 o
> 1. NH,OH-HClI, pyridine
81 H  meO o MeOH, reflux, 6 h
0

'
Pd(PPh,),Cl, 2. 4-F3CC4H,COCI, Et;N
K,CO; DME, H,0 MeO CH,Cl,, 0 °C, 10 min
80°C,2h H (99% yield)
(95% vyield) 82

Ir(ppy);

(1 mol%) 0
white LEDS ;0 “ 0>
DMF ‘
(96% yield)  meo 2N

CF, nornitidine (84)

--------------------------------------------------------------------------------------

Prior synthetic route (Choshi and Hibino, 2011)

0]
HO o) 11 steps “ >
S - o o
= o (20% overall yield)
85

~N
MeO o
nornitidine (84)

Scheme 25.
Yu and Zhao Use This Technology to Accelerate Access to Nornitidine

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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SO,H
R2 © blue LEDs \
NN RN cl é’ﬁﬁﬁ?’lz) i R3
R\ Z ' DMF R1— il
0” "H CN & N7
86 87 88

Selected from 8 examples

R
R
‘ 88a H 59% yield 88d H  56% yield
88b OCH352% yield 88e OCH; 45% yield
N\ 88c CF; 56% yield 88f CF; 54% yield
20
R N

Scheme 26.
O-Acyl Hydroxylamines React with Aryl Aldehydes in a One-Pot Quinoline Syntheses
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Pd(PPh
T, - D oS >
€ + -
0 O  (HO),B PhMe/H,0 0 0
89 H 90

80°C,4h
(>98% vyield) 91 H

SO4H

© white LEDs
Ir(ppy)s o
o Cl (2 mol %) ‘
-
DMF, 25°C,30h O ZN
(80% yield, 1.43 g)

trisphaeridine (92)

19 examples of phenanthndmes produced using this protocol

Prior synthetic route (Hsieh, 2015)

o Br 4 steps o) ‘
< - G

o) 9 (29% overall yield) o ZN

trisphaeridine (92)

Scheme 27.
O-Acyl Hydroxylamines React with Biaryl Aldehydes to Afford a One-Pot Syntheses of

Phenanthridines, Which Is Used in a Two-Step Synthesis of Trisphaeridine

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(o)
OH
O. B i
N Ne NH (o)
NaOH
K2S,0g
H | —— H |— —2
H,O .
reflux
Me Me Me Me Me Me Me Me
93 - 95 96 - 94
73% vyield
Scheme 28.

Forrester and Co-workers Pioneer Cascade Sequence to Convert Oxime through Iminyl
Radical Intermediate, Which Engages Sequentially in an HAT Process and Addition Across
an Arene Prior to Hydrolysis
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(A) Efficient C(sp®)-C(sp?) bond formation relies on aqueous

media and acidic additive solvent additive yield
CF, [%]
0 blue LEDs MBCN B 0
Ir(PpPY)s MeCN:H,O  _ 31
o) (1 mol %) (1:1)
N additive o) .
(1.0 equiv) MeCNHQO . 75
Me solvent Me i
€ MeCN..H2O EtN 31
: (4:1)
MeCN:H,O

o o8 (4:1)° AcOH 83

TH NMR yield using an internal
15 examples standard of 1,3,5-
trimethoxybenzene.

(B) Rate measurements with individual substrates are
consistent with rate-determining C—H abstraction

CF, i
o blue LEDs O\ Me
Ir(ppy)s (1 mol %) | ’ﬁ‘ Me
Me AcOH (1.0 equiv) R

e
MeCN:H,O (4:1) ‘

Me

100
ku/kp = 5.0

Scheme 29.
Cyclization Reaction Relies on Aqueous Media and Acidic Additive, and Involves Rate-

Determining C—H Abstraction
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A
[NJ (4 equiv) me

blue LEDs Me
r [Ir(dtbbpy)(ppy)2]PFse
(1 mol %)
>
THF N/ Me
o Me
Ph
101 CFs 2 examples 102
68% YIeld
1,5-HAT
—.’-
103 104

Scheme 30.
Complementary Reaction Conditions Trigger Chemodivergent C(sp3)-N Bond Formation to

Provide 1-Pyrrolines
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Me._ _CO,H X CO:Me Me CO,Me
\or blue LED (10 W) Me
N Me ph(c:tz‘c;tg/:s)fst Nl
& 1W Me base . oh
105 C2H,Cly, 16 h 106a
entry photocatalyst base yield (%)?
1 [Ir(dF(CF3)ppy)2(dtbbpy)]PFe CsF 79
2 [Ir(dF(CF3)ppy).(dtbbpy)]PFg Cs,CO4 49
3 [Mes-Acr]BF, CsF n.d.b

a 14 NMR yield using an internal standard of CH,Br,. ® Not detected by 'H NMR
of a crude reaction mixture.

Selected from 28 examples (radical trapping agents
incorporate esters, ketones, amides, phosphates, sulfones)

Ph
COMe COPh COMe
N N
I |
® | Ph H
\ BocN
106b 106¢ 106d
68% yield 89% yield, 1:1 d.r.  62% vyield, >20:1 d.r.

Scheme 31.
Jiang and Studer Demonstrate That Hydroxyacid-Derived -y,8-Unsaturated Ketoximes

Engage in the Giese Reactions
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R CO.H blue LEDs Me Me
R \/ 2 photocatalyst Me Me X
Me “X-Y” (atom- or ‘IR —w
_0 group-transfer N
N 2 "Me agent), base |
—l-— —
Ph solvent
107 CO, + chO 109
[Ir(dF(CF3)ppy)2(dtbbpy)]PFe [Mes-Acr]CIO,
E* ;o =+1.21 V vs. SCE (CH3;CN) E*;» = +2.08 V vs. SCE (CH5;CN)
1.0 1.5 2.0 '

-

- -
- -
-

111 111a 111b 111c 111d

E.% (V) vs. +1.65 +1.75 +1.80 +2.10
SCE (CH3CN)

Scheme 32.
A Photocatalyst That Readily Oxidizes the Hydroxyacid Handle Is Critical in the Success of

the Iminyl Radical-Initiated Giese-Type Reactions
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Me radical trapping agent
Me CO.H blue LEDs i YwaEWG
| [Mes-Acr]CIO, R
_0 (5 mol %) N
N R Cs,CO, |
e
Ar)l\/\/l\R solvent Ar
112 113
Imino-Giese reaction Iminoamination
(5 examples) (6 examples)
solvent: MeCN/H,0O solvent: CH,Cl,
COzEt
C02Bn
113a 113b 113c
61% yield, 3:1 d.r. 51% yield, 1:1 d.r. 60% yield
Scheme 33.

Concurrently, Leonori and Co-workers Demonstrate That Hydroxyacid-Derived -y,8-
Unsaturated Ketoximes Engage in the Giese Reactions
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R! blue LEDs -
» _\/COzH [Mes-AcrICIO, R’
(5 mol %) R! X
.0 “X-Y” (atom- or
N Me group-transfer N
agent), base |
Ph)w\h‘le Ph
114 solvent | Ph 116 - 115
Iminohalogenation (13 examples)
X=F,R'=Me X=ClLR'=Me X=Br,R'=Me X=1,R'=H
80% vyield 80% vyield 62% yield 67% vield
(o] (o)
,S0,Ph CO,Et
F—N_ Cl—N Br I—N
SO,Ph CO,Et
(0] (0]
base: K;COg base: K,CO4 base: K,COj base: Cs,COj
solvent: CH,Cl,:HFIP solvent: PhMe solvent: -PrOH  solvent: MeOH
Iminochalcogenation (8 examples)
X = SCF;, R' = Me X = SPh, R' = Me X = SePh, R' = Me
55% yield 56% yield 75% yield
0 0 (o]
(0] 0 (o)
base: CsOBz base: CsOBz base: Cs,CO;
solvent: CH,Cl, solvent: CH,Cl, solvent: PhMe
Hydroimination  Iminoazidation Iminoolefination (15 examples)
(4 exampfes) (4 examples) RZ R!yield
X=H,R'= X =N R'=Me (%)
81% yleld 95% yleld 82 Cy Me 35
H,CO Ph Me 83
\\ //
O\ R? Me Me 64
3/ Me 77
TIPS Me 63
(50 mol °/o
base: Cs,CO3 base: 032003 base: Cs,CO3 Me 63
solvent: CH,Cl, solvent: CH,Cl, solvent: CH20I2
Scheme 34.
Hydroxyacid-Derived Oximes Are Appropriate Substrates for Iminofunctionalizaton
Reactions
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Page 127

(A) Zard and coworkers (1995)

thevinone (117) 118 119

(a) NH,OH-HCI, AcONa, MeOH; (b) PhCOCI, pyridine (98% yield over two steps);
(c) BugSnH, AIBN, CyH (82% yield)

(B) Leonori and coworkers (2017)
Me  CO,H

we—(

7, Me 121 X yield

(%)
121a N, 43
CO,Et
1216 ¥ NH 41
|
CO,Et

121c¢ SePh 61

120 121

(a) 1-carboxy-1-methylethoxyammonium chloride, pyridine, MeOH (69% yield);
(b) blue LEDs, [Mes-Acr]CIO,4 (5 mol %), with group-transfer agent, base, and solvent
as specified in Scheme 34.

Scheme 35.
Late-Stage Iminofunctionalization Reactions Highlight the Potential of Radical

Intermediates
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(A) y,0-Unsaturated oxime ester undergoes radical
Aza-Heck cyclization in presence of cobalt dual catalyst

Me - -
blue LEDs
Me—\/ e [Mes-Acr|CIO, R? R3
(5 mol %)
n-° R® [Co] (10 mol %) [Co] =
KOH R2 R2
1 Z ——1 N — Nl
R HFIP, 35 °C I
R? R! = aryl, alkyl R
122 Eatthe D A2 123
[Co] = Selected from 32 examples
cl Me
o]---H
Me— N, | 0 H
MeJN‘-—:-CO"““N/ Me 'ql N 6
y SN—“Me /
o )
H--+4-0 Y,
c H ;
Co(dmgH)(dmH)Cl, 123a, 53% yield  123b, 49% yield, 1:1 dr

(B) y,0-Unsaturated oxime ester undergoes radical Aza-
cyclization / intermolecular Heck-type reaction cascade in

presence of exogenous olefin
Me

Me_\/coz'" blue LEDs
[Mes-Acr]Cl0, (5 mol %)
.0 [Co] (10 mol %)

N R? KsPO, (20 mol %), H,0
o+ RS T
R ﬁ" HFIP/TMB (1:1), 35 °C

R? R¢ R! = aryl; RZ= H, Me
122 125 R3=Me, Ph; R* = aryl, ester
[Co] = (o] Selected from 29 examples
Olisthg Ph
Me N' 7
Mel’:—:bo"““ N/ Me J e CO,Et
S | \,N Me
“H--1-0 Nl
/N N
N | B l
\_s Ph
CN 126a, 74% yield 126b, 50% yield
Co(dmgH),(4-CN-Py)Cl >20:1 ElZ >20:1 EfZ

Scheme 36.
A Photocatalyst and Cobalt Complex Mediate Aza-Heck Cyclization Cascade Sequences
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Me

" CO,X
9 | blue LEDs

0 photocatalyst
N (5 mol %) Ne Me
NaOAc
Me Me A
acetone, air o) ,N
SMe SMe J‘I\ S
130 H 129

127, X=H H
128a, X = Na .
E,n(PC/PC*)  Vield Og_-Ph
photocatalyst (V vs. SCE in CH4CN) (%) Y
[Ir(dFCF3ppy).dtbbpy]PFg +0.89 32 o N"‘cy
4-CzIPN +1.35 44 N
128a E,;,°* = +1.58 V vs. SCE in acetone ‘ ‘

[Mes-Acr]CIO, +2.08 56 clo- ':‘i/
[Imi-PhAcr]CIO, +2.40 35 %
[Imi-MeAcr]CIO, +2.38 31 [Imi-PhAcr]CIO,4, R' =Ph

[Imi-MeAcr]CIO,, R =
[Mes-Acr]CIO,

E*y» = +2.08 V vs. SCE (CHaCN)
1.56 1.58 1.62 1.72

} * *‘ : &t l | | *

-~ ’

' -
S
Me ; . . Py

\ _,CO,Na ! N Y ’
Me A :‘ Ya "..“ "‘

N’O ng Nh‘: N

% NE
Me Me Me Me dme
SR! SPh SPr SBn SBu
E,n®™ (V) vs. 128b 128¢c 128d 128e

SCE (CH5CN) +1.56 +1.58 +1.62 +1.72
128 (% yield) 4% yield 44% vyield 85% yield 66% yield

TH NMR yield using an internal standard of 1,3,5-trimethoxybenzene.

Thioether affects substrate E,,°* values.

Scheme 37.
Intramolecular Reactions Between Iminyl Radicals and Thioethers Provide Isothiazoles
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Me
CO,H
eAl/ 2
N’O
1
blue LEDs R
R? [Mes-Acr]CIO, (5 mol %), NaOAc A\
> 'N
XBn acetone, air X
128d (R' = Me, X = S) (R! = H, Ph, also viable substrates) 132
131 (R = Me, X = Se)
Selected from 17 examples Me
Me Me Me
\ N
SO O S O
o s’ Z~¢ . se
N 132¢, X = 0, 32% yield
132a, 66% yield 132b, 86% yield 132d, X =S, 36% yield 132e, 82% yield

Scheme 38.
Heterocyclic Isothiazoles Are Constructed from a-Imino Oxy Acids
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(A) Benzophenone-derived oximes generate N-centered iminyl
radical through energy-transfer process with photosensitizer rather
than single-electron transfer process

'Bu
blue LEDs
0 [Ir(dFCF3ppy),(dtbbpy)]PFg
Er = 46.4 keal'mol" | (1 mol %)

Ar'

E1}2EII*/IV =-0.89V
= E,,"M=-137V ‘Bu
J -
E E CH,ICI, EtOAc |
133

134, 83% yield?

It
( 1 Generation of 136—-138a suggests that Arl_ _Ar!

il 135a is a persistent radical species.
N
Ne NH o] N~
— + +
Ar! J'l\.thr‘ Ar! Jj\Ar‘ Ar! Jj\;ﬂur‘ Ar! Jj\Aﬂ
135a 136, 51% yield® 137, 17% yield® 138a, 11% yield?

(B) Iminyl radical generated from energy transfer process can be
trapped intramolecularly to access 6-phenylphenanthridine

Bu
s0 blue LEDs
[Ir(dFCF3ppy),(dtbbpy)]PFg B
(1 mol %) u
Ph - +
CDCI; (60 equiv.) b
139 140, 41% yield® 141, 43% yield?

2|solated yields. PGC yields without internal standard. °GC yield with anisole as internal standard.
Scheme 39.

Oxime Analogues of Benzophenone Generate Nitrogen-Centered Iminyl Radicals viaan
Energy-Transfer Process
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Scheme 40.

(A) Productive reaction between oxime ester and photosensitizer
delivers aliphatic imine

blue LED (18W; 450-455 nm)

0  [Ir(dFCF3ppy),(dtbbpy)]PFg (0.25 moi%) Me
Me _O EtOAc (0.05M) .
ph)L Ph Ph)l\ Ph
142a 143a, 67% yield
Ey .47.3 kealsmol ! @ 34 examples
E,"*d = -1.83 V vs. SCE (CHACN) 10~76% yields
E,® = +2.35 V vs. SCE (CH3CN) up to 9:1 dr

(B) Dexter triplettriplet energy transfer (TTET) process is
kinetically feasible

The rate of triplet-triplet energy transfer (ket) between 742a and *[Ir] is
faster than the rates of radiative (k,} and nonradiative (ki) decays of *[Ir].

k=38x10%s"
nr—38x10“s‘
,,-decay-...,._

i ..q_ 1 Q
1428 —=TTET=">» — )L

Me
ker=1.1x10%s"1 coz 135b 145 ma

(C) Férster-type resonant energy transfer is excluded, as there is
negligible spectral overlap between the absorption spectrum of
oxime 142a and phosphorescence of Ir(lll) complex

(D) Electrochemical potentials indicate that single electron
transfer (SET) between substrate and catalysts is not
thermodynamically favorable

Er?  E;u[PC**PC] E;po[*PC/PC™] yield

photosensitizer (kcal'mol') (V) vs. SCE (V) vs. SCE (%)
[Ir(btp)a(phen)]PFg 45.7 -1.21 +0.94 7 (65)
[Ru(bpy)s](PFg)2 46.4 -0.81 +0.77 0 (98)
[Ir(pbt)s(phen)]PFg 54.9 -1.17 +1.16 7 (65)
Ir(fppy)o(phen)]PFg 56.7 -1.32 +1.35 20 (24)
Ir(dFppy)z(phen)]PFg 58.8 -1.22 +1.42 30 (10)
[Ir(dFCF3ppy)2(phen)]PFg  59.3 -0.99 +1.33 23 (30)
[Ir(dFCF3ppy).(dtbbpy)]PFs 63.6 —-1.04¢ +1.39¢  40(18)
no photosensitizer, Av (A = 365 nm) — - 0 (98)
Ph,CO, Av (A =300 nm) ~ B9 - - 0 (97)
£ values were esli d from DFT calculations using optimized geometryat the uB3LYP/6-31G(d.p)/

LANL2DZ level of theory and single-point energy calculation at the uB3LYP/6-311++G(d,p) level of
theory in EtOAc by PCM method. 'H NMR yields of imine 743a using CHBr; as internal standard; the
remaining yield of recovered 742a is in parantheses. Reaclions with photosensitizer (1 mol%), in
CzH,Cl, (0.2 M) unless otherwise noted, “The excited-state potentials were calculated based on
measured ground-state potentials of [InldFCF3ppy)a(dtbbpy)]PFg. “Trace benzophenone imine and
benzophenone detected.

Page 132

Benzophenone Oxime Esters Engage in Photosensitized Reaction to Deliver Aliphatic Imine
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(A) Benzophenone-derived oximes ester undergoes
carboimination reaction in presence of olefin and photosensitizer

o o]
(o}
.0 blue LEDs
N l photosensitizer (1 mol %) JI\ CN
+ -
Ph)LPh CN EtOAc Ph Ph
142b 146 50 examples, 36-86% yields 147a

(B) Position-selective addition of carbon- and nitrogen-centered
radical species to olefin hinges on persistent radical effect
The long lifetime of 135b enables 149 to escape the solvent cage and
add to terminal carbon of olefin first.

hv = —#

/E\ i 0
o
il Al o
149
142b 225, 0 _‘, 146 isf. 147a
N/
)j\ cO,
Ph” “Ph P
148  _| 135b

Radical crossover experiments corroborate the per5|stent radical effect in
position-selective addition of carbon- and nitrogen-centered radicals.

Non-crossover products
O\F i . i
(0]
Ph)l\ Ph
.0 138b
N
G| v

Ph”” “Ph CN
142b 146 Ph)J\Ph Ar1J\Me Ar‘J\Me
P*I; blue LEDs 147a 152a 153
31 mol%) o " ™ Crossover products
EtOAc Ph
’0 Oj\ B\ )
N
Me
F ;!‘-\r1 Me
151a 152b 147b 154

Scheme 41.

Aliphatic O-Acyl Benzophone-Derived Oxime and Electron-Deficient Olefin Participate in

Photosensitized Three-Component Carboimination Reaction
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(A) Oxime carbonate undergoes position-selective oxyimination
reaction with a range of unactivated olefin feedstocks

1
il R
Oy 20 0.__O.__R*
\( blue LEDs T
0 R4 thioxanthone (1 mol %) (0] s
N + - N R2 R
)j\ I EtOAc ).L
Ph™ “Ph R2. “R3 Ph”” “Ph
155 156 157
Selected from 48 examples
Eto 0 Meo 0": 0: S

T LA DT Y

)J\Me

Ph Ph
157a, 56% yield 157b, 41% yield 1570, 41% yleld 157d, 70% vyield
>20:1 dr >20:1 dr

(B) Intramolecular alkoxycarbonyloxy radical trap suggests that
radical-radical coupling of alkyl radical and benzophenone iminyl
radical is slow

| _ o
i ~38x10%s1 =\ ¥-2
| \ 160 -

o\(o b, o

0 (0]
N"  (a)_ |9 P ' N
)j\ = Yk2=5.61055'1 o+ N ™ )L
° Ph Ph
155a | 159 161 135b _ 158

(a) Blue LEDS, thioxanthanone (1 mol %), EtOAc

Scheme 42.
In Oxyimination Reaction, Chemoselectivity May Arise Due to the Low Rate of Radical

Recombination Between Alkoxycarbonyloxy and Iminyl Radicals
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(A) Sterically congested 1° amines are synthesized from benzylic
oximes and cyanopyridines
0Bz blue LEDs
N DIPA, BzOH Me NH,
[Ir(dFMeppy).(dtbbpy)]PFg

NC
Me \O (5 mol %) | e
2ZN DMSO,40°C ZN

162 163 164a, 86% yield

Selected from 51 examples "Bu_ NH, "Bu NH, "By NH,

R' NH
2 Ph | Xy Ph |N-~ Ph
| =5 N"‘N ~N HO =

N @
164b, R' = Bu, 84% yield >
164c, R' = cyclopropyl, 56% yield 164e 164f 164g
164d, R' = F,C, 65% yield 82% yield 89% yield 0% yield

(B) Benzylic oxime undergoes energy-transfer process with
photosensitizer to reveal iminyl radical

Stern-Volmer analysis provides evidence for kinetically feasible quenching
of *[Ir'"] by 162 (K, = 2.6 x 107 M"'+s"").

k=2.0x10%s"
Knr = 6.4 x 105 571
_0Bz PN _osz|"
J‘L £tV i JL /-23: Ne
Ph” “Me ——STTET Ph” “Me > Ph)J\Me
162 kg =2.6x 107 MTes’! 165 166
Me Me
Me”” “NH M NH*
BzO™ /I\ 08z
Me Me NH NHE Me Me NH
DIPA 168 J\ BzOH BzO™ J\z 168 171 /J\ﬂ
;L,. Ph MeM’ Ph Me ;LP Ph”* " Me
167 169 170
DFT calculation estimates this
163 process to be AG = —7.4 kcal*mol™.
|_— I -
PCET It
‘ ie)=F i Me, NH, Me, NH,
NC hv HCN
S S S
" 170
172 173 164a
Scheme 43.

Acetophenone-Derived O-Acyl Oxime and Cyanopyridines Undergo Photosensitized Two-
Component Coupling Reaction to Afford Sterically Congested Primary Amines
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blue LEDs
NN \) Ir(PPY)s (2 mol %)

Ar' l}l

175 - Bs 178 can be stabilized by
178 3-electron n-bonding interaction.

Selected from 31 examples

(\0 Ph Me Me
N \) | | |
N~ NJ N _N
N Ph N Boc N Bs
N Me
” Me _Me
| ] O PhJ\N’ Ph” N Ph)LN

| | |
Z Bs Bs Bs Bs

176a, 88% yield 176b, 76% yield 176c¢, no reaction 176d, no reaction

BsO. _Me Na,HPO -Me
| ¥ — > A \
Bs Arl H DCE Bs
174 75 176 ..
hv l/\o (\ 0
(' o2 N\) N,,N*\)
B M
so\Nf e 1J\N,MEH 1 N,Me — 176
L e Ar Ar
1735 =% > -
L 179 180  _
SET b,
~- [I""']
_Me
BsO~ +°N 7 (\0
177 *
‘ Ar! J’I\ H J\ 7 Me

~

Scheme 44.
O-Aryloxy Amide and Hydrazones React in a C—H Amidation Process
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(0] -~
| N
,0 P N 002M8 PyS COZME
N \)LO 500 W tungsten lamp e |
S Et;N \ _N
’ LLITTY
CH,Cl, S ;i
PyS
181 182, 77% vyield, 1:1 dr
N N COzME
1\ S A coMe \
)— LLTTTY h- -
[-scission radical
conjugate
addition
183 184 185

Scheme 45.
Cyclobutanone-Derived Oxime Triggers p-Scission / Radical Conjugate Addition /

Chalcogenation Cascade
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(A) Leonori and co-workers develop ring-opening fluorination,
chlorination, and azidation processes

Me
" COH
e—] blue LEDs

.0 [Mes-AcrICIO,

N “X-Y" (atom- or
R! group transfer
( agent), base ( (
R o B2
188
| ﬂér 1r1ll
co,
it Vi
Fluorination Chlorination Azidation
(19 examples) (10 examples) (5 examples)
R' = R? = Me: 84% yield 949% yield 64% yield
X=Cl X=N
) ‘;r
ﬂ ,—Cl \\f,.r
CI—N D\
l
F (BF
al2 &
base: KzCO; base: K;COj3 base: Cs,C0;
solvent: MeCN: Hz0 (1:1) solvent: PhiMe solvent: CH,Cl,
""""""""""""""""""""""""""""""""""""" NG WMe TMe T
Im” wMe
X

X = Ny, 86% yield
single diastereomer

X=Cl

40% yteld 3:1dr 62% yield, 4:1 dr 69% vyield, 4:1 dr
X=F, X=F,

51% yield, 3:1 dr 72% vyield, 4:1 dr

(B) A quantum yield () of 2.8 indicates that this fluorination
reaction relies on a radical chain propagation mechanism
M
9 CO.H blue LEDs
Me—\( [Mes-Acr]CIO,
selectfluor NC
K,CO;

N’ r!
R _— \I\/|< F
MeCN: H,0 (1:1) R2

R? 15 min

(C) “Experimentally successful” fluorination reactions appear
to benefit from ring-strain release, and the radical stabilizing
effects of substitutents
radicaloid ring size in 186:
centerin 189 four(n=1) five(n=2) six(n=3) seven(n=4)

R' R? AG yield® AG® yield AG® yleld AG® yield

H H primary =102 76 79 -4 138 9.4 -

H Me secondary -11.8 es® 54 - 91 -9 44 9

H Ph benzylic® -228 63 -57 68 -18 61 -73 72

Me Me fertiary -144 es® 24 84 59 - 08 ¢
3AG® (kcalimol) for the conversion of iminyl radical 186 to alkyl radical 789
[UB3LYP/B-31+G(d,p)] Plsolated yield (%; X = F). “Reaction described as
“experimentally successful”, Specific reaction (i.e. X = F, Cl, N3) and yield not
reported. YReaction not “experimentally successiul”. Specific reaction and yield not
reported. ®Chlorination and azidation reactions involving secondary benzylic
centers are not documented.

Scheme 46.

Page 138

Cascade C-C Cleavage and Functionalization Reactions Afford Aliphatic Nitirles with

Fluorine, Chlorine and Azide Functional Handles
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Page 139

Ph XCz
Me I | NC CN
cozx
, XCz XCz
blue LEDs N
4-XCzIPN
(5 mol %) =
191a base CN XCz Q D
X X
186a (X = H) DCE
190 (X = K) 192a 4-XCzIPN
PC Eq» (PC*/PCY) base conversion yield
(V) vs. SCE (%) (%)
[Ir(dFCF;ppy),dtbbpy]PFg +1.21 Cs,CO4 >95 55
=i +1.35 Cs,CO; 60 50
e +1.42 KiCO;  >95 75
190 E,** = +1.48 V vs. SCE (DMF)
pSgare +1.49 Cs,CO;  >95 70
ot +1.49 KiCO;  >95 80
Kb +1.73 K, CO;  >05 75
[Mes-Acr]CIO, +2.06 Cs,CO;4 50 20
9,10-dicyanoanthracene +2.06 Cs,CO; 90 5

2E, 2(PC*/PC") for [Ir(dFCF3ppy).dtbbpy]PFg, 4-CzIPN, [Mes-Acr]CIO,4 and 9,10-dicyanoanthracene are in

CH4CN, and E;»(PC*/PC") for 4-FCzIPN, 4-CICzIPN and 4-BrCzIPN are in DCM.

Scheme 47.

Ethynyl Benziodoxolone-Based Alkyne-Transfer Reagents Facilitates C(sp3)—C(sp) Cross-

Coupling Reactions to Furnish Aliphatic Nitriles with Internal Alkyne

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Me

CO,H
Me —\’

NC i

192b

65% yield, 20:1 dr  83% vield

Scheme 48.

Page 140

blue LEDs
4-CICzIPN (3 mol %)
K2CO3 CN R
Fo
DCE I\(v))
n
192
Ph Si(f-Pl‘)g
oN P oy I
" L
Boc Eoc
192d 192e
50% yield, 13:1 E:Z 35% yield
CN CN CN CF;
(, ()
Boc Boc
192f 1929
51% vyield 0% yield

An Iminyl Radical Formation/ p-Scission Cascade Can Be Used to Induce Vinylation,

Alkynylation, or Alkylation

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Ar1

SoPy

Ar'O
(o]
_OPMB UV LEDs (370 nm)
N 2-CI-AQN (10 mol %) CN
H K,CO4

2-butanone
193a 27 examples 194a, 44% yield 2-C|-AQN

Proposed reaction mechanism

H Ar2
H Ar?
}{(IOMG =Ar? . \g/

193b (Ep;, = +1.86 V) (o} O
2 N~ PCET
1943 39 /0 yleld — - N _B SC’SS'On*
1 93a 195
OMe KIE experiments confirm H-atom absrracnon

193¢ (Eyjp = +1.42 V) Competitive experiment KIE: kyy/kp = 2.13
(194a, 21% yield) Parallel experiment KIE: ky/kp = 2.18

p-scission
EWG EWG
. EWG

193d (Eyp = +1.39 V
19543 QB%-;teld) ) on 2-butanone CN = Ny
~«—HAT— -~ e
The potentials are measured I\/
vs. SCE in MeCN. 194 198 197
Deuterium-labeling experiments ST D%
UV LEDs (370 nm) (CD5C),0 40
Gomol%)  APOZ0  DOand 30
2 (-]
Ar’0.__.0 K,CO4 2-butanone
—_— e
a+ /j CN D D,0and 90
solvent (CD30)20
Ar? = 4- -(MeO)CgH,4 aD,0 (4.0 equiv)

194b
Scheme 49.

PMB-Substituents Make Oximes Labile to Oxidation, Which Can Facilitate a Photoinitiated
Cascade Sequence
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&
Me_ _CO,H Ar =

Me
Y blue LEDs 2
N-° [Ir(dFCF3ppy,)(dtbbpy)]PFg od
(2 mol cyo)
gg LiOH (2.0 equiv) CN CF,
+ > k
- DMSO X
3
199 200 201
I T T
CN Ar? \ / CN Ar?
‘ _] A _Pluoride
(L)a\/l\CFs - (L)a\/kCFs elimination
202 203
Selected from Ar2 Ar2 Ar2
35 examples
CN CF, CN CF, CN CF
OMe k 0 k N Ph
Boc

N \N 201a 55% yield 201b, 50% yield 201c, 64% yield

| cN Me_ Me
\ .Sj Me
cmA\m2

201d, 80% yield 201e, 75% yield (5:1 dr)  201f, 77% yield (15:1 dr)

Scheme 50.
Hydroxy Acid-Derived Oximes Engage in Two-Component Coupling Reactions with a.-

Trifluoromethyl Alkenes to Furnish gem-Difluoroalkenes
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Page 143

blue LEDs
R! R' = other R!'=CF,

)\Ar-'

_OH R’ CF,

N [Ir(dFCF3ppy2)(dtbbpy)]PFg

Jg o ol %) CN Ar' CN Ar'
aF, NapLU;

X CH,CI >~ Lx Lx

204 w2 208 209
Oxidation of PhyP by [Ir]"' photocatalyst
is thermodynamically feasible. T 1

R

Eq1o(*1P"Ir'"y = +1.21 V vs. SCE in MeCN
E,/2(PhgP*/PhsP) = +0.98 V vs. SCE in MeCN N J/J_\A'd

Stern-Volmer analysis reveals that *[Ir]"' is k
reductively quenched by PhgP. X 207
207 is protonated or undergoes p-fluoride A i
elimination to yield 208 and 209, respectively. SET.
Tl
/6\."' Ri
.l il N PPhg

\ . CN *ar!
PhsP Sserh PhyP — > Jg —

X X
USROS USSRERR 206 ..
Selected from 30 examples

CF, CF, Ox-Ph
OMe
CN CN CN Ph
Br
209a, 58% yield 209b, 62% yield 208a, 92% yield
OMe

Ph i
Ph S ‘ 208e
CN Ph 78% yield
CN Ph .
]\ J)\ N Ph (major product)
N
M Ph Boc eN (Z O
OMe

208b, 91% yield 208c, 95% yield 208d, 85% yield

Scheme 51.
Triphenylphosphine Can Enable Hydroximes to Serve as Direct Precursors to Iminyl

Radicals
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Me blue LEDs
CO,H PC (5 mol%) ~ _
Me NiCl,(dtbbpy) (10 mol%)

_0 “X” (carbon group N N

N transfer agent), base | | | I
B _ssxﬂ_’. R
additive, solvent

( @
R N R o X

n n=1,2 = -
186 R=H, Ph 189 187
Arylation Alkylation Alkenylation
(19 examples) (10 examples) (5 examples)

NC

I\/\/ He 0 NG NC
\
NﬂNME kN/\n’@NPhth
Boc
MeN—v« CO,Me

BocHN
(o)
78% yield 36% vyield 48% vyield
ArBr Ar = aryl, heteroaryl alkyl-Br ——alkyl
PC = [Ir(dtbbpy)(ppy)2]PFeg PC = [Ir(dF(CF3)ppy)2(dtbbpy)]PFg PC = [Mes-Acr]CIO,4
base = TMG base = Cs,CO5 base = Cs,CO3
additive = none additive = none additive = H,0O
solvent = EtOAc solvent = MeCN solvent = MeCN

Scheme 52.
Dual Photoredox and Nickel Catalysts-Mediated Strategy Confers Synthetic Capabilities to

Access Nitriles with New C-C Bonds
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CO,H
Me%/ blue LEDs
0 [Mes-Acr]ClO, (5 mol %) Ar!
N~ Co(dmgH)(dmgH,)Cl, (10 mol %) N .
1 K3PO, (20 mol %) ||z
& Ar >
é 2 mesitylene, 35 °C
186a 210 211
Selected from 31 examples CO,Bn Unsuccessful
(including 1,3-enyne as olefin olefins
coupling pan‘ner) Ph
Ph
N "N A N\ ° 211d, 43% yield
Nl =~ : >20:1 E/IZ Me
L : I |  Z g
N N
Boc Il CO,Bn
211a 211b 211c
63% yield  46%yield  72% vyield
>20:1 E/Z »20:1 B Z >20:1 E/IZ 211e
>20:1 dr 32% yield Me

Scheme 53.
Photoredox-Mediated and Cobalt-Catalyzed Intermolecular Heck-type Coupling Reaction Is

Amenable with Cyclic Oxime and Styrenes
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> NC
=1
>
Q
5
>
§ Oy Ar! A e
5 Y
N blue LED
PC(1 mol %)
+ Y
OMe MeOH OMe
E 212a 214a Ar! = 4-(F;C)C¢H, 213a
3 * 1 o/ \a
=] PC E,;»(PC*/PC*) (V vs. SCE) yield (%)
<
5 Ir(pPY)s -1.73 96
8 eosin Y -1.11 62
=
212a E,"*4 = -0.99 V vs. SCE in CH,Cl,

rose bengal -0.96 <5

[Ir(ppy),dtbbpy]PFg —0.96 0
E [Ir(dFCF;ppy),dtbbpy]PFg -0.89 0
3 Ru(bpy)sCl, —0.81 0
%% a1H NMR yield using an internal standard of CH,Br».
c
f:_% Scheme 54.
-§ Strongly Reducing Photocatalyst Confers Optimal Reaction Efficiency in Three-Component

Coupling Reactions

>
=
=0
Q
<
)
>
c
2
=t
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OY Ar'

.0
N blue LEDs OR
Ir(ppy)s (1 mol %) /\/\)\
YA son NG Ar2
212a 214 Ar! = 4-(F3C)CgH, 213
° +
I—»[NC/\/\/\M2 — NG NN 2 ]—+
215 216
OMe OMe OMe
NC/\/\|)\ Ph Nc/\/\/l\\ Me N N PMP
Ph Boc
CO,Et
213b 213c 213d
68% vyield, 2:1 dr 82% vyield 70% vyield
HO
4/\ ~"No
NCW /\/\)\ /\/\)\ MP
213§ 213f 213g
60% vyield 79% yield 79% yield
Scheme 55.

Three-Component Coupling Reactions Furnish Highly Decorated Aliphatic Nitriles
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(o] Ar'
N’0 blue LEDs
Ir(ppy); (0.5 mol%) =
( R S AR Na,HPO, (40 mol%) ,ﬁ\)\/\
s S
n=1,2 *(HO)B” DMSO NC™\/ Ar2
212 217 Ar' = 4-(CF3)CqH, 218
26 examples
R R
@ +
—>»INC "\ /A Ar2 — > NC“\/q Ar2
B(OH), B(OH),
________ - | * [ 7. | . . SO
Z
NC Ph CN
\ NC \l/'\/ < Jh
Boc Me
83% vyield 48% vyield 71% vyield
E:Z=8:1 EZ =201 EZ=14:1
Scheme 56.

C-C Cleavage and Radical Addition Cascade Proceeds when G-Acyloximes React with
Styrylboronic Acids to Affect a Net Vinylation Reaction
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(A) Cascade C—C cleavage and radical addition
between O-acyloximes and alkenes
CF; Ph 7 W blue LEDs
ﬁ/ Ir(PPy)s
0 (2 mol %) CN
N 222 Ph N32003
0 = X
DMF
26 examples Ph

223, 82% yield

L0C- - O

224 Ph 225 Ph

Ph

(B) Cascade C—C cleavage and radical addition
between O-acyloximes and silyl enol ethers

CF, Me 7 W blue LEDs
~ _OTMS  Ir(ppy);
_0 (2 mol %) Me
N 226 Ph Na;CO3 - Nc\/\)ﬁr Ph
0 DMF
6 examples o
212a 227, 69% vyield

Scheme 57.
Cascade C-C Cleavage and Radical Addition Between O-Acyloximes and Olefin Radical

Acceptors Provide Nitriles with rt-Systems
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Page 150

0
0, Arl Ar?
.0 Ar2 blue LEDs
N OH Ir(ppY)s (2 mol %) X
R +
Y X Ar' = 4-(F;C)CqH, I\CN
212 228 229
iminyl radical formation 1,2-alkyl
& B-scission migration
2 2
)\r\g‘ Ar? OH Ar OH
- *
v I
A X x e /(J\b
R" Y 228 R" Y R" Y
S N
CN addition CN SET CN
189 across olefin 230 231
Selected from 16 examples T
R? MeO MeO
(o] (0] 0 (o]
Ph
(o]
(o] MeO,C
CN k('.3N CN CN
229a, R*=OMe  229c, 54%yield  229d,90% yield 229, 83% yield
92% yield (1:1dr)
229b, R2=F
54% yield

Cyclopentanol derivative engages in semi-pinacol
rearrangement to provide cyclohexanone scaffold

OYN‘ on

N’o OH
blue LEDs
% Ir(ppy)s (2 mol %)
+ :
DMA
2123 232 Ar! = 4-(F;C)CgH,
Scheme 58.

0
Ph ”
CN

233, 69% yield

When Terminal Alkenyl Cyclobutanols Are Radical Trapping Agents, They Ring Expand to

Furnish Cyclopentanone Scaffolds
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(A) The reaction manifold is most productive in absence of base

OY Ar!
(o]

E: blue LEDs
N Ar? = lr(ppv)a (2 mol %)
/ base (2 0 equiv)
DMSO
212a 214a Ar' = 4-(F5C)CgH, 234
l Me
1
/s'\.
CN v [Tl CN CN O+ Me
L
(L)\/\ 2 L)\/\ (L)\/I\ 5
3 AR —SET-/»- ( 37 A
235 236 237
base Li,CO; Na,CO3 K,CO3 Cs,COj; no base

yield (%)? 27 47 68 trace 75
(B) HRMS experiment corroborates the dual role of DMSO asa
reaction solvent and an oxidant

CN O

o] Arl blue LEDs
T opy) 2 mol %) (N
||
{5 U e, 2
+
DMF

212a 214a Ar! = 4-(F4C)CeHa Bn” “Bn

234 and dibenzyl sulfide were detected by HRMS analysis of crude product.

OY Art

n° blue LEDs CN O CN %0
Irppy)s (1 mol%) (
( TPh _— o + 2
DMS'80 (89% 120)
2120 Ar'=4(FiC)CeH, 238a 238b

27:73 of 238a:238b detected by HRMS analysis of reaction mixture.

(C) Benzyl radical bypasses radical addition
to olefin and undergoes Kornblum oxidation NC

oﬁ, Ar’ blue LEDs 240

Ir(ppy)s (2 mol %) t/\“ 2
et
/\“ - (o]
" 214a - 239 60% yield (with NC’H\‘/LA#
2-vinylnaphthalene)

. 61% yield (without £
212¢ Ar'=4(FC)C¢H;  2-vinylnaphthalene) 241, not observed

Scheme 59.
Base-Free C-C Cleavage / Radical Addition /Kormblum Oxidation Cascade Reactions Are

Triggered by Photoredox Catalysts in the Presence of Vinylarenes and DMSO
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OY Ar!

N blue LEDs

Ir(ppy); (2 mol %) OR2
23 + K28205 + /\ R? \\ //
R20H/MeCN \)\ -

X 1
212 (X = CH,, O) 214  Ar =4-(FC)CeH,

l T R20H

CN Z R CN

KSO
E % (o0 214, (0 \erd (%
\/\n1 S\/\R1
243 245

Selected from 31 examples

e
5 242c, n = 2, R2 = OMe, 0% yield
242d, n =1, R?2 = O'Bu, trace

242a, 45% yleld 242b, 55% yield 242d,n =1, R? = OCD;, 65% vyield

Scheme 60.
Potassium Metabisulfite Is an Effective SO, Source to Assemble Benzylic Sulfones
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O A 1 blue LEDs
R [Ru(bpy);]Cl,

o (5 mol %)
- o \\ 1,
N = 2,6-Iutidine
+ K2$205 +
%5 . MeCN, 80 °c
=n, Ve

Ar1 = 4'(F30)06H4

212a 246 247
CJ CN CN
Ge = Gep o — Gt
\\S.‘:'; Y7} —_— \\S//
. =z
243 248 249
Selected from 40 'é}ééhab'féé """""""""""""""""""""""""
CN
(/\\ fy ‘ \\ l/ 0Bn \\ //
247a, R' = OMe, 82% yield 247¢c 247d I
247b, R' = CN, 68% yield 247c:247d (3:1), 83% vyield
Substrates that o.__Ar' Os__Ar' Os__Ar
CN do not engage Y Y ﬁ/
\‘ 7 in the reaction \-©

“mm@& 5 &

247e, R' = OMe, 89% vyield Boc
247f, R' = CN, 74% yield 212d 212e 212f

Scheme 61.
Reactions of Alkylsulfonyl Radicals with 2-Aryl-Substituted Methylenecyclopropanes Leads

to Cyanoalkylsulfonylated 3,4-Dihydronaphthalene Scaffolds
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0 Ar! Q\ ;P
white LEDs
[Ir(dtbbpy)(ppy).]PFs \\ f;
” (0.5 mol %)
Ar‘ C F
251 s
Initiation
0\\ f? \\ ff 255
.
~CF,

7? _"Fc 0 + SO,

*Irlll Ir“’ ‘

254 256
Afkyfsuffony! radical generation and radical add:‘ﬁon to vinyl triflate

\\ »?

oS 255
Se e ~CF,

189 243 257
SOZ + Fgc‘

253a, R' = CO,Me, 69% yield (1:1 dr)
L/\Vf 253b, R'=CN, 52% yield (1.2:1 dr)
\I\)‘:O 253c, R'=Ph, 31% yield 1:1 dr)
cg o O
Me*ﬁ/\\sff E(

253d 253e 253f
57% yield (1:1 dr) 47% yield (1.8:1dr) 42% yield (1.2:1 dr)

CN CN &
{0} 252 [/ 0 0
( 2 QP =5 —» 2534+ 0/

Scheme 62.
Oximes and Vinyl Triflate Engage in p-Scission / Radical Addition / Radical Fragmentation

to Construct p-Ketonesulfones
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(A) Kong, Xu and co-workers (35 examples, DMF)
Wang and co-workers (36 examples, CH,Cl,)
blue LEDs
Ir{ppy}s (1 mol %)

g N j{jm e pe

or
212a CH,Cl, 75% yield in DMF

Ar! = 4-(F5C)CgH, 98% yield in CH,Cl,

(B) Xiang, Yang and co-workers
Selected from 22 examples

blue LEDs
Ir(ppy)3 (5 mol %)

& | NP Nazcog (2.0 equiv)
F7NP

! 2582
é MeCN

260 259, 96% yleld
The impact of Ir(ppy)s in this reaction is unclear:
* The reduction of substrate 260 (E,, =—1.49 V vs. SCE) by Ir(ppy)s
(Eqp[*IM1r'V] = —1.73 V vs. SCE) is thermodynamically feasible.
* In absence of light, the reaction yields 60% of product 259.
* In absence of Ir(ppy)s, the reaction yields trace product 259.

(C) Proposed Mechanism

O
212a Bn
260
189 261 0

H +B
N W'e N
Nc/v\i"D %’ NC/\/I D
0 N o N
Bn BN Bn
262 263

Scheme 63.
Photoredox-Mediated Minisci-Type Reactions Rely on Cyclic Oximes and Quinoxalinones
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(A) a-Phenyl substituted six-membered cyclic oxime engages in
productive cascade sequences

blue LEDs oN
O~ _Ar Ir(ppy)s (1 mol %)
Y 2 Ph
N+ i 258b .
— 10
Ph Me o
CH,Cl, 07 N
Ar! = 4-(F3C)CeHy .
£IEe 264, 42% vyield

(B) Cyclic oxime can engage in base-free cascade sequences
with chromenone

0 Ar! -~
Y 265 CN
.0 (0] (0]

N
(a, 52% yield) a
P
or 0~ 'O
21223 (b, 46% vyield) 266

(a) Blue LEDs, Ir(ppy)s (2 mol %), Na,CO3 (2.0 equiv), DMF (Wang and co-workers).
(b) Blue LEDs, Ir(ppy)3 (1 mol %), DMF (Chen, Xiao and co-workers).

Scheme 64.
a-Phenyl Substituted Six-Membered Cyclic Oxime and Chromenone are Viable Substrates
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Page 157

(A) Minisci-type reactions with heterocycles

0 Arl (a, 37% yield)
4 examples
> NC 2
(b, 94% yield) N
33 examples
2123 Ar1 = 4'(F3C)C5H4 268

(a) Blue LEDs, Ir(ppy)3 (1 mol %), CH,Cl, (Wang and co-workers). (b) Blue LEDs,
Ir(ppy)s (1 mol %), TFA (1.5 equiv), MeCN (Yang, Xia and co-workers).

(B) Minisci-type reactions with unsubstituted quinoline and 2-
phenylpyridine give regioisomeric mixture of products

(b) NN =
— » NC N + ~ _N
212a 270a, 26% yield 270b, 31% yield
Ph
(o) Ar!
Y N~ Ph
o) - | NC <
N 271
N7 x N
(b) |
—> NC N + Ph
212a 272a, 23% yield 272b, 29% vyield

Scheme 65.
Cyclic Oximes Can Participate in Minisci-Type Reactions with Heterocycles to Furnish

Alkylated Isoquinolines, Quinolines and Other Heteroarenes

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwon et al. Page 158

OY Ar1
e (a, 90% yleld)
+ NMe
H or
0 (b, 69% vyield)
2

12a
OYAﬂ
-0 ‘ (a, 77% yield
N o yield)
O ~
CN (b, 70% yield)
212a
Os_Ar!

i

=
\
o

Br

5 examples ‘
Ph

212g 277 278, 59% yield

Ar! = 4-(F3C)CgHy (a) 5 W blue LEDs, Ir(ppy)s (1 mol %), DCE (Zhou and co-workers).
(b) 7 W blue LEDs, Ir(ppy)s (2 mol %), Na,COj3 (2.0 equiv), DMF (Chen, Xiao and co-
workers).

Scheme 66.
Vinyl Arenes Are Not the Only Radical Acceptors That Engage in Coupling Reactions with

O-Acyloximes
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Page 159

(A) 3-napthyl-substituted O-acyl oximes and electron-deficient
olefins engage in fS-scission / radical formal [4+2] cycloaddition
cascade. o~

EWG

Ar‘ Blue LEDs
R! ér(ppr)?) ‘ S
mol %
N L|2003 Nc
Ar1 =4- (F3C)CBH4 “
=H, OMe, CO,Me

212 279

Selected from 19 examples (radical trapping agents include
acrylonitrile and «,-unsaturated ketones).

Unsuccessful radical 0 0
1 F30
trapping agents CO,Me
Me. =~
e ‘ " ‘
MeO,C
e T 00
Z > CONMe,

o~ 279a, 77% yield (2:1 dr) 279b, 27% yield

(B) DFT calculations reveal that 281a is 7.0 kcal-mol! more
stable than 281b. 0

Radical addition

Me com tC(2)
e a
. 2 | >

NC

OMe
Radical addition .
280 | atC(4) -~ NG

The electronic structures of 281a and 281b were optimized at OMe
the wB97xD/6-31+G(d) level of theory and the energies were

obtained at the wB97x-D/6-311+G(d,p) in DMF with SMD Me CO;Me

solvent model. 281b

Schemes 67.
3-Naphthyl Substituted G-Acyl Oximes and Electron-Deficient Olefins Engage in Position-

Selective Radical Annulation Cascade to Synthesize 1,2,3,4-Tetrahydrophenanthrene
Scaffolds
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(A) Cyclic oximes and aryl isonitriles undergo radical annulation
cascade to furnish cyclopenta[b]quinoxalines

0 Arl
Y blue LEDs
Ir(ppy)s (2 mol %) N

/©/ Na,CO; (1.5 equiv) -z :@/CI
-
=~
& ; g

4-(|=3C)ca|14 R
212 (R! # Ph) 282a (26 Examples) 283a, R! = Bn, 92% yield

=N =N < ;/[N' :/C'
:o ::.\; Sy
1 R‘I R1
189 284 285

(B) Meta-substituted aryl isonitriles give rise to regioisomeric
m:xrures of products

CN 56% yield q q

1:10 283b:283¢ Bn
282b R%2=Cl 70% yield 283b R? = 283c R? =
282c R? =0OMe 6:5 283d:283e = 283d R?= OMe 283eR? = OMe

(C) Ortho-thiomethyl substituted aryl isonitrile instead delivers
alkylated benzothiazole product

o) Ar!
Y NC
.0 blue LEDs
Ir(ppy)s (2 mol %)

N
Na,CO; (1.5 equw) S
Bnh * \
Bn N

212h 282d Ar! = 4‘(Fa°)°6”4 286, 53%yield

Scheme 68.
Cyclopenta[ ]quinoxaline Derivatives Are Synthesized from Radical Annulation Cascade

Reaction Between Cyclic Oximes and Aryl Isonitriles, with Well-Documented Limitations

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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.0 blue LEDs
o Y Ir(ppy)s (1 mol %) CN
S e - £
\ DMF X _Xo
Y . N~NY
X Ar' = 4-(F3C)CGH4
B - N - . S —— . .
Thiolation CN CN 288b, R2 = Me, 60% yield
(13 examples) ( 288c, R? = Cl, 88% yield
R' R'=Me, Ar BOCcN___SPh S
S—S\ 288a \O\
R % yield meo” 7 77 ;
Selenylation CN Borylation CN
(11 examples) ( (7 examples) /E/ _
Ph\ BOCstePh (HO)zB_B(OH)z BnO Bpln
Se—Se
‘Ph 288d (then work up 288e
49% vyield with pinacol) 56% vyield
Scheme 69.

Oximes Participate in Group-Transfer Reactions with Disulfides, Diphenylselenide and
Diboronic Acids

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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O- _Ph Ph Variations 290
Y 1. blue LEDs &ii (%)
N,0 [Ir(ppy)2(dtbbpy)]PFg no hv —
Ph (2 mol %) no [Ir] trace
DIPEA, Na,CO4 no CO, 35
DMSO, CO, (1 alm):: coH g ?F%‘E:% ;2
2. 2N HClI (aq. <o RO
289 (od) 290, 93% yield s7ggg yield using an
internal standard of
O ... S
0Z__Ph Ph
Na* |
];/ CN
N Ph i Ph
—_— —_—
L ]
289 291 292 293
Ph
[ir' L,
hv s IPr:N.Et [lr“I] 294 Na
'Pr,NEt ; hy co,
[ll’"‘] iPI’zNEt perEI % ¢
[lrlll'] Ph
CN
* Stern-Volmer analysis provides evidence for
kinetically feasible reductive quenching of [Ir'"*] by Na*
DIPEA (K =3.3 x 108 M1-s7). 29500;
* Deuterium-incorporation with D,0O suggests
formation of 294 (vide infra). HCI
NaCl
blue LEDs
5™ Ir(ppy)s (2 mol %) o "
Y DIPEA, Na,COj
/o Dzo (40 equiv) CN CN
N -
Ph >
DMSO
D CO.H
289 296, 62% vyield 290
(95% D)
Scheme 70.

Oxime Can Engage in Carboxylation Reaction with CO, to Access Carboxylic Acids

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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blue LEDs
o) Ar! Cu(OTf), (10 mol %)
Y terpyridine (20 mol %)
g TBAI (5 mol %)
N~ R! K,CO; (3.0 equiv)

+
é |h DMF:MeOH
AI'1 — 4-(F3C)CGH4

Selected from 40 examples

.o

Ph Me

R1
on
298

298a, 77% yield 298b, 59% yield 298c, 55% yield 298d, 43% yield

Scheme 71.

In Principle, Copper Can Serve as a Dual Photoredox- and Transition-Metal Catalyst
and Both of These Mechanisms Could Be Operative in the C(sp)-C(sp3) Cross-Coupling

Reaction Between Cyclic Oximes and Terminal Alkynes

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(A) Wang and co-workers
blue LEDs
Ir(ppy); (0.5 mol %)
[Cu{MeCN),]PFg (2 mol %)
TMSCN (1 5 equiv)

0 Ar!
é/@’ 299 (3 mol %) E5 ] :
DMA "CN

212i Ar' = 4-(F;C)CeH, 300a, 78% yield (96:4 er)
variations nolight  nolr(ppy)s  no [Cu(MeCN),]PFg
300a (isolated yield %, er) 12,955 9,95.54.5 14, 50:5

(B) Xiao, Chen and co-workers

Oy Ar' purple LEDs
B Ph-PTZ (2.5 mol %)
L0 [Cu(MeCN),IPF; (1 mol %)

N ent-299 (1.2 mol %) PhN,

NC
o TMSCN (3.0 equiv) u @
DMA CN

212b Ar'=4-FiC)CeHs  300b, 99% yield (95.5:4.5 er) Ph-PTZ
variations no light no Ph-PTZ no [Cu(MeCN)4]PFg

300b (yield %, er) not detected not detected trace
Yields determined by GC analysis using 1,3,5-trimethoxybenzene as internal standard.

m‘co; +TMSCN — CN’ + Ar'CO,TMS is detected by GC-MS.

*Reduction of 212b by Ph-PTZ

é/ph [ Uh is thermodynamically feasible.
Ey[PC*'/PC") = —2.1 V vs SCE
212b 302 jn MeCN

E,212b=-1.69 V vs SCE in DMA

i *Oxidative quenching of Ir(ppy)s

Pt L CuM(CN)L* is kinetically feasible by 212b

L=ent-299 and (ent-299)CuCN.
NC. Kq.2!2b =4.7 x 107 Mg

v Sph-pTZ Ph Kogoy=14x107 M-s
: Cu"CNL* CUMECN)L* *Oxidation of
303

Cu"CNL* by Ph-PTZ

is thermodynamically
feasible.
NG E;[PC™/PC] = +0.68
u V'vs. SCE in MeCN
Quantur yield () CN Eq2[Cu/Cul] = +0.36
0.509. 3006 Vvs. SCE in MeCN
(C) Enantioselective three- componenr ooupfmg with sryrene and
TMSCN is possible Ph
h
purple LEDs
OY Art Ph-PTZ (2.5 mol %)
[Cu(MeCN),]PFg (1 mol %)
N” ent-299 (1.2 mol %)
* TMSCN (3.0 equiv) oN oN
é # DMA =
Ar' = 4-(F3C)CgH, ent-300a
2122 2i4b 51% yield (95.5:4.5 er)

Scheme 72.
Photo- and Copper-Mediated Enantioselective Cyanation Reactions Rely on Chiral

Bisoxazoline Ligands
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o)
N
blueLEDso CN
e ™ .
Ar?2  Ar? DMF Ar2
212 Ar' = 4-(F;C)CgH, 304
CN CN H CN H
4 +
H —_— e H Y AP . H Ar3
Ar2 Ard Ar2 Ar2
305 306 307

Selected from 11 examples

Lo Lo roc

304a 304b 304c
55% yield (15:1 E:Z)  68% yield (6:1 E:2) 48% yield (only Z-isomer)

Aryl groups with

similar electronic CN

and steric profiles Me

gives mixture of ‘

1,2-migration - ‘ 61% yield
products ‘ 304d/304e

1:1(8:1 E:2)
304d 304d

Scheme 73.
Diaryl Substituted Oximes Engage in 3-Scission / 1,2-Aryl Migration / Elimination Cascade
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(A)

o Ar!
N,0 blue LEDs o]
Ir(ppy)s
(1 mol %) |CN CN CN OJLAr1
Ar? I\‘\,)/.\ — A 2
" DMF n Ar? n Ar “NAr2
212 Arl = 4'(FSC)CBH4 309 310 308
Selected from o) 308a, n =1, Ar2= Ph, 54% yield
15 examples JJ\ 308b, n =2, Ar?=Ph, 81% yield

CN 0" "Ar' 308c, n =3, Ar2= Ph, 48% yield
308d, n = 4, Ar? = 4-(OMe)C¢gH,, 63% vield
n A 308e n =5, Ar?= 4-(OMe)CgH,, 69% vield

0 ‘Bu blue LEDs 'Bu

> Ir(ppy)3 (1 mol %) 1
. > Ar (0]
ipr DMF T
Et O Et
311 312, 51% yield
Scheme 74.

Absent Radical Trapping Agents, Aryl Acetate Quenches Carbocationic Intermediates

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(A) Based on calculations, acidic conditions enable the C-H
abstraction step to be exergonic.

AG? (kcal/mol) : BDEs (kcal/mol)
[UB3LYP/6-31+G(d,p)] ¢ [(RO)B3P86
1 6-311G(d,p)]
Neutral intermediates :
[ H . ‘ 5M-; 932 956
] d 1,5-HAT L ]
l Me I Me | I H
AG®=4.2 : 5| Me
Ph kcal/mol Ph ¢ Ph
: Me
L 313 314 Jd 317
Cationic intermediates :
r . 1 1@21 2 9586
H‘IC?"" X Me 1,5-HAT H\{EI)H .5 Me ; H\N,H
Me o Me |: H
AG® =-249 ' Me
Ph kcal/mol Ph : Ph
: Me
L 315 316 = B 318

(B) Nevertheless, 1,5-HAT is feasible under basic conditions
where photocatalyst accelerates turnover in radical chain
propagated decarboxylative fluorination reaction

Me blue LEDs
Me \rco?H Selectfluor PC 320
+ [Mes-Acr]CIO,4 (PC) yield (%)
i .0 Ag,CO; (25 mol%) 0
H Cs,CO;3 F - 24
Me ———————» Me + 81
Ph MeCN: H,0 (1:1) Ph ¢=48
Me 15 min Me i
319a 320a
0 15 total examples, including

F H
Ph \)K/\I/V\’/MG

Me Me
320b, 63% yield

2 where the site of guided
functionalization is
expected to differ from the
site of an unguided reaction

(C) A 1,5-HAT process enables an iminyl-radical guided
chlorination reaction under basic conditions

Me

MQ+CD’H NCS 11 total examples,
blue LEDs including 2 where
N,O [Mes-Acr]CIO, NCI the site of guided
H Cs,CO; ¢l o functionalization is
RJ\/\|,H TME“" R expected to differ
R R from the site of an
319 321 unguided reaction
NCI o NCI -
N Me el o Me
| = Me
N .= Me § Me
0 Me H
cl Me

321a, 45% yield

Scheme 75.

321b, 66% yield

321c, 34% yield

Oximes Are Substrates for C(sp3)—-H Fluorination and Chlorination Reactions

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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CO,H N
7 “EWG EWG
N,0 blue LEDS o
H [Ir(dFCF;ppy),(dtbbpy)]PFg (1 mol %)
1J'|\/\|/ R3 CsF - R3
R -
R2 CHCl, R2
then hydrolysis
322 ki 323

Selected from 33 examples (radical trapping agents incorporate esters,
and ketones)

CO;Me CO,Me

C#K/\ﬁ\ M J\/\E\O .
323a, 80% vyield 323b, 84% yield 323c, 71% vyield

Scheme 76.
Oximes Are Substrates for Guided Giese Reactions

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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blue LEDs
Oy Ar Ir(ppy)3
Y (0.5 mol %)
_0 Ph
N HO),B” X~ o)
H 217a X _Ph
Me y Me
R! R2 DCE R! R2
........ 324 ... Al=4CRCHs 325
Selected from 20 examples
0 0
H Ph
N Me X" Me
7 Me Ne 0TBS Hpeb )
325a, 58% yield 325b, 52% vyield 325¢c, 42% vyield
141 E:Z w201 EZ =201 EZ
Scheme 77.

Oximes Can Template Guided Vinylation Reactions with Styrenyl Boronic Acids
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(A) Acid additive enables guided vinylation reaction between
O-acyl oxime and styrene derivative

OY Arl

blue LEDs
Ir(ppYy)3 (1 mol %) 0
TsOH
ﬂ\/x N — NN
DMSO 2 n3
R? R? R n R®
326 327 Ar1 = CBF5

Selected from 44 examples ©

¢/Y\( d\(n
Et HMeMEPh

328a, 75% vyield 328b, 75% yield 328¢c, 55% yield
a-Methyl styrene as radical trapping Coumarin as radical trapping agent
agent provides terminal alkene rather reacts at a-carbon rather than f-

than internal alkene. carbon.
0
§ o )k/m
Et H Me Me mé Me
328d, 92% yield, >99:1 t.i 328e, 43% vyield

Electron-deficient olefins are challenging radical trapping agents.

Unsuccessful radical trapping agents
OMe

5 ) 0
\\-)Loan Me/\“-)j\oan X

N
N CN SO,Me
Me Me Co,Me \/@/
328f, 33% yield A S

(B) Guided carbohydroxylation or carboetherification reaction is
affected in presence of water or alcohol

Ar?
Os Ar! Ré
bl 35 7 2 4
.0 lue LEDs A2, _R
N Ir(ppY)s 0 Y o OH
H (1 mol %) Ar2
R1 H/.O R1 R1
R2 R3 R2 R3 R2 R? R4
DMSO
326 Ar' = CoFs 330 329
Selected from 38 examples
o = o 329b, R® = Me, 61% yield
OH :
i Ph w;h 329c, RS = Et, 52% vyield
e We Me e 329d, RS = iPr, 52% yield
Me
329a, 45% yield, 1:1 dr 329e, RS = Bn, 42% yield

Oximes Guide Vinylation Reactions and Hydroxyalkylation Processes
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blue LEDs

[Ir(dFCF3ppy)(dtbbpy)]BArF4 (1 mol %)
CUBAI‘ 4 (2 mol %)

Ty

Ph (4 mol %)

Ph

camphoric acid (25 mol %)

[Cu] coordination [

then EnT

X7

[".III] *[ll'“l]

™~

Scheme 79.

| Arl

pentane:Et,0 (2:1)
R! = (hetero)aryl, alkene, alkyne, ‘Bu
59 examples, 30-99% yield

o s
Ph-—CN ;

H ‘CU R1'Ph

LT,

J'P w—

89.5:10.5 to >99:1 er and 2:1 to >20:1 dr

1,5-HAT —>

'

Guided C(sp3)-H Amination Reactions Can Be Enantioselective

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(A) N-Acyloxyphthalimide with less electron-deficient acy!
group fragments to imidyl anion and alkyl radical under

photoredox catalysis
hv(>460 nm)
HU(bPV)aclz
BNAH
+ 002
THF!H20 @
0 331 332 O 333
(B) Electron-deficient N-acyloxyphthalimides are imidyl radical
precursor
o) 0
>_CF3
-0 26 W CFL N—Ar
Ir(ppy)s (5 mol %)
Ar-H
(0] - o]
.......... 334""90“335
0
CF3 i[lrllll PhthN-@
PhthN—0O
334 15
CF3CO,H
[Ir'“]
PhthNe + -o
17 336 ” da6
0] SET— X H
H@ "“'---"‘"/ PhthN
15 Y 19
g PhthN><;>
......................................... L
Selected from 22 examples PhthN-A X
p
Me CF, 335c¢, X = S, 69% yield, 4.6:1 (A:B)

PhthN _a 335d, X = 0, 51% yield
335e, X = NMe, 49% yield
8 PhthN

PhthN
3354, 81% yield  335b, 23% yield j\/j\ 2oL 2 mBhol - Yieu
e 9 335 , X = Br, 32% yield
12.0:1:10.3 (A:B:C) 1:8.4:2.8 (A'BB:.C)  R1” “N GuAmBt e

Scheme 80.
Electron-Deficient A-Acyloxyphthalimides Are Imidyl Radical Precursor for Use in A-

(Hetero)arylation Reactions
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Page 173

(A) Benzenesu!fonyi radicals react with heteroarenes

ph_g’f white LEDs
m (ppY) 2 mol m

337 ................. BP0 s L —
Selected from 23 examp!es Me
0Bn Me Me
R}, 3 Bs NR? Bs

339b, R*=F, 72% yield 339d, R? = Bn, 98% yield
339a, 94% yield 339c, R®*=Cl, 57% yield 339, R? = PMB, 96% yield

NHAc
Ph
e0 Me Me Ph
N N: I N N\ [giﬂ'me
N N B
Me Be Me s 0 'Bs
339f, 97% yield 339g, 84% yield 339h, 63% yield
(B) Amidyl radicals react with (hetero)arenes
0N
NO,
R! green LEDs 'R‘
o—N eosin Y (2 mol %) Ar—N
N~ -
0 - (0]
340 acetone 341
Selected from 21 examples B @ Me
N
N
52 Ph  Ac
R! 341i, 61% yield
I\Nfle L Me I\ Me
H 8" N
341a, R' = Me, R? = Ac, 80% yield : ngo
341b, R' = CH,Bn, R = Ac, 79% yield Me" Bl Sy o

341c, R = Me, R? = Bz, 68% yield )
341d, R' = Me, R? = Boc, 64% yield \ %
341e, R' = Me, R? = CBz, 56% yield Ne Ac O ¢
341f, R' = Me, R2 = dmTroc, 51% yield

341g, R' = Me, R? = C(O)SEt, 71% yield 341h, 77% yield 341k, 63% yield

Scheme 81.
Benzenesulfonyl Radical and Amidyl Radical Intermediates React with Arenes

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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(A) Carboamination is a key-step in (+)-flustramide B synthesis

COQH N02
N
CO,H
Br N NO,
342 AN e
+ (=
Br Br N 345
NaH HATU, 'PryNEt
N —— e
Me THF \ Me CHoCl, 12 h
Me 0°C—=rt,16h
343 (98% yield) 344 (75% yield)
5 PhO,S PhO,S
= 0
N-0 347'S0,Ph
Me green LEDs
AN eosin Y (2 mol %), Pr,NEt NMe
B N > N H
r CH,Cl, Br
\ (76% yield) \
me”  Ve31 examples, 54-93% yields M’ Me
346 Ar' = 2,4-(NO,)CgH, 348
Me

Zn, NH,4CI
_’._

N
o}
NMe
350 Br
THFH,0 \\>\

N H
Grubbs Il
_’.
CH,Cl, \\)\M
- L (]
(1:1) 50°C,Th 5

18 h
(72% yield) (84% yield)  (+)-flustramide B (357)

(B) Hydroxyammanon is a key-step to access (i)-ﬂusrram:'no! B

green LEDs HO o
eosinY
2 mol %
g NMe
air(0)) gy N H Ham NEtMe, Br
346————
CH,Cl, \ T k}\
(79% yield) o 60 °C, 5 min i Me
28 examples Me (87% yield) l
53-84% yields 352 (2)-flustraminol B (353)
(C) Hydroamination is viable with tert-butyithiol as radical
trapping agent
(o] green LEDs
Ar! eosin Y (2 mol %)
N-O DIPEA, "BuSH
F \ Me W
Me (:H,t'.:l2
N Ar' = 2,4-(NO,)CgH, N Me
354 6 examples, 68-82% yields 355, ?8% yleld

Scheme 82.

Page 174

Radical Annulation Sequences Converts Indoles to Higher-Value Products £n Route to

Natural Products
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(A) A net diamidation of styrenes is proposed to rely on amidy!
radical intermediates

HI
1
N 27
0~ “Troc ArtN
i 359
Ar'= 0 white LEDs
I, 1 mol %,
(va)s { ) J\/ NR!Troc
MECN

356a

Jt P
f1002 e N
er\/ NR'Troc
363
[h.III]
35 73 58
o

AT o'
I I,

- 2/\\/ NR‘Troc 2/\/ NR'Troc MocH,. J\/NR‘Troc

Selected from 17 examples

364a, R? = 'Bu, 68% yield

364b, R? = OAc, 60% yield
AfOC. _Ac 364c, R?=F, 52% yield
N 364d, R? = Cl, 58% yield
364e, R? = Br, 47% yield

Me
o
5 NHTroc 3641, R' = H, 44% vyield
" 364g, R' = Me, 66% yield

(B) An oxidative amidation of styrenes is hypothesized to rely on
amidyl! radical intermediates

R1
1
tN’\
0 Troc
white LEDs
9 Ir(ppy)s (1 mol %) 0
—_— 1
CFy * AT DNSO MJ\,NH Troc
.....3%6b 359 s 365 ...
o g Selected from 21 examples
N.
Troc
" [o}
MeO s
365a, R = H, 81% yield m,nurroc NHTroc
365b, R' = Ph, 38% vyield
365c, R! = Me, 96% yield 365d, 49% yield 365e, 46% yield

Scheme 83.
O-Aryloxy Amide and Alkenes React with Acetonitrile and DMSO to Synthesize 1,2-

Diamides and a-Amino Ketones
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R2
9 Me R3J\’H4 9 Me
368
o’N blue LEDs o R4 _N
[Ir(dFCF3ppy)2(bpy)IPFs
& ) (0.2 mol %) )
R? H,0 (85 equiv) R' o R3
366 T > 367
........................................ s
X R*
3
: 368 x Me
hv R N
o]
] e I 3 “
(\'1/ P 4 N Rz 371
R o] =12.
i =T g6g 370 —
o ( 5 366
Me Me
N M 4
o” ePhthN:oleN
o]
n*J\ e p & ————> 367
366 R?
372
Selected from 53 examples o "
e
9 Me N
M
N o}
j’\/l: \ MeO,C o)
MeO,C NPhth HO\/\)
367a, 47% yield 367b, 55% vyield
Scheme 84.

O-Vinylhydroxylamine Derivative Undergoes Group-Transfer Radical Addition with
Alkenes in Presence of Photosensitizer
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N blue LEDs
=" “Tioe [Mes-Acr]CIO, (5 mol %) g

Me OH R2 Selectfluor (2 equiv)
J\ Na,HPO, (3 equiv) H‘J\/ NHTroc

R2

MeCN/H,0 (2:1)

3733 374
O' “Troc ' (L/—Cl
Me o+ SET \7
M?Hr/ [”379
(0]
375a SET
co, '/i
+ PC~*
acetone
H
N
“Troc AI*/—CI A‘{—CI
357a ] i
iy 47
1353 E 377 378
17 NR'Troc \ /
R R72\/
376

Se!ecred from 30 examples

NHTroc AHTros NHTroc
C’ NHTroc CI) @

374b, X = Br, 83% yield

374a 374c, X = NO,, 45% yield 374e 374f
90% yield 374d, X =NHTs, 81% yield 82% yield 45% yield, 6:1 dr
""""""""""""""" blue LEDs T

[Mes-Acr]CIO,

Me (5 mol %)
Selectfluor (3 eqt_xiv) Me Me
373a + Me)\\\r Me. NaHPO, @ squiv) | ™/ me /N
Me MeCN/H,0 (2:1) Me €
380a 381 382, 85% vyield

Scheme 85.
a-Amido-oxy Acids React with Olefins and Selectfluor to Provide B-Fluoroamides
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_NHCbz blue LEDs
[Ir(dFCF3ppy).(dtbbpy) (1 mol %) H(D)

OH R PhSH (5 mol %)
7,\“/ J\/ Na,CO, R! NHCbz
» R?

: R3 RS
373b 380 GHCLHD)0 (1:1) 383
mhv A
*[ll""] [|r|||]
H
' ‘Cbz SET PhSe
386
o)
SET JL
375D Il X G}
- '] X = NaO or HO
+?' H(D)zo HAT
acelone PhS~
oN R?
“Cbz 4 0|-| D)
HS 385

| 380 WNHCIJZ
- R2

Selected from 61 examples H Do2%

H DIs% NHCbz NHCbz
Tms)\ TMS/]\l
NHCbz NHCbz

383a, 56% yield  383b, 53% yield 3330 85% yield  383d, 73% yield
p94% D%4%

MeJ\/NHCbz Me,)\/NHCbz Me%\I/NHCbz Me#/NHCbz
TMSO TMSO M

383e, 87% yield  383f, 85% yield 3839, 8% yield 383h, 68% yield
Do4% o

D95%
/j\rNHCbz /%/NHCbz Me&nncm Me7l7(NHCbz
Me Me Me Me

3831, 68% vyield 383;, 60% yield 383k, 80% vyield 383l 81% vyield

Scheme 86.
a-Amino-Oxy Acids React with Olefins in Photo-Mediated, Thiol Catalyzed Hydro- and

Deuteroamidation Reactions
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R‘
3
o’ ~CO,Me
Ar! NO, (o]
N blue LEDs
C A-RhO (2 mol %) coznne
I y A\ N_ _ A__ 2Glutidine N
2 oTol o‘rol
MeCN/DMSO (3:1
....... 388389”390
R *[Rh] hy 9= 13.6 indicates chain
Y propagation to be dominant.
07 “CO,Me

Ligand-exchange experiment
with rac-RhOQ, rac-IrO and acyl
imidazole supports kinetically
facile ligand-exchange step
(re)initiation [Rn'y between MeCN and acyl
imdazole (kgn/kj, > 1650).

288 Initiation/Re-iniation
~ Catalytic Cycle

[RA")

SET for
R — (re)initiation
o [Rh"-0 R
coMe / N
391 /<\: s ~Co,Me
N Ar? iy 1
[':'h“]_o SoTol [?h Fa 3
& % 393 = ~co,Me
\ Rhodium-Enolate \\ <_,
N o.rof\’z Catalytic Cycle .-_,Toimz "
392 [thlll -0 394 N
Base-H B
C NS
Base Ar? oTol
SoTol 389
395 + _|+
[ L3~
N CO,Me Bu W
<\——N Ar? MeCN,, I &
‘oTol A
390 /““
MeCN |
N\
%U@_O
............................................................ ARMO
Selected from 13 examples
(o] Me
<':~ cozm Me
<’__ N_ _Me
Ti | oToI
Ar® = oTol Yoo

390a, 99% yield, 98.5:1.5 er 390b, 88% yield, 98:2 er  390c, 0% yield

Scheme 87.

Page 179

O-Aryloxy Amide and 2-Acyl Imidazole React in the Presence of A-RhO Catalyst to Furnish

Enantioenriched Products
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blue LEDs
[Ir(dFCF3ppy)(dtbbpy) (5 mol %)

Me
-~ N ~
0 Bz
Me7.\n’0H . Cs,C04, NCS _ Me
Me CH,Cl N cl
Y 397 was used as a 0.5 M stock Bz

solution in PhH/CH,CI, (3:1). 398a, 90% vyield

Reductive quenching of PC by 396 is

kinetically feasible (K =3.6 x 105 M1+s7").
CS+ Cl
o8 » ¢ 398a
& 1 AG = —26.4 kcal*mol™!
A
0 '[Ir"']
399 SET
me N\ 7 \ N
N
0” "Bz SET 1
~—_-[I""]
A ) e s )
Me 5 lo) %
400 Me, Me,
CO, NM fN -Cl--N
+ Bz’ Bz
acetone 408 405 o
A AG = —26.4 kcal'mol!  AGH = 8.7 kcalmol”
Bz’N. o A
401 397 .é.G:‘¢ 9.5 kcal-mol i
Cl—N
(0]
404
402 403

AGt = 15.3 kecal*mol ™’ AG =—12.4 kecal*mol !

Selected from 18 examples of chlorine-atom transfer reactions

Me\

7N 9 MeO,C

N= e :N—&—m Huﬁfm
cl Z CbZ BZ

398b, 64% yield  398c, 59% yield 398d, 69% vyield 398e, 0% yield

Scheme 88.
[1.1.1]Propellane Is Converted to Chlorinated Bicyclo[1.1.1]pentylamine Based on

Reactions with Amidyl Radical Precursors
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e blue LEDs
0~ "Bz [Ir(dFCF3ppy),(dtbbpy) (5 mol %)
MeMOH CsCO, Me_
” X-Y
Me o ,N X
0 CH,Cl, Bz
..... 396 39T P09
H_ _CN
Br-CCl, R'S—Nphth PhSe-Nphth K
Ph CN

Me\ Me\ Me\ Me\
,Nﬁfar ,Nﬁfsm ,NﬁSePh ,NﬁH
Bz Bz Bz Bz

409b, R'! = Ph, 77% yield
409a, 20% yield 409c, R'! = CF;, 66% yield 409d, 72% yield 409e, 49% yield

Scheme 89.
[1.1.1]Propellane Is Converted to Functionalized Bicyclo[1.1.1]pentylamines Based on

Reactions with Amidyl Radical Precursors and Atom- and Group-Transfer Agents
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(A) Facile generation of nucleophilic carbon radical relies on
generation of electrophilic nitrogen-centered amidy! radical

Me blue LEDs
CO;H photocatalyst

Me “¥=¥" (atom- or

1. .0 group transfer i 3 1
Rt N " agent), base R “Ne % R " “NH X

R? R2 Rr?
0 solvent o o]
R? R?
410 412 411

w* : nitrogen-centered radical local electrophilicity scale (eV)
0.7 0.8 0.9 1.0 15 1.2 1.3 1.4
1 [ h | 1 1 I

1 ., -
T *— T PP Ll T T T i
i
:

Ne S ™ cozie M Boons TN ™M Mene e Me e e Me

/U\J(Me |\J<Me |\J<Me J\;F Me )\J( Me
Ph 0 ]
413,077 eV 4123, 1.03eV 412b,1.05eV 412¢,1.09 eV 472d, 1.38 eV
BDEy_y=95.4 BDEy =105 BDEyy=105 BDEyy=107 BDEyy=114
BDEg =932 BDEc =97 BDEcy=97 BDEs,=95 BDE;,=95
AGH=13.7 AGH=88 AGH=9.6 AGt=8.8 AGH=57
AG=4.2 AG=-103 AG=-9.3 AG=-10.9 AG=-16.8
wty values were calculated from the UB3LYP/8-311+G(d,p) level of theory. BDEs were estimated from

the (AO)BIPEE/E-311G(d.p) level of theory and are reported in kealmol . AG* and AG energies were
estimated from the UB3LYP/B-31+G(d,p) level of theory and are reported in kealsmol!.

(B) Amidy! radical guides remote C-H functionalization reactions

Fluorination Chlorination Thiolation
{32 examples) (11 examples) (8 examples)
photocatalyst photocatalyst photocatalyst
Ir(dFCF3ppy)a(dibbpy)]PFg 4-CzIPN 4-CzIPN
(o] o
ﬂ /—CI
-NL Cl—N PhS—N
L7
F  2BF, [} (o}
base: Cs,C0; base: Cs,CO4 base: K,CO;
solvent: MeCN/H,O solvent: MeCN solvent: CHCl;
Me. Me. Me .
it F MY Cl HE SPh
Me Me Me
0 o 0
Me Me Me
411a, 87% yield 411b, 76% yield 411¢, 71% yield
$=0.08 ¢ =0.06 ¢ =0.02
Cyanation Alkynylation
{5 examples) (13 examples)
photocatalyst photocatalyst
4-CzIPN 4-CzIPN
o]
(o] o]
i i
NC Ph"'"""::"-
base: Cs,CO5 base: K.CO5
solvent: MeCN solvent: CH,Cl,
Ph
Me., Me.
NH on N || '
o > 0 :

Me
411d, §7% yield
¢ =0.02

Scheme 90.

Me
411e, 80% yield
¢=0.06

Page 182

Amidyl Radical Guides Remote Functionalization Reaction to Engage Atom- and Group-

Transfer Agents
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- white LEDs
N [Ir(dFCF3;ppy).(dtbbpy)]PFg (1 mol %) N
A - S
H R! MTBE N
H
........... 41 4“‘F°’°”415
N W
\ \
CEN @ OZ >—m
415a, 73% yield 415b, 39% yield 415c, no reaction

H1 OY Ar’ R1 2
R2 N,0 R2 N R N
/u\ — \>—Ph + \>_Ph

E Ph
414a (R' = Me, R2 = H) 415d, 31% yield 415e, 30% yield
414b (R' = Cl, R?2 = Cl) 415f, 12% vyield? 415q, 11% yield?

8The yield was derived from the combined yield of the product from 474b, which contained 1:0.9
mixture of diastereomers 415f.415g, respectively.

Scheme 91.
N-Aryl Amidoxime Esters Are Appropriate Precursors to Photo-Mediated Radical

Annulation Reactions That Provide 2-Substituted Benzimidazoles
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1
e blue LEDs A
NH [Ir(ppy)2(dtbbpy)]PFg (2 mol %) N A2
> o
[r\y%/ Ar2 MeOH f L
n
416 417

Selected from 25 examples (n = 1)
Selected from 7 examples (n = 2)

N,Ph 73 N,Ph A Me N’Ph N,ph
i X
H H H

H
417b, X =S 417d, n=1 417f X = NTs
oF it 61% yield 88% vyield, 1:1 d.r. 58% yield
417a,86% yield 4470 % -0 417e,n=2 417g,X=0
76% yield 64% yield, 4.2:1 d.r. 44% yield
Scheme 92.

Knowles and Co-workers’ Intramolecular, Anti-Markovnikov Hydroamination Reactions
Engage Olefins to Form 5- and 6-Membered, Saturated Heterocycles

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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Oxidation of 416 is:

f;';es":';zdy Hamicaly Ar » blue LEDs e
PPY)2(dtbbpy)]PFg ’
Epp®=0.83 V NH (2 mol %) Q)N)\(A 2
vs SCE (MeCN) -
E,o(IM/Ir") = 0.66 V [H,,’\'A'z M -’
VS.SC-E (MeCN) . 416 417
iinotically foas'blo | |\ IBxidatonNIE Protonation is A
Kg=3.1x10"M"s’ reversible: relative intermolecular:
W [ rate constants for  deuterium is in-
two substrates corporated from | MeOH
(Ar! = Ph, Ar? = Ph CH30D as solvent
(r' vs p-CgH,4CN) differ but not CD;OH
when measured in  Protonation is MeOH
competition vs not rate deter-
[Ir'] M* || independently run  mining:
431019 reactions KIE ky/kp is 1.1

Hammett analysis ‘.\:_ Ar! Ar’
(0=-0.56) is Ny —> AN NN
consistent with rate- EH"\/ Ar2 C’)\,Ar Q))\/Ar2
determining C-N - n ° no
bond formation 418 419 420

Scheme 93.
Photoredox Catalysis Can Be Used to Access A-Aryl Aminium Radical Cations That

Engage in Intramolecular, Anti-Markovnikov Hydroamination Reactions
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two 34W blue LED Lamps

TRIP thiol (50 mol %)

O . H [Ir(dF(Me)ppy),(dtbbpy)]PFg (2 mol %)

C4H9
421a 422a
/—\ [|I'"|
[ll’"l]

[IrII] M+
ArS-
ArS
Y
H
+e_H
O —
422a
Scheme 94.

PhMe

Oxidation of 421a is:
- thermodynamically feasible
Eyn%=0.94 V vs SCE (MeCN)

E, ,2(Ir'" ‘/Ify = 0.99 V vs SCE (MeCN)

- kinetically feasible
Kq= 1.7 x 107 Mils

Protonation is intermolecular:
no deuterium incorporation when
toluene-dg is the solvent.

No reaction is observed in the
absence of TRIP thiol.

ArS H ArSe

e, Wﬁg

Page 186

G H C4Hg

4233

ArS-H

ArS™

HH C4H9

CN

Photoredox Catalysis-Generated Aminium Radicals Engage Unactivated Alkenes in
Intermolecular, Anti-Markovnikov Hydroamination in the Presence of an Aryl Thiol HAT-

Catalyst
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two 34W blue LED Lamps

3
R R [Ir(dF(Me)ppy).(dtbbpy)]PFs (2 mol %) R’ R® RS
I + X R® TRIP thiol (50 mol %) .N
2" N"H R » R2 H
R RS PhMe, room temperature Ré R3
421 422 423
1.5-5.0 equiv

Selected from 43 examples

O\)\/\/ C{;«Bm O 1O /B

423b, 60% yield? 423c, 81% vyield 423d, 95% y1e|db
HO Me
I\)Kyc”z e M Me Me
j)‘ (s
H
BocHN Me Me
423e, 96% yield, 1.3:1 d.r. 423f, 78% vyield 423g, 91% yield

423h, X = NH,, 83% vyield®  423j, R = H, 55% yield
423i, X = OH, 82% vield423k, R = p-(CF3)Ph, 80% yield 423l, 80% yield

a Reaction run at 45 °C. P 422 was a TMS-enol ether. ¢ Product was isolated after
workup with Boc,O.

Scheme 95.
Secondary Amine-Derived Aminium Radicals Engage Unactivated Alkenes in

Intermolecular, Anti-Markovnikov Hydroamination

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwon et al. Page 188

R4 34W blue LED Lamp

H [Ir(dF(CF3)ppy).(dtbbpy)]PFs (2 mol %) H R R
| TRIP thiol (30 mol %) .N
R".N“H + %\Ra - R1 \I)QH
R? dioxane, room temperature R2
427 422 428
6.0 equiv

Selected from 31 examples

O/N , HO_ /Bu @( \/p O/“\/'\:

Me Me
(x) 428a, 80% yield"1 428b, 69% vyield 428c, 43% vyield
+) 428d, 62% yield +) 428e, 422 = trans, 56% yield

o
2422 was a TMS-enol ether. 422=cis, 68% yield

Scheme 96.
Primary Amine-Derived Aminium Radicals Engage Unactivated Alkenes in Intermolecular,

Anti-Markovnikov Hydroamination Reactions
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two 21W Blue LED Lamps

[(R%),Mes-PhAcr]BF, (5 mol %) N
X TEMPO (40 mol %) (\'_Rz
r

R'-NH + —_n2
2 | 5 R /\/
‘HCI 4:1 DCE:pH 8 buffer R'-NH
i35 did 0,,4-26 h 431
(3.0 equiv)

Selected from 75 examples

RO

MeO,C
MeO Mg
Me: MeOzc MeOzc —N

'P
r | ' 431e,R=H
431a,R=Me  431c, 60% yield® 431d,64% yield®  72% yieldac

69% yield®  single regioisomer single regioisomer single regioisomer

2.0:1 ortho:para 431f R = Me
431b,R =TBS 37% yield®°
82% vyield? 7.0:1 ortho.para

1:1.7 ortho:para

3 R3 = Me ([(2,7-dMe-Mes-PhAcr]BF,). ® R3 = Bu ([(‘Bu),Mes-PhAcr]BF,).
¢ Amine employed as a freebase, and solvent was replaced with DCE (0.1 M)
with respect to the arene.

Scheme 97.
Varied Amines Efficiently Engage in Photoredox-Mediated C—-H Amination of

(Hetero)arenes
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(A) Oxidation of primary amines in the presence of

molecular oxygen
hv (two 21W Blue LED Lamps) Q
[(*Bu),Mes-PhAcr]BF, (5 mol %)
a0zt TEMPO (40 mol %) MeO.C
NH, > NH
Pr  .Ha 2:2:1 PhH:DCE:pH 8 buffer Pr
429a 0z 15h 431g

40% vyield
Oxidation of amines is:

P+ ;th ~thermodynamically T
favored
/ H,N” > CO,Me 432 HOOH
Pc* f

E,»(432) = +1.60 V

Ep (PhH) = +2.75 V \
\ . Ejp(Pct/Pc) =+2.15V HOO"
Pc: 02~ vs SCE (CH5CN)
v *kinetically feasible (429a)
0, Kq=5.54)(103 M1s1

(B) Reduction of protonated, secondary N-chloroamines

H [Ru(bpy)sICl; (5 mol %)  PhH (2.0 equiv) /@
Oq* NCS (1.0 equiv) HCIO, (4.0 equiv) O

HFIP (0.1 M) hv,2h
30-60 minutes, dark 431h

86% yield

421a

Reduction of N-chloroaminium is:
NCS thermodynamically favored
Ep,g”“’ =+0.43V
vs SCE (CH;CN)
«kinetically feasible
succinimide Kg=1.5x10°M's™"

’H Fiu"* HU"I

NS Heio, N N
===

cr-
424
Scheme 98.
Aryl C-H Amination Can Be Engaged through Photoredox Generation of Aminium Radical
Cations
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3 W Blue LED

s
N\ H (\0 air, eosin Y (1 mol %).b N\ N\)
+ ,N\) THF (0.1 M), 12 h
N0 H . B
i} R

room temperature

436 421b 437a, R = CHs, 81% yield
(2.0 equiv) 437b, R = H, 82% vyield

Scheme 99.
Eosin Y Mediates a Dehydrogenative Cross-Coupling Reaction Involving Alkyl Amines and

Quinoxalinones
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Selected from 29 examples

. OMe
OMe 8 W blue LED strip
OH [2,4,6-triphenylpyrylium]BF,
(5 mol %)
H NH,;),S,0g (2.0 equiv
(NH,4)2S20g (2.0 equiv) _ me &0
we * CH,Cl, (0.1 M) !
N”H
O/ OMe
OMe
438 439 440, 72% yield
(2.0 equiv)
Scheme 100.

Dehydrogenative Reaction Enables ortho-Selective Coupling of Electron-Dense Diaryl
Amines with Electron-Dense Phenols

Chem Rev. Author manuscript; available in PMC 2023 January 26.
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3W blue LEDs Z> N
@\ Ay 3DPAFIPN (1.2 mol %) |
+ /Q DABCO (1.0 equiv) ™
_H N - N
. NC
Me

CH,CN (0.06 M) Me
12 h, room temperature

441a 163 442, 98% yield
(1.0 equiv) (1.0 equiv)
Oxidation of 441a is: A

. hv  « kinetically fg,asfla!e ; H-DABCO*
Ky=9.8x10"M™" s~ N
/ « thermodynamically |: D
. PC fefxsible r;l 4
Ep)'2 (*4413) =+0.92V H
Eyjp(Pc’/Pc™) =+1.09 V
- vs SCE (CH3CN) [ N)j

Reduction of 163 by
444  pe-j N
163 c-~ is observed (TAS)
Y Ky =7.0 x 107 M- s DABCO
/N N @ /@1
Z >N~ I
@\K,H + JQ e . 7 A + AN
[ NC Z Me/ \|-| CN Me/ \H
Me
443 444 445 446
Oxidation of DABCO is As above: 442, without base, 21% yield
competitive with 441a: Na2CO03 instead of DABCO, 85% yield
Ky (DABCO) =5.3 x 108 M~1s™ NaHCO3 instead of DABCO, 82% yield

Scheme 101.
Proposed Photoredox-Catalyzed, Radical-Radical Heteroaryl Amination Relies on Loss of

Hydrogen Cyanide
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3W blue LEDs
3DPAFIPN (1.2 mol %)
Base
1 3
RL-R + “ Solvent (0.06 M)
1 =~ 12-36 h, room temperature
R? NC N
441 447
(n equiv)
amines hydrazines
(R®=H) (R® = NH,)
n=1.0 n=2.0
DABCO (1.0 equiv) K3PO, (2.0 equiv)
CH3CN CH3CN
12h 24 h

S

448c, 70% yield

448a, 98% yield
without base

Q
> =
N” N |
—
N~ N
H

448b, 89% yield 448d, 45% yield

limitations with respect to heteroaryl nitriles

R
N | 3 > N
NC R2 NC N NC N

Page 194

hydroxylamines
(R®=0OH)
n=2.0
no base
DMSO
12 h

448e, 72% yield

448f, 53% yield

NPh,
NC CN

Ph,N NPh,

F
3DPAFIPN

i NH = !N
o 20 0 m
NC N/ NC \N NCA‘N NC/j{‘N

Scheme 102.

Amine and Amine-Analogues Engage Heteroarenes to Form New C-N Bonds
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o] hv 0
H, [Pc]
H + N oxidant N
P
cl Solvent cl
449a 421c 450a
D. Leow D. Xue V. C.-C. Wang V. Bhalla
& co-workers & co-workers & co-workers
Org. Lett. Org. Biomol. Angew. Chem. RSC Adv.
2014 Chem. 2016 Int. Ed. 2018 2018
% yield: 87% yield 72% yield 91% yield 75% yield
amine equiv: 2.5 equiv 3.0 equiv 3.0 equiv 3.0 equiv
light Incandescent
Soliics. 24 W CFL 3 W Blue LED 23 W CFL bulb
Palladium
[Pc]: PI:ennazil;lloum 2BODIFI'Y Acabene H?micyalnine
(1.0 mol %) (2.0 mol %) (0.5 mol %) (1.0 mol %)
. Oxygen
oxidant: Oxygen BHT (gge quiv) Oxygen Oxygen
2 THF i . .
solvent: o fee 1,4-dioxane DMF 1:1 DMSO:H,0
Phenazinium photocatalyst BODIPY photocatalyst
N
| ~
99e
N
EtOSO, Et
Palladium dicarbene photocatalyst Hemicyanine photocatalyst
BF4
OAc ;
@ Me Me
Scheme 103.
Advances in Amide Bond Formation Reactions Rely on Ambient Molecular Oxygen as an

Oxidant
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3 W Blue LED 0
(0] H R2 [Ir(dF(CF3)ppy).dtbbpy]PFg (2 mol %)
J_L + "‘rlq’ BrCCl; (1.0 equiv) R‘J\ N* R?
-
RT" H R? CH4CN (0.1 M, degassed) B3
449 421 room temperature 450
(2.0 equiv)
I I I Jl\/j\
Z
o0 00 gre
H
Br
450b, 58% yield 450c, 52% vyield 450d, 40% vyield
LD e ALK
HEt
N e A
| N~ "Bu \/l
H (0)
450e, 72% yield 450f, 45% yield 450g, 65% yield
Scheme 104.

Photo-Driven Reaction Engages Alkyl and Aryl Aldehydes with Primary and Secondary
Amines and Anilines to Form Amide Bonds
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3 W Blue LED 0
0 H [Ir(dF(CF3)ppy).dtbbpy]PFg (2 mol %) )I\

)J\ " 'D BrCCl; (1.0 equiv) . Ph i
Ph H CH;CN (0.1 M, degassed)
room temperature, 16 h )
449b 421c 450h, 67% yield

(2.0 equiv) Oxidation of 421c is
thermodynamically

*["...]’\i hv feasible A
’\ E,,%% (421¢) = +0.89 V
Eyp(r'ry = +1.21 V HCCl,

[y vs SCE (CH5CN) !
Reduction of 449b is not \
thermodynamically *CCl,
[y + feasible

*CCl, Epi2®? (449b) =—1.93 V

BrCCl, E (i) = —1.37 v
Y vs SCE (CH5CN)

Br~

Hox *O H R 0 H
.Q o) Phxlv 7 Sy PhXN
)j\ Br~ HBr Q

451 Ph™ H 452 453

Scheme 105.
Photo-Driven Reaction Enables Amide Bond Formation from Amines and Aldehydes
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(A) Amidyl radicals can be accessed directly from amide by PCET

Mn
Ph'\,. Ph
concerted N+
('b—n“ —— —{ ¥
(o] H* R
R
454 455

(B) Qualitatively, the capacity of a given base/oxidant pair to
function as hydrogen-atom acceptors can be understood based
on a BDFE calculation popularized by Mayer

PK,
—_—— R H' M"
\ l E° |E°
R

H* M

R=H *+ M"

(C) BDFE of optimal base/oxidant pair is near that of N-H bond

\\\./COZMQ
458, (3 equiv)
hv (blue LEDs) 0
0 Me photocatalyst (3 mol %) Ph
Bronsted base (25 mol % ) N’
P Z e = co,M
e
) T BOEE CH,CI, (0.4 M) B
~ 100 keal/mol room temperature, 12 h Me Me
456 0124 examples, 50-95% yield 457
entry  photocatalyst base pK, E° BDFE®?yield
(vs Fc) (%)°

1 Ir(Fmppy),(dtbbpy)PFg NBusO,P(OBu), 13 0.39 82 0
2 Ir(dF(CF3)ppy),(dtbbpy)PFg NBusO,P(OBu), 13 0.83 92 76
3 Ir(Fmppy),(dtbbpy)PFg NBu,OBz 215 039 93 56
4 Ir(dF(CF3)ppy).(bpy)PFg NBu;O,P(OBu), 13 1.04 97 92
5 Ir(dF(CF3)ppy),(dtbbpy)PFs  NBu,OBz 215 0.83 104 76
6 Ir(dF(CF3)ppy).(bpy)PFg NBu,OBz 215 1.04 108 50

3BDFE (kcal/mol) = 1.37 pK,(B-H) + 23.06 E°M"/M"*') + C,..: C.q = 54.9 keal/mol
{MeCN). ”Yield determined by "H NMR analysis of the crude reaction mixture relative
to an internal standard.

Scheme 106.
Photo-driven Proton-Coupled Electron Transfer (PCET) Processes Can Provide Access to

Amidyl Radicals, Critical Intermediates in Alkene Carboamination Reactions
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CO,M
. ;’h 2lvle hv Ph.
N/ g N Me
O S RN
Me - ~\ B Me
457 proton concerted 454a

transfer PCET > |
B-H —H
7 Oxidation is feasible \ 8

o Ph CO,Me kinetic.t::lly: N-Phenyl 0
N acetamide (456) + base Ph
© . quench I (kT = 731 M) N Me
M
Me ¢ L N-H bond impacts Z N Me
461 ‘ quenching: In independent ﬂ 4553
electron ~ experiments, kyyno =115 ¢ N'pond
transfer SET is unlikely: pK, values formation
for phosphate base and an
|rll
amide differ by ~20
(o) :Ph CO,Me
" T/«
\ ¢ C-C bond ‘
o Me s formatlon il
e
460 458 \/002Me 4598

Scheme 107.
Evidence Is Consistent with the Proposed PCET Mechanism

Chem Rev. Author manuscript; available in PMC 2023 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwon et al. Page 200

blue LEDs
[Ir(dF(CF3)ppy).(bpy)]PFg (2 mol %) o

(o) R! NBU40P(O)(0BU)2 (25 mol °/o) y ,Ar
PhSH (10 mol % N
Ar\NJLX/\%m ( °) - X RSH
H CH,Cl, (0.3 M)
R3 room temperature, 12-72 h R! R2
462 463

Selected from 40 examples SMe OH

7 \ Me 0\
0}\ -~ N o \ y N O o
N )LN »*N
(o) Me O
\/S( H 0\/17( H o0 .
Me Me Me Me \/lv(

Me Me Me Me
463a 463b 463c 463d
88% yield 86% yield 90% vyield 90% vyield

H Me Ph o
L /0—{

463e 463f 463g
85% yield, 1:1dr  86% yield 68% yield, >20:1 dr

Scheme 108.
Olefin Hydroamidation is Enabled by Selective Amidyl Radical Generation in the Presence

of Thiophenol
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Page 201
BH PhSe It hv
. \/
B
PhSH SET et
PhSe Ir'
_/ \
o HAT < o /PCET-..._\ 5
_Ph h
o fPh o ’Ph 1\.1 (|}|
\\[N)*KH paw s :
1 R? .2 | | (;)@
R R Rr2” R R? R2 . o
(O'Bu),(O)POH (BH)  (O'Bu),(O)P (B™)
464 459 455b + BH 454b

Thermodynamic Challenge: An amidyl N-H bond is stronger than
the S-H bond of PhSH: BDFE (CH3CN): c.a. 98.9 vs. 79.1 kcal/mol
Kinetically: Amide oxidation is feasible and appears to be the
dominant pathway for radical generation:

In solutions with phosphate base, thiophenol and acetanilide,
oxidative quenching rates exhibit a first-order dependence on
acetanilide concentration (kt = 1250 M), and a zeroth order
dependence on PhSH.

Rationale: Computationally, it’s 5.2 kcal/mol more favorable to form
a hydrogen bonding complex between phosphate and an amide
rather than a thiophenol (nB97XD 6-31G++(2d,2p)CPCM=CH,Cl,).

H-bonding ability dictates chemoselectivity in the PCET process:

substrate BDFEn_w/s-H (kcal/mol) g, (v-) kpcet (M~ s™1)

N-phenylacetamide 98.9 1050 8.4 x 10°

thiophenol 79.1 200 9.5x 10°
Scheme 109.

While an Amidyl N-H Bond Is Stronger Than A Thiyl S—-H Bond, the Greater Hydrogen-
Bonding Ability of an Amide Relative to a Thiol Enables Chemoselective Activation of An
Amide to An Amidyl Radical
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blue LEDs
[Ir(dFCF3ppy)z2(5bpy)]PFs
(2 mol %)

PBuU4OP(0)(OBu)2 (20 mol %)
MesSH (10 mol %) >=0

R or
O\ i /@’ MesSSMes (10 mol %)
0~ N CH,Cl,, rt

H Mes = mesityl
465a-b 86-91% yield

upto 20% quantum yield
465a R =Br; 465b R = CN

466a-b

oA L i 4 8° v
N—Ar e
P kecerz
s
H . i+ g°
466 ! IM + B~ +'SMes Q\
Kecers' Kpcer

o) Knar2 kHATI kger |
oA
"+1r's BH HSMes i + BH+ /lt _Ar
Kk,
468 ° 467

k rate radical
kpcer1  52x108M-1s1 MesSSMes ﬂ trap
ke 2.4x10%s™ o
keet 7.4x10° M g1 . Q\ Jl\
Kiar1 79x10" M s SMes + o” ~n- A
Katz 1.8x 108 M1 571 éMes
kKecerze 5.4 x 109 M~ 5! 469
Kpcers << kyaro
Quantum yield vs additive: O
466a, MesSH = 4.7% Amide probe
466a, MesSSMes = 11.9% tostudy JL _Ar
466b, MesSH = 5.8% nglprodcive OE N
466b, MesSSMes = 20% patIwaye: Th

Scheme 110.
The Off-Cycle Reversible Trapping of Amidyl Radical Intermediates Disrupts Energy-

wasting Pathways and Improves the Reaction Quantum Efficiency
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blue LEDs
[Ir(dFCF3ppy).(5,5’-dCF3bpy)]PFg
(3 mol %)
PBu,OP(0)(0OBu); (5 mol %) o
R2 o TRIP thiol (40 mol %) )\\ LR!
J-L TRIP disulfide (10 mol %) L
X R > R
H:’J\I/\x N PhF (0.1 M) \JS(FF
4 3
R™ 471 H R', R, R® = alkyl, X = CH,, O, NR, S 472 1 R
N-H BDFE ~110 kcal/mol
for X = CH,
Selected from 30 examples
{A) Lactams cl P 0 H
CO,Me Et_«
/\/ME N
NTN~"p S [o] \
\,KF . :
Me
H
472a 472b 472¢ 472f
97% yield 71% yield 73% vield, 1:1, dr 88% vield
Baclofen derivative
(B) Carbamates 0 (C) Cyclic N-Acyl Amines 9
0
N/""«/I"Ille \\\
0
3 Me
—.-“\ M Me
Me AcO™
472d 472e 472g
83% vyield, >20:1, dr 55% yield, 2:1, dr 91% yield, 1:1, dr

Cholic acid derivative

(D) N-Thioamide may be an off-cycle resting state:
o]

o]
AG®, =-4.3 kcal/mol Me
et ArngeSsy == = M‘*JL'}" +'S—Ar
s“\
Ar
473 474 475a 476
Pr o] (o}
: \’“/\)I\anp' standard condf!ion_h NI'P"
Ar= Pr ) 86% yield
SAr Me
Ip 475b 472h
Scheme 111.

Amidyl Radicals Form from the Strong N-H Bonds of Unactivated A-Alkyl Amides by
Excited-State PCET Process and Can Be Employed in Syntheses of Lactams, Cyclic A-Acyl

Amines and Carbamates
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PhO,S———Ar?

478
blue LEDs Ar!
[Ir(dF(CF3)ppy)2(bpy)]PFg (1 mol %) o N R
0 R! NBu,OP(0)(OMe), (1.1 equiv) Y R2
Ar', J’I\ /\/j\ > X
N™ X R2 PhCF3, 25 °C A\

Selected from 21 examples

GG

477a 477b 477¢ 477d
92% vyield 91% vyield 45% yield 46% yield, E:Z =9:1
from alkene acceptor

Scheme 112.
Alkynyl Sulfones Can Be Used as Acceptors in PCET-Mediated Processes
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(A) Amidyl radical direct arene annulation to effect the synthesis
of phenanthridinones.

478 479
blue LEDs white fluorescent light
[Ir(dF(CF3)ppy)2(bpy)IPFg (2.5 mol %) 1-CI-AQN (1 mol %)
NMeBuz;OP(0)(OBu), (50 mol %) K,COj3 (10 mol %)
DCE, 60 °C, air balloon CHCI;, air, room temperature, 20 h
R', R2 = H, Me, OMe, CF;, CI R',R2=H
17 examples, 52-90% yield 18 examples, up to 99% yield

(B) Plausible mechanism to explain the participation of (Z)-N-
phenylcinnamamide in intramolecular C—H amidation

blue LEDs R!
R' O [Ir(dF(CF3)ppy)2(bpy)]PFg (2.5 mol %)
. 2 - NMeBu;OP(0)(0OBu), (50 mol %)1-» S
H DCE, 60 °C, air balloon N X0
R'=alkyl/ aryl Ar
18 examples, 50-79% yield
480 481
E/Z-olefin Oxidative T
isomerization Aromatization T
1
| |rIII |I’" |
r‘.
“N” 0 C— :|: : *
A bond
formation
482 483 484

Scheme 113.
A Cascade Sequence Accesses Phenanthriodinnes and Quinolinones in a PCET-mediated

Process
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R2 R® 488 R? R®

Base is necessary to activate amide to PCET:
Amide (E, = +1.48 V vs Fc/Fc* in MeCN) does not quench

I (*E,,o = +1.30 V vs Fc/Fc* in MeCN).
Base assisted H-bonding activates PCET.
PCET is kinetically favored: First order Kinetics amide
(ksy = 46 M) in the presence of base in luminescence quenching.
Thermochemical constraints discounts stepwise
proton-transfer then SET mechanism: Large pK, difference
between amide and base (pK,;~20 in MeCN).
PKa (amide) ~ 23 in DMSO; pK, (Hor(0)0Bu)2) ~ 1.7 in H20

Scheme 114.
PCET Provides Access to Amidyl Radicals That Guide Alkylation of Remote C-H Bonds
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(A) Amidyl radical mediates alkylation of remote C—H bonds

-
EWG
489, (2 equiv)
blue LEDs
[Ir(dF(CF3)ppy)2(5,5’'dCF3bpy)]PFg (2 mol %) R R?
1 2 NBu,OP(0)(0OBu), (5 mol %) °N R
R ~N/\/\KFIa - H 3
H i R PhCF; (0.2 M)
485 room temperature, 48 h 491 EWG
Selected from 30 examples
M O\‘ flo Me
/©)L ,\/};\/\, e Ph/ -..N Me
H
Ph

491a  CO:Me 491p°02Me

71% vyield 74% vyield
e o]
J\ Mo Me
N Me N
H H
Ph
MeO CO;Me
491‘6 conB 491d COZME

29% vyield 40% yield, 1:1 dr

(B) Amidyl radical mediates intermolecular C—H alkylation reaction

493, (10 equiv)
blue LEDs
N-ethyl-4-methoxybenzamide (1 equiv)

[Ir(dF(CF3)ppy).(4,4’dCF3bpy)]PFg (2 mol %)
NBu,OP(0)(OBu), (5 mol %) (j\/\
Zcoph > N COPh

PhCF; (0.1 M) I
489a 60 °C, 48 h Boc 492

60% vyield

Scheme 115.
Amidyl Radicals Mediate Alkylation of Remote C—H Bonds
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o R
o
®
N (o]
95

blue LEDs
A-RhO-catalyst (8 mol %)
[Ir(dF(CF3)ppy)(5,5'dCF3bpy)IPFg O

(4-6 mol %)
j’\ NBu,OP(0)(OBu), (8 mol %) R’
R2 G
1 —
R H/\/\ﬁna CH,Cl,, 4 AMS
485 H 27 °C, 38-48 h
28 examples, 0-82% yield
88.5-98.5 er, 1:1-28:1 dr
Proposed model for asymmetric Scope of asymmetric C—H alkylation
induction by N-RhO-catalyst o
Me
R1JLN Me
H

.r,' s\o / 2

N
| *"/ i 494a-d <\_.L
494aR' = PMP, R? = Ph, 80% yield, 97:3 er

494b R' = Ph, R? = Ph, 0% yield
494c R' = PMP, R? = PMP, 0% yield
494d R' = PMP, R? = Me, trace yield
0

NH

I=

MeO MeO

-

494f-g \_N

. Ph
51% yield, 28:1 dr 494fR" = Ph, 40% yield, 1:1 dr
494g R' = Me, trace yield

Scheme 116.
Asymmetric Alkylation of Remote C—H Bonds Proceeds Based on Amidyl Radical Directed

1,5-HAT and Chiral Rh-Controlled Asymmetric Induction
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0
N..},)j\f\nz
!
“Ph
495, (1 equiv)
blue LEDs
A-RhO-catalyst (5 mol %) 0
o [MAFCFIppy),6.5aCrbpyIPFszmoi%e) Py I
NBu,OP(0)(OPh), (20 mol %) o N OR
Ph\. JJ\ » N :
N” “OR! - *T)I\/\Rz
H CH,Cl,, 4 A MS Q/
22-25°C, 16-72 h Mo
496 R'= alkyl; R', R2= aryl 497
(1.2 equiv) 26 examples, 0-98% yield
97-99.5 er, >99:1 dr
Proposed model for asymmetric Selected examples z
induction ;
o]
COZMe
Ph—N o Ph'lﬁIJLO“"
(& 2
=e “Q,)vph
ol
Ph  497a
85% vyield, >99:1 dr
0]
’
o By s
A-M-catalyst =
N *l)j\/\nz
i
Ph
sed quant.
497b-d
A-RhS (M =Rh, X=8) used <10 497b, R' = Me, 0% yield

497c, R? = Me, trace yield

ArO (M=Ir, X=0) used trace 497d, R® = Me, 0% yield

A-RhO (M =Rh, X =0) none 39% Potential substrate will have
aConversion measured by crude 'H NMR. R' = R? = aryl, R® = O-alkyl/CH,Ar

Scheme 117.
The PCET Enabled Carbamyl Radical Participates in Intermolecular Chiral Rh-Catalyst

Controlled Enantioselective p-Amination Reaction
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(A) Amides direct Giese reaction

Z
EWG
489, (1.2-3 equiv)
blue LEDs
[In(dFCF3ppy);(dtbbpy)]PFg
(2-5 mol %) RL X R?
1 2 a i *N”
n_N,x\/\l<a K4PO, (1.1-2 equiv) - ﬁ R?
H R®
H wet PhCF, (0.4 M)
498 or DMF / 'amyl alcohol (1:1) 499 twe
X = CHy, R' = COCF;; 26 examples, 37-83% yield
X =CO, R' = CO,Et/ Bz; 36 examples, 14-84% yield
o o O Me Me
Me Me Me
FiC” TN Me FiC” "N Me FiC” "N H
Me
1)
499a COE 499p COEt 4990 COzBu
68% yield 59% vyield 37% yield
o - o zoc
t z
Et0,C. ~ ~
2C ﬁj\/jau H%H L
EtO—P=0
1 "
©0;Bu bt TBSO®
499d 499 499f
68% yield 38% yield (76% brsm) 44% yield

47% recovered 498f

(B) Rovis and co-workers access amidyl radicals via stepwise

deprotonation and SET
ﬂlIJII
e R?
R? © Deprotonation  R? SET INe o
:N’lH B T’ % — 0% I
0=< L 0=< R!
R' 500 B-H  g5pi R! 502

Amide deprotonation thermodynamically favored:

i i
K4PO.,
Fac)l\ﬂhcz“s EtOJLﬁ CsHyy o

pK;~13.8 (aq) pKa~ 11 (aqg) pK;~12.4 (aqg)

Amidate anion oxidation kinetically and thermodynamically viable:

o o o
[Ir(dFCF3ppy).(dtbbpy)]PFg
F,::thg‘cgﬂs Eto)LKgéLC,H“ i/ ey
Eip®=+0.77V Eip®=41.04 V Ejp®=41.21V
vs. SCE (CH3CN) vs. SCE (DMF) vs. SCE (CH4;CN)

Scheme 118.

Page 210

Sequential Proton Transfer and SET Can Provide Access to Amidyl Radicals That Guide

Giese Reactions at Unactivated C(sp3)-H Bonds
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CN

200

Page 211

CN
B R! DCA (0.75 mol %) R' R2
N Mo R? blue light o
A7 " g I
0%  Me air, MeCN, rt, 12-20 h )\
R', R2=H, alkyl, aryl () Me
503a 504 505
(1.5 equiv) (1 equiv)
Selected from 30 examples
Me R R Me e
_OMe _OMe
N N N—OMe
OJ\R 0)\ Me o
505a-b 505c—-d 505e
505a R = Me, 58% yield  505c R = H, 55% yield 60% yield

505b R = Ph, 56% yield  505d R = Me, 50% yield

Scheme 119.
DCA Mediates Radical Reaction Involving Weinreb Amides
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Cl CN

Cl CN

0
5 DDQ (10 mol %)

Y blue LEDs (450-455 nm)
)LN,OMe + 0 >

H DCE (0.05 M), air
32 examples
41-86% yield

Ar

Page 212

o)
muJLN’C'Me

o

503 506 Li and coworkers 507
(1 equiv) (3 equiv)
What excites DDQ

Light source :

g Yield? _OMe
450-455 nm  86% o
365-370 nm 19% R ( :o

395-405 nm 30%

420-425 nm  28% 507a-c

o 507aR = H, 86% yield
930-535nm  35% - Z57h R = OMe, 85% yield
4solated yield for Ar=Ph 507c R = CN, 56% vyield

EDG provide better yield  Acyclic vinyl ethers
o}

41% yield

Scheme 120.

DDQ-Mediated Radical Reaction Involves Weinreb Amides as Substrates
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(A) Intermolecular Hydroamination Reactions Involving
Unactivated Alkenes

blue LEDs
OO0 alkene (2.0 - 3.0 equiv) 2 p3
W [Ir(dF(CF5)ppy)a(5,5-dCF 3bpy)IPF¢ QP R
#oe ah 2 mol % S
PMP” N (2 mol %) PMP” " N
| N(Bu),0OP(0)(OBu), (20 mol %) I =
R? TRIP thiol (30 mol %) R' R"R
PhCF,
508 room temperature 509
0\\//0 °\w° e e H \w
/S\ ot /S\
PMP” SN PMP N)S<
& H Me L Me Me Me \)
509a, 60% yield 509b, 89% yield 509c, 57% yield

2:1 trans:cis

(B) Intramolecular 5-Exo-trig Cyclization Reactions with Sulfamides

AL blue LEDs AL
Me. _.S. [Ir(dF(CF3)ppy).(5,5°-dCF3bpy)]PFg Me_ _.S.
N" N (2 mol %) N" N
| H |
Me N(Bu),0P(0)(OBu), (20 mol %) Me
TRIP thiol (30 mol %)
| - R—T™H
R” "R PhCF, R

room temperature

510 511a, R = H, 80% yield
511b, R = Me, 91% yield

Scheme 121.
Photoredox Conditions Enable (A) Intermolecular Hydroamination Reactions Involving

Unactivated Alkenes and (B) Intramolecular 5-exo-Trig Cyclization Reactions with
Sulfamides
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blue LEDs
[Ir(dF(CF3)ppy).(5,5’-dCF;bpy)]PFe 3
OO0 R3 (2.0 mol %) R 2
\‘S’/ Chiral Phosphate Base (2.5 mol %) 0\\ 49 i
RIVSSNH & OR2 TRIP thiol (30 mol %) R17SSN

PhCF; (0.1 M), —20 or 0 °C, 24 h

512 513
R = (hetero)aryl, benzyl,
alkyl amino, phenol

Qy ol o

513c, from cis alkene

) _ 72% yield, 93:7 er
513a, 87% yield, 92:8 er 513b, 96% yield, 95:5 er  §.om trans alkene

83% yield, 95:5 er

eO o i
Ph 513d, 85% Y|eld

chiral phosphate base ; ; )
employed by Knowles and co-workers. 96:4 er; 1.5:1 dr

Scheme 122.
Chiral Phosphate Bases Enable Enantioselective Intramolecular Cyclization Reactions

Involving Sulfamyl Radicals
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LN

T 34W blue LEDs
NH 7Ot [IndF(CF4)ppy),(dtbbpy)IPFs
. (2 mol %) CO,Et
K,HPO, (3 equiv)
SOzPh - Ph™ Y
Ph” Y Ph 1:1:1 PhCF3:PhCI:H,0 (0.06 M)
16 h, room temperature
514a 515 S16a
(3.0 equiv) 75% yleld

Reaction in the presence of:

« TEMPO, 516 not detected

Ph
K,HPO, A
I 521
} (] ’_\R Tt "trace, NMR .
2 stencally—hmdered y-radical ArSO;
n N Ph
[ir'] Ph” I:I'
Me Me ph Tf
[Ir"] M* 522, < 5% yield, SCXRD
CO,Et

[ ]
ArSO, ArSO,
Tf Tf_ _Ph Mgt
_ < )
“Ne O N7 515 g0, pp
CO,Et
_Tf\ — Y ;-’ 2
N ®
Ph” " Ph y °H Ph7Y. Ph™ 1
£ i SO,Ph
517 518 519 520

Scheme 123.
Photoredox Catalysis Enables y-C(sp3) Functionalization through Aryl C-N Migration,

Likely Mediated by A~Centered Sulfamyl Radicals
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AL 34W blue LEDs By
~S< [Ir(dF(CF3)ppy)2(dtbbpy)]PFe 0 0O
FsC° NH (2 mol %) Y
acrylate (3.0 equiv) F,C” "N
K,HPO, (3.0 equiv)
-
1:1:1 PhCF;:PhCI:H,0 (0.06 M) SO
16 h, room temperature
‘Bu
516b
514b 73% yield
8:1 -Ph'Bu:-Ph migration
Scheme 124.

Aryl Migration Is Strongly Biased toward More Electron-Rich Aryl Groups, as Would Be
Expected in a Radical Mediated Process
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34W blue LEDs

[Ir(dF(CF3)ppy)2(dtbbpy)]PFg 5 O
(2 mol %) \ 7/
(’Pfasl)SH (30 EQUiV Fac/S\N

Na,CO; (3.0 equiv)

-
/ 36 h, room temperature
NV H

S<
F,C~ ~NH

‘ ‘ 34W blue LEDs
[Ir(dF(CF3)ppy)2(dtbbpy)]PFg 0 O
514a (2 mol %) g/
\ BrCCl; (3.0 equiv) Fsc’ N

523
74% vyield

Na,CO; (2.0 equiv)

36 h, room temperature
Br

524
53% yi9|d

Scheme 125.
Closely Related Conditions Enable -y-Protodearylation and -y-Bromodearylation Processes
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60 W blue LEDs

0 Ph-PTZ (5 mol %) 0
ONI OH Ag,CO; (2.5 equiv) N
S—NH R KH,PO, (3.0 equiv) o o
Ph S ) L Ph )\ R
N 1,4-dioxane (0.1 M) s” SN
60 °C, 48 h
Ph
N
525 C': :O 526
i ?’TZ R = CH;, 81% yield
. R = 4-fluorophenyl, 85% yield
10-phenylphenothiazine uorophenyl, 676 y

Scheme 126.
Photoredox Catalysis Enables Remote Heteroaryl Migration from Benzylic Alcohols
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% R? QP

S R1 /& S R1
”~ ~ - = ~ -
9 N R20C o B
blue LEDs R3
base
" . ©-1 me photocatalyst R20C )i -1 me
»
Me " H Me " H
Me solvent Me
527 528
Authors

(examples susceptible to competitive site-selectivity / total examples)

Roizen and co-workers Shu and co-workers Duan and co-workers

(24 /37) (5/49) (4/49)
528a, R'='Bu,n=2 528b, R' =CH,CF;,n=1 528c, R'=Bu,n=2
96% yield 70% vyield 78% vyield
Me
trapping &
agent: Bu0,C” X Et0,C7 PhHNOC
(2.2 equiv) (2.0 equiv) (4.0 equiv)
[Ir'"PFg [Ir(dF(CF3)ppy) dtbbpy]  [Ir(dF(Me)ppy).dtbbpy]  [Ir(dF(CF3)ppy).dtbbpy]
PC: (1.0 mol %) (1.0 mol %) (2.0 mol %)
base: K2003 NazHPQ4 K3PO4'3(H20)
" (1.0 equiv) (3.0 equiv) (1.0 equiv)
solvent: CH5CN (0.2 M) 2:1 p-chlorotoluene:H;0 wet DMF (0.1 M)
: g : (0.03 M) :

Scheme 127.
Roizen and Co-workers, Shu and Co-workers, and Duan and Co-workers Develop

Sulfamate-Ester Guided Giese Reactions to Selectively Functionalize y-C(sp3)-H Bonds
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O\VP o CO,Bu
OIS\NJBLI 2
n blue LEDs
Y base
[Ir(dF(CF3)ppy).dtbbpy]PFg
Me -
solvent
H
Me— ! oxidation of anion 532 is:
Me -thermodynamically feasible
27 2
v | | Mo Ve 52 .
B- v Telll \/\o/ \.N’ +N("BI.I)4 [l ¢' gi‘
PCET Epf2 =0.778 V vs. SCE (CH3CN)
or [Ir(dF(CF3)ppy2)dtbbpy]PFg =1
deprotonation =
gn e E ir2 __+1 21V vs. SCE (CH5CN) e e
*kinetically feasible
— CIY T
BH i M Kq._2.7x 10°M~'s (1 % BH
(Roizen and co-workers)

s

C-H abstraction is rate-determing: ky/kp=4.69
(Shu and co-workers in parallel reactions)

Protonation occurs intermolecularly: D,O labels product 528b
(Shu and co-workers)

Scheme 128.
In the Proposed Mechanism, Sulfamyl Radicals Engage in a 1,6-HAT Process to Generate

Carbon-Centered Radicals Capable of Trapping Electron-Deficient Alkenes
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AP jnzMe Phozc/\ P JM<eMe
O/S\N Ph (2.2 equiv) O/S\.N Ph
H blue LEDs H

KzCOs (1 .0 eqUEV)
[Ir(dF(CF3)ppy),dtbbpy]PFg PhO,C
H - Me (1.0 mol %) Me
~ >

Me CHLCN, 24 h Me

533,99:1 e.r. 534, 51% yield
49:51 e.r.

12% recovered 533

99:1 e.r.

Scheme 129.
Under Conditions Developed by Roizen and Co-workers, Carbon-Centered Radicals Are

Generated Irreversibly
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(A) Hydrazonyl radical intermediates can be prepared
using copper catalysts or stoichiometric oxidanis

- Hco,:m R

| L. NCO,'Pr N—N
N‘NH N,N (DIAD) ’()\(Ra
S G B W i

H1
R? R' R? R'| TEMPO
or
535 537 ‘BUOO'BY 536

R' = H, alkyl , R = alkyl, aryl, R? = aryl or Ts, R* = TEMPO or DIAD derivative

(B) Photoredox catalysts can furnish access to
hydrazony! radical intermediates that engage in 5-exo or
6-endo cyclization reactions

blue LEDs :I's
[Ru(bpy)3]Cl,.6H,0 (2 mol %) N—N i
NaOH (1.5 equiv) [
= R?
R‘
CHCl3, rt, 12-16 h "
27 examples, 38-88% 536a-b
'I's 536a, R' =
n-hH 5-exo-trig cyclization 536b, R = alkyl
g‘II\J'L 1 blue LEDs Ts
RE FTRY | [Ru(bpy)sICly.6H,0 (2 mol %) ¥
K2COj; (1.5 equiv) %
aea TEMPO (1 equiv) "] N
R = Hialkyl/aryl - !
R?=a u’;lk?' CHCly, degas, rt, 5-24 h R R
-y 27 examples, 51-86% 536¢
R' = aryl

G-endo-trig cyclization

(C) Plausible mechanisms to generate hydrazonyl

radical intermediates
Ts 6-endo Ts
’,'ﬁ " n‘-an,rl f,{,
RY AR
538a-c Run Ru! 537a—c 539c

h»“"’&" SET) 5-ex0 TEMPO
™y R"=H, alkyl TEMPOH
‘cCly cm,
< J\;L
CHCly

536a-b 539a-b 536¢c

(D) Free energies for the regioselective radial cyclization

Ts 537 =\l AG (keal/moly®
N 5-ex0 6-endo
N7t
! s37a H 8.8 135
o R 537b Me 7.5 1.2
537a-¢ : :
537¢ Ph 1.4 8.7

AGibbs free energies calculated in CHCIy
using N-12//6-311pG(d, p)//B3 LYP/6-31G(d)

Scheme 130.

Page 222

Hydrazonyl Radicals Can Engage in 5- Exo-trig and 6- Endo-trig Cyclization Reactions
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(A) Alkyl radical form from the hydrazonyl radical 5-exo or 6-endo

cyclization add to oxygen molecule to effect oxyamination

Mes
RS
N/
@
cm? Me
([Mes-Acr]ClOy4, 5 mol %)
blue LEDs
'fs K,COj; (1.5 equiv) Ts 1;5
NH TEMPO (20 mol %) N—N N
N~ = MOH or N~
,UL MeCN, O,, rt, 1.5-12 h R2 I OH
R? R' then PPh; (1 equiv) R R2 b1
535 R2 = alkyl, aryl 540a 540b
R' = H, alkyl R' = aryl
51-93% yield 59-91% yield
21 examples 8 examples

Photocatalyst, air, TEMPO and light need for hydrazone oxyamination

entry deviation from the standard condition time (h) yield (%)?

1 = 1.5 85
2 no TEMPO 5 32
3 no K,CO4 4b 8eb
4 No PC or no O, or No light 12 0

algolated yield. PAddition of K,CO3 shorten the reaction time and improve the yield.

(B) Alkyl radical form from the hydrazonyl radical cyclization
add to allyl sulfone acceptors to effect allyl functionalization

CO,R?
SO,Ph
542, (3 equiv)
blue LEDs
[Ir(ppy)2(bpy)IPFg
| (2 mol %) T
N,NHRZ K,COj; (2 equiv) it L
—-P
1 I MeCN, rt, 10 h R !
R R1 = alkyl, aryl R2
R?=H, Ph
535 R® = Me, Et 541a 541b
R2=H R2=Ph
33-75% yield 52-72% yield
17 examples 2 examples

Scheme 131.
Hydrazonyl Radicals Can Engage In Olefin Functionalization Reactions
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(A) Photoredox/Co-dual catalysis for benzosultam synthesis

Me blue LEDs e
o  Rulbpy)sCly.6H;0 (2 mol %)
1] [Co(dmgH),CIPy] (8 mol %) C{\ g
s‘l,=° K,COj (1.5 equiv) o0=% :
|
_NH -
N| MeCN, rt, 24—48 h N;
R' = alkyl, aryl
R‘JY\\\ 21 examples 4
: R
Me Me 31-77% yields
535 543a 543b

Additive effect on aromatization: Co-catalysts efficiently form sultam 543a

entry photocatalyst additive 543a (%)° 543b (%)
1 [Ir(ppy):bpy]PFg No additive trace 854
2 [Ir{ppy)zbpy]PFg 1,3-dinitrobenzene 49 trace
3 [Ir{ppy)sbpy]PFg tert-butyl perbenzoate 31 trace
4 [Ir(ppy)2bpyIPFg [Co(dmgH),CIPy] 58 trace
5 Ru(bpy);Cl,.6H;0 [Co(dmgH),CIPy] 73 trace

fisolated yield.
(B) Alkyl radical adds to aromatic ring then Co-assisted aromatization

Me Me
(o] o radical
é"_ 5-exo-trig I addition to
7=0
N

Me

cyclization S %0 tosyl ring

Me
@\ 9 blue LEDs
?:o Ru(bpy)sCl2.6H;0 (3 mol %)

NH K,COj; (1.5 equiv)
N” -
. MeCN (0.06 M)
R! r, 16 h
Me—A? = R = alkyl, aryl
me 7 0 21 examples
34-73% yields
535 543b

Scheme 132.

A Sequential Intramolecular 5- Exo-trig Cyclization, Radical Addition, and Aromatization

Cascade for the Preparation of Benzosultams
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blue LEDs -
[Ru(bpy);]Cl,.6H,0 (2.5 mol %)
L -l
> N mg
N ‘;;S\\ > =N
0" "0 EtOH (0.08 M), Ar
X i, 12 h R2
R? R' = H, alkyl, aryl; R? = alkyl, aryl
546 26 examples, up to 83% 547
1 1
\N’N S N“gﬁo
0’/ \\ RO // \
X ., \"f
R2 R2
546
,..---—---...\ * S-exo-dlg
cylization
R1
\ L,
I 0
N_ #
Ru' ' ~sto
hv / Hz *
Ru' SET i
Y/ Smiles
Rearrangement
R1
~N o N ks N
1
=N ‘+ ~ N Z N
"
547

Scheme 133.
Hydrazonyl Radical Are Proposed to Engage Sequential Intramolecular 6- Exo-dig

Cyclization and Radical Smiles Rearrangement
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5 W blue LEDs R2

nz\(o [Ru(bpy);]ICl, (2 mol %) 7;0
L O O BuOK (1.5 equiv) . 0
-, + N-
N 3
| R3JJ\/U\R" MeCN, air, rt, 24 h I 5
1/1\/ Br R, R? = alkyl, aryl R
R R3, R* = alkyl, aryl, OEt, NHPh R4
553 554 28 examples, up to 89% yield 555
Ph (0
o™ Y
N HN,N Me
’'e 3
N\ k"COROH X | (o)
Ph
R R* OEt
556 557
5-exo-trig cyclization product isolated
of hydrazonyl radical absent [Ru] and light

Scheme 134.
In Situ-Generated Hydrazonyl Radical Provides Access to Dihydropyrazoles
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Table 1.

C(sp?)-H Amination Relies on A-Chlorinated Amine

3W blue LEDs
N (+") ﬁfi!fgy)zdlfggpﬂpi’s »
N\ .U mo I\
D + ci—N 0 PhyN(20equiv) >N o
o NS o
CH,Cl; (0.1 M)
(1.0 equiv) (2.0 equiv) room temperature
entry [Ir(dtbpy)(ppy).]PFs (present/absent) yield (%)
1 present 80
2 absent trace
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C(sp?)-H Imidation Proceeds with /n Situ-Generated A-Chlorophthalimide-Derived Radicals

Table 2.

0
N +
“X
4]
14

20 W CFL [o]

CH3CN (0.1 M), 24 h

[Ir] (0.5 mol %)
KzCO; (3.0 equiv)
additives N
o]

15 room temperature 16
entry X [Ir] additives yield (%)
1 Cl Ir(ppy)s - 43
2 Cl Ir(dFppy)s  AcOH (20 mol %) 65
3 Ir(dFppy)s  BuOH, BuOCI (1 equiv each) 50
4 Ir(dFppy)s  ag. NaOCI, BuOH, AcOH (1 equiv each) 47
5 OAc  Ir(ppy)s - n.r.
6 OTs  Ir(ppy)s - 22
7 OTf  Ir(ppy)s - 13
8 OMs  Ir(ppy)s - 20
9 Br Ir(ppy)s - 4
10 I Ir(ppy)s - n.d.
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