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Abstract

This review summarizes advances in photoredox-mediated Giese reactions since 2013, with
a focus on the breadth of methods that provide access to crucial carbon-centered radical
intermediates that can engage in radical conjugate addition processes.
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Photomediated Giese reactions are at the forefront of radical chemistry, much like the classical
tin-mediated Giese reactions were nearly forty years ago. With the global recognition of
organometallic photocatalysts for the mild and tunable generation of carbon-centered radicals,
chemists have developed a torrent of strategies to form previously inaccesssible radical
intermediates that are capable of engaging in intermolecular conjugate addition reactions. This
review celebrates the many recent achievements to radical chemistry made possible by the Giese
reaction.
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In the past several years, chemists have pushed the frontier of radical chemistry. The Giese
reaction has played a significant role in the expansion of radical formation technologies.

Owing to the efforts made to understand photocatalysis and visible light-mediated radical
generation, chemists are no longer confined to halogenated alkyl precursors. The diversity of both
prefunctionalized and non-prefunctionalized radical precursors has grown exponentially since the
widespread application of organometallic photocatalysts to synthetic bond-forming reactions. This
review highlights the recent use of photomediated-Giese reactions as a means of acknowledging
the immense progress that has been made radical chemistry.
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Photoredox catalysis; Photocatalysis; Giese reaction; radical conjugate addition; radical Michael
addition

1. Introduction

Mainstream adoption of the Giese reaction! as a strategy to form carbon—carbon

bonds led to decades of investigations elucidating the principal factors? that govern
selectivity in radical-mediated processes (e.g. bond dissociation energies, radical polarity,
radical propagation; Scheme 1).3 These insights have been used in concert with a
modern understanding of mild radical generation technologies* to develop photoinduced,
intermolecular, radical conjugate addition reactions. °

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanegusuku and Roizen Page 3

Photoredox-mediated processes can employ mild reaction conditions, including tunable
photocatalysts or photosensitizers to form synthetically versatile radical intermediates.
Investigations into the synthetic potential of today’s well-known organometallic
photocatalysts remained dormant for nearly 30 years,® until concurrent publications’
attracted a spotlight to their applications to organic chemistry. Today, synthetic chemists
rely on an array of organometallic and organic photocatalysts with tunable reactivity,
owing to their varied photophysical and electrochemical properties (Figures 1-2). As a
result, chemists can employ photoredox-based strategies to: 1) provide access to previously
inaccessible radical intermediates, 2) enable novel bond connections and disconnections,
and 3) exploit the practical advantages that arise when these processes rely on abundant
and bench-stable reagents. Once again, the Giese reaction is serving as a useful forum for
chemists to extend the boundaries of known reactivity and deepen our understanding of
radical-mediated processes.

1.1. Until recently, most Giese reactions relied on tin hydride, or tin hydride and
AIBN; often, photoredox-mediated Giese reactions offer practical advantages over these
technologies

Giese reactions involving fine chemicals are formal conjugate addition reactions that rely
on radical intermediates (Scheme 1A). Traditionally, in these reactions, a radical precursor
is converted to a nucleophilic radical intermediate. This key, high-energy intermediate

adds to an electron-deficient rt-bond to forge a o-bond and generate an electrophilic

radical intermediate, which is trapped to form a second o-bond. For decades, such radical
mechanisms have offered advantages over organometallic conjugate addition reactions

in cases where the corresponding organometallic reagent may be difficult to prepare or
unstable, such as reactions involving secondary, tertiary, or heteroatom-stabilized substrates.
These advantages are retained when using photoredox catalysts to initiate radical formation.

Until recently, Giese reactions have relied primarily on tin hydride, in combination with
light, heat, or a radical initiator, such as azobis(isobutyronitrile) (AIBN) (Scheme 1B).
Under these conditions, homolysis of the labile Sn—H bond (BDE = 78 kcal/mol)8 of

a tin hydride initiates the reaction. In the productive reaction, tributyltin radical abstracts
an atom (X) from the substrate. Unfortunately, off-pathway reactions can be competitive
with this X-atom abstraction step (Scheme 1C). In particular, the tin radical itself may
add to an electron deficient alkene, resulting in an undesired hydrostannylation reaction.
Low alkene concentrations retard both this hydrostannylation reaction and the desired atom
abstraction process. To outcompete hydrostannylation, the engaged X-atom needs to be
a highly reactive atom donor, and is, therefore, typically an iodide, although bromides,
selenides, nitro groups, and xanthate esters have been employed with varying degrees of
efficiency.3 9 10. 11 This limitation on substrate scope ceases to be directly relevant for
photoredox-mediated reactions that do not rely on X-atom abstraction to access a critical
carbon-centered radical intermediate.

Once a nucleophilic carbon-centered radical forms, it can add to an electron-deficient alkene
with a rate on the order of 106 M~1 s71, 12 This rate is faster than that of unproductive
atom-transfer reactions from sensitive functional groups such as alcohols, amines or addition
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to carbonyls, which are on the order of 102 M~1 s71.13 This relative rate of productive versus
unproductive reactions confers on these processes a substantial chemoselectivity advantage,
proceeding in the presence of functional groups that might otherwise need to be masked

by a protecting group. By limiting the need for protecting groups, both tin hydride- and
photoredox-mediated reaction conditions streamline syntheses.

Unfortunately, alkyl radicals react more slowly with many potentially desirable unsaturated
radical trapping agents than with tin hydride, which reacts with a rate on the order of 10°
M~1 571 (Scheme 1C).14 To offset the kinetic bias favoring the undesired hydrogen-atom
transfer reaction, chemists may use of a slight excess of alkene in the reaction, or may use a
hydrogen-atom donor that is less reactive than a tin hydride. Nevertheless, the most common
approach relies on an engineering strategy. To slightly elevate the local concentration of
alkene relative to tin hydride, tin hydride may be added to the reaction over time by

syringe pump.1! Such concentration-dependent kinetically-controlled process may prove
challenging to scale-up, as local concentration effects do not scale linearly.

Notably, selectivity in the next step in this chain reaction would be enhanced by the use of
reagents with the opposite features. Following radical trapping, the resultant electrophilic
radical abstracts a hydrogen atom from tin hydride to form the desired alkyl product

and regenerate a tributyltin radical, propagating the chain mechanism. This step would

be accelerated with a more reactive hydrogen-atom donor. Optimal reactivity relies on a
subtle balance in the relative rates of reactive processes — these are remarkable reactions.
Some photoredox-mediated reactions are partially liberated from this balancing act: if the
electrophilic radical intermediate is rapidly reduced to an anion /n situ, then protonation
can engage a strongly bound yet acidic hydrogen atom that is not prone to abstraction (see
Section 2.1).

Tin hydride-mediated Giese reactions have driven meaningful research into the scientific
underpinnings of radical-mediated reactions and remain synthetically useful. Nevertheless,
these reactions present practical opportunities for improvement. The requisite tin hydrides
are toxic, and form organotin residues that are neurotoxic, and difficult to separate from
the targeted products. This limitation is partially addressed through the use of catalytic
quantities of organotin halide in the presence of stoichiometric reducing agents (c.f.
LiAlH4, NaBH,).1> Even with lower levels of organotin residues, these approaches remain
impractical for process-scale industrial syntheses of medicines or other compounds intended
for animal and human use.18 Fortunately, photoredox-mediated radical conjugate addition
reactions do not generally furnish organotin byproducts, suggesting that they may be
relevant to process-scale approaches.

Additional opportunities for practical improvement upon tin hydride-mediated reactions
arise from properties of the most commonly employed radical initiator: AIBN. AIBN is

an easily weighed white solid that decomposes into two initiating radicals with efficiencies
as high as 80%.17 This efficiency is temperature-dependant, so it can be used in reactions
between 60-120°C. In practical terms, AIBN is not ideal as it is potentially explosive, costly,
and may be of variable quality, which can impact reaction reproducibility. Nevertheless,
AIBN remains a preferred radical initiator because its use allows for a steady supply of
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initiating radicals under moderate reaction temperatures (70-85°C) .17 This is of particular
benefit for slower intermolecular addition reactions, where a steady-state of initiator may
minimize byproduct formation. Fortunately, photoredox catalysts can generate a similar
advantage, as they can drive formation of key radical intermediates at low concentrations
over the course of reactions.

Like the traditional Giese reaction, visible-light mediated photochemical radical conjugate
addition reactions can rely on radical chain mechanisms.1® In these cases, photoredox
complexes may behave as photosensitizers that do not need to turn over catalytically in
order for the reaction to proceed. Some visible-light mediated photochemical reactions may
involve both—chain propagation and catalytic—mechanisms.1® In order to characterize a
prevalent mechanistic pathway, a combination of luminescence quenching studies2° and
quantum yield measurements?! is required. Together, these measurements can be used to
confirm the likelihood of, and describe the relative length of radical chain processes.18
Additionally, mechanistic data from quenching and quantum yield experiments can be used
to design more efficient photoredox-mediated radical conjugate addition reactions. Absent
data to distinguish between these mechanisms, it may be that several processes herein
described as relying on "photoredox catalysts™ are actually engaging these compounds as
photosensitizers.

Fortunately, in either role, photoredox-active compounds have advanced Giese reaction
technologies. The demand for safe, environmentally benign technologies with broad
substrate tolerance has fuelled the development of photoredox-mediated processes which
address many of the limitations of tin hydride-mediated reactions. Photoredox catalysts can
furnish radical intermediates by harnessing low-energy visible-light, and are often non-toxic
and bench-stable (Figures 1-2). Chemists can tune the photophysical and electrochemical
properties of photoredox catalysts.> Moreover, photoredox-mediated processes are as
amenable to picomole-scale reactions for high-throughput screeing?? as they are to
kilogram-scale syntheses, often with the use of flow technologies. 23 There remains room
for improvement: photoredox-mediated reactions can rely on costly lamps or precious metal
catalysts, and often require long reaction times. To surmount these limitations, chemists

are developing continuous flow reactors that decrease reaction times by increasing light
penetration, metal-free photocatalysts, and reagents that react efficiently with lower intensity
light sources, such as compact fluorescent light bulbs.

Of paramount importance to the synthetic chemist, photoredox-mediated strategies have
substantively broadened the range of substrates that can be used to access high-energy
radical intermediates. Photocatalyst-driven approaches render as viable in intermolecular
Giese reactions: (hetero)aryl halide substrates (Section 2), electronically varied benzylic
radicals and some enolate radical anions (Sections 2 and 3), organotrifluoroborates (Section
4), and alkyl oxylates, hemioxylate salts, a broader range of carboxylates (Section 7).
Furthermore, these reactions can offer previously unavailable selectivity features. For
example, photodriven redox processes have resulted in several “firsts”, including effective
enantio- or diastereoselecrive formal radical conjugate addition reactions by a-aminoalkyl
and benzylic radicals (Section 5), and uses of a-aminyl radicals in reactions to prepare
unnatural amino acids (Section 6). Additionally, efficiently accessed iminyl, amidyl,
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sulfamyl, and alkoxyl radicals can be used to direct cascade sequences that ultimately
engage radical conjugate addition processes (Sections 8-11). In many of these cases, these
photosensitized processes are the genesis of the documented reactions.

1.2. Scope of this Review

This review highlights photoredox-enabled strategies that have improved access to

radical precursors for use in intermolecular Giese reactions, and documents progress in
intermolecular photoredox-mediated radical conjugate addition reactions that have been
disclosed since the 2013 publication of a comprehensive compendium on visible light-
mediated photoredox catalysis by MacMillan and co-workers. 34 For each summarized
technology, attention is paid to the method of carbon-centered radical generation, as well

as to some synthetic advantages afforded by this method of generation. This review will
serve the synthetic chemistry community by identifying mild approaches to carbon-centered
radical generation and radical-mediated C—C bond formation.

2. Dehalogenative processes form carbon-centered radicals

Seminal investigations by Fukuzumi and co-workers in the late 20™ century are often

cited as critical precedents for modern interest in photoredox-mediated synthetic organic
transformations. In these ground-breaking reports, the reductive dehalogenation of phenacyl
halides was employed to access carbon-centered radicals, which could be trapped in a

net hydrodehalogenation process (Scheme 2A).35 Using this model system, Fukuzumi and
co-workers demonstrated the more general point that ruthenium-based photocatalyst 7 could
be engaged in either a reductive or oxidative quenching cycle depending on the presence

of an acid co-catalyst (Scheme 2B-C). While so doing, these investigations suggested that
photocatalysts could mediate more efficient synthetic transformations with fine-tuning of
reaction conditions.

More recently, renewed interest in photoredox-mediated formation of carbon-centered
radicals has inspired the development of a broad range of methods for the dehalogenation of
aryl and alky! halides.38 Building on earlier reports of hydrogehalogenation reactions, tactics
to install C—C bonds have emerged. Gagné and co-workers have extended photoredox-
mediated dehalogenation processes in radical conjugate addition reactions to generate
alkylated C-glycosides with exclusive a-selectivity (Scheme 3).37 This initiated a cascade of
investigations into photocatalyzed dehalogenative techniques for radical conjugate addition
reactions, processes described here with emphasis on their synthetic utility.

2.1. By relying on photocatalytic reductive dehalogenation, alkyl and (hetero)aryl halides
become substrates for radical conjugate addition reactions to furnish unnatural amino
acids and other fine chemicals

Photosensitized conjugate addition reactions have been developed to provide access to
B-heteroaryl acids, including unnatural a-amino acids (Scheme 4).38 These reactions rely
on heteroaryl radicals, which are not viable Giese reaction intermediates under tin-mediated
conditions because heteroaryl radicals abstract hydrogen from tin hydrides rapidly, and

do so in preference to adding intermolecularly to electron-deficient alkenes. Fortunately,
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heteroaryl radicals can be accessed through photoinduced electron transfer.35P Moreover,
when generated through photochemical reduction of heteroaryl halides (Br, 1) or esters in
DMSO, nucleophilic heteroaryl radicals engage in productive radical conjugate addition
reactions (Scheme 4A).

These transformations, along with a wide range of related radical conjugate addition
processes, benefit from an already existant and extensive library of enantioenriched
electrophilic olefins, 3 39 designed and optimized to induce diastereoselective reactions.
Notably, as the diastereoselectivlity-determining step, in contrast to processes that rely on
hydrogen-atom abstraction to install a C—H bond, this Giese reaction relies on a polar
mechanism to install the requisite C—H or C—D bond (Scheme 4B). Consequently,

the product is almostly completely deuterated when the reaction is run with D,O as

a co-solvent, in lieu of H,O. As this protonation process is the diastereodetermining

step under these photoredox-mediated conditions, diastereoselectivity appears to be under
thermodynamic control. Thereby, when enantioenriched methyleneoxazolidinones*®: 41 are
used as electrophilic trapping agents, the strategy developed by Jui and co-workers furnishes
enantioenriched non-natural heteroaryl or alkyl amino acids (Scheme 4A).42 The products
of these addition reactions to either racemic or enantioenriched methyleneoxazolidines can
also be hydrolyzed to furnish non-natural amino acids. To the best of our knowledge, this
research constitutes the first radical approach to heteroaryl amino acids.

Ultimately, photocatalytic reductive dehalogenation processes expand the scope of viable
radical conjugate addition reactions, which can now rely on alkyl or (hetero)aryl halide
substrates to furnish fine chemicals on small and large scales.

1duosnuen Joyiny

1duosnuep Joyiny

2.2. Halogen-atom abstraction remains a viable photosensitizer-mediated strategy to
engage alkyl halide substrates in Giese reactions, albeit with greater tunability to achieve
chemoselective reaction outcomes

As in tin hydride-mediated Giese reactions, in photoredox-mediated processes carbon-
centered radicals can be prepared by atom-abstraction from otherwise unactivated alkyl
bromides, sometimes based on intermediates generated indirectly based on reductive
quenching conditions.#3 Cyclic and acyclic alkyl bromides are appropriate precursors

for radical conjugate addition reactions that rely on an iridium photosensitizer (Scheme
5).44 Imperative for the success of this transformation, tris(trimethylsilyl)silane serves

a dual role as as a silyl radical precursor and as an exogenous terminal reductant.

The use of tris(trimethylsilyl)silane as a terminal reductant in Giese reactions is not

novel. 4 Tris(trimethylsilyl)silane is a known organotin hydride alternative, with previous
applications using AIBN as a radical initiator requiring a modest excess of silane reagent.
In this iridium photosensitized Giese reaction, to avoid competitive reduction of key alkyl
radical intermediate 25b, tris(trimethylsilyl)silane must be used catalytically or in equimolar
amounts. In its complementary role as a critical precursor to key tris(trimethylsilyl)silyl
radical, tris(trimethylsilyl)silane selectively engages with the alkyl bromide substrates in
halogen atom abstraction (Scheme 5). 43 Given these key mechanistic steps, this reaction
seems likely to rely, at least in part, on a photoinduced chain-transfer reaction mechanism
that benefits from the presence of a photosensitizer. Using this technology in Giese
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reactions, streamlines access to a synthetic precursor (i.e. 26) to the FDA approved oncology
drug, Vorinostat.

Based on a complementary light-enhanced reaction, primary, secondary, and tertiary alkyl
iodides can engage in productive Giese reactions in the presence of environmentally
friendly and inexpensive manganese decacarbonyl photosensitizer (Scheme 6).46 To some
extent, reaction limitations can be predicted based on the proposed mechanism for this
transformation. This reaction is more efficient when light homolyzes the manganese-
manganese bond and provides increased access to the active catalyst, [*Mn(CO)s]. 47

The active catalyst abstracts an iodide to begin the reaction. Consequently, this manganese-
mediated reaction does not efficiently engage less readily abstracted halides, including alkyl
bromides, alkyl chlorides, and aryl iodides. Fortunately, this limitation enables selective
reaction of alkyl iodide in the presence of an aryl iodide (c.f. 27a — 27b). Once the critical
carbon centered-radical 27b traps electrophilic olefin, furnishing stabilized electrophilic
radical 27c, which is poised to abstract a hydrogen atom from Hantzsch ester to provide
product 28. So, like tin-hydride-mediated processes, it is critical to this reaction that the
organometallic radical abstract iodide in preference to abstracting a hydrogen atom from
Hantzsch ester, the hydrogen-atom source for the reaction. Given the need to balance
requisite atom-abstraction processes, these reactions provide complementary selectivity to
that available through photocatalyst-mediated reductive dehalogenation reactions.

2.3. A complex tertiary benzylic halide engages more effectively under photoredox-
mediated conditions than tributyltin hydride conditions

Though tin hydride reagents are known to efficiently generate benzylic radicals—even of
complex benzyl substrates*8—subsequent radical conjugate addition is a historic challenge.
10,11, 49, 50 Benzylic radicals appear to have relatively large deformation energies, so

they do not readily undergo the pyrimidalization that is necessary to engage in reactions
with alkenes.518 More importantly, relative to many alkyl radicals, benzylic radicals are
weakly nucleophilic,®2 and resonance-stabilized, lowering their energy by about 12 kcal/
mol). 52 Likely as a consequence of this resonance stabilization, benzylic radicals react with
electrophilic alkenes relatively slowly, with rates on the order of 4 x 102 to 2 x 103 M1 s71),
51b 5, for tin-hydride mediated reactions relying on benzylic radicals, direct reduction often
outcompetes the productive Giese reaction (c.f. Figure 1C). Photoredox-mediated processes
indirectly surmount this limitation to the substrate scopes tolerated by traditional radical
conjugate addition reactions.

Indeed, photoredox-mediated conditions enable reactivity unavailable under tributyltin
hydride/AIBN conditions, as demonstrated in an intermolecular Giese reaction that is a
critical step toward total syntheses of biologically active drimentine alkaloids (Scheme 7).

48 |n the critical bond-forming step, a nucleophilic cyclotryptophan tertiary radical derived
from bromide 29 reacts with sclareolide-derived enone 20c¢ (Scheme 7). This reaction does
not furnish product under traditional tributyl tin/AIBN conditions. Furthermore, only modest
quantites of product are available when the concentration of tributyl tin in the reaction is
lowered by employing syringe pump addition, and the concentration of bromide is increased
(entries 1-2). Recognizing the importance of low radical intermediate concentrations, Li
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and co-workers turned to photoredox-mediated conditions (entry 3). Under the optimal
conditions, the desired product forms in 91% yield, using synthetically more precious 20c as
the limiting reagent. This example illuminates the potential for improve synthetic outcomes
based on photoredox-mediated Giese reaction strategies.

2.4. Primary benzylic halides undergo formal dehalogenation processes based on initial
SN2 displacement and subsequent light-mediated homolysis to furnish benzylic radicals
that are poised for conjugate addition

While the above types of alkyl halides have been shown to be appropriate substrates
for photoinduced single-electron reductions, primary benzylic halides, mesylates and
trifluoroacetates have proven more resistant to direct reaction in photoredox-mediated
chemistries.

Fortunately, photoredox-mediated Giese reactions formally overcome this traditional
substrate scope limitation, and provide access to primary benzylic radials via photoredox-
mediated processes. An indirect dehalogenation strategy®3 for radical conjugate addition
has emerged that enables the generation of radical intermediates that would be otherwise
challenging or impossible to access (Scheme 8). The key carbon-centered radical

precursor is formed by an Sy2 displacement of benzylic halide 31 or of a benzyl

mesylate, trifluoroacetate, or Katritzky salt (not shown). When displaced by nucleophilic
thiocarbamate anion 33, xanthate intermediate 34 forms containing a homolytically labile
C—S bond (benzyl dimethydithiocarbamate C—S BDE = 31.3 kcal/mol). %4 55 In the
presence of light, this bond is homolyzed. Spectroscopic analyses and radical trapping
experiments provide evidence of dithiocarbamate intermediates 34 and 35, respectively.
Concurrently generated benzylic radical 36 traps electrophilic olefin 20d, and the formed
electrophilic radical (i.e. 37) is poised to abstract a hydrogen atom from diene 38 and to
provide product. The viability of this final hydrogen-atom abstraction step is supported by
electrochemical half peak potentials (ethyl xanthogenate Ep/, = +0.04 V vs. SCE in CH3CN;
54,55 hydroxycylcohexyldienyl radical, Ep, = =0.1 V vs. SCE in N,O-saturated H,0). 56
The catalytic generation of the xanthate intermediate enables oxidatively sensitive substrates
such as uracyl chloride 42 and adenine derivative 43 to participate in Giese reactions.
Furthermore, these photocatalytic conditions are easily adjusted to facilitate radical trapping
reactions that engage heteroaryl pyrrole derivatives such as Tolmetin precursor 44. These
conditions can be adapted to continuous-flow photoreactors in multigram reactions.

Clearly, this photo-mediated reductive process expands the scope of viable radical conjugate
addition reactions, to include those relying on primary benzylic halide, mesylate, and
trifluoroacetate substrates.

3. Photocatalysts can be employed to access enolate radical anions and
benzylic radicals based on photoreduction of enones or photooxidation of
olefins or arenes

Under traditional tin hydride mediated conditions, allylic and benzylic radicals are
challenging to engage in productive radical chain propagation processes. >/ Allylic
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3.1.

radicals are characterized by their propensity to terminate radical chains through exclusive
homocoupling,®’2 while benzylic radicals are more prone to competitive reduction by tin
hydride reagents (see Section 2). °0 By taking adavantage of the electrochemical properties
of these conjugated substrates; photoredox catalysts provide strategies to access formal
allylic and benzylic radicals intermediates, and to engage these intermediates in Giese
reactions.

Lewis acid co-catalysts can activate a,B-unsaturated carbonyl compounds to

reduction, and the resultant radicals engage in formal Giese reactions

While few investigations had documented the use of metal polypyridal complexes as
photocatalysts for synthetic organic transformations, ® Yoon and co-workers’2 discovered
that these complexes could convert enone 45 to enolate radical anion 46 (Scheme 9). 7P 58
Moreover, this process could be used to affect [2+2] cycloaddition reactions. >° Yoon’s
advance relies on the presence of LiBF4, and experimental results suggest that the lithium
cation behaves as a Lewis acid co-catalyst to form a complex with the enone substrate.
Upon photoreduction of or energy transfer to this complex, an intermediate can be trapped
in both intra- and intermolecular [2+2] cycloaddition reactions. 59 1 The intramolecular
reaction relies on a radical chain propagation mechanism, as demonstrated by quantum yield
experiments. 52 These transformations rely on olefins to be sufficiently electron deficient
to either accept an electron or energy from photoexcited metal polypyridal complex or
from another intermediate, so electron-rich olefins do not react under these conditions. For
electron-deficient olefins, these pioneering investigations highlight the potential benefits of
Lewis Acid co-catalysts to enable the formation and productive reaction of formally allylic
radicals.

3.2. With Lewis acid co-catalysts, enones can serve as precursors to enolate radicals
anions that participate in enantioselective radical conjugate addition reactions

Enantioselective Giese reactions have been realized based on Lewis acid activation of
enones to enable photocatalytic reduction processes. Specifically, Meggers and co-workers
advance a family of chiral Lewis acidic bis-cyclometalated rhodium(111) complexes (c.f.
A-RhO (8)) that also serve as photocatalysts (Scheme 10). 2% 63 During the reaction, the
rhodium catalyst is chelated by an a,p-unsaturated acyl pyrazole (48a — 48b), thereby
controlling the stereochemical outcome of the radical conjugate addition process. Upon
coordination to the catalyst, complex 48b can be photochemically converted to enolate
radical anion 49, which is trapped by allyl sulfone acceptor 20f, and generates a sulfonyl
radical as a byproduct. This byproduct is trapped by a second equivalent of coordinated
a,B-unsaturated pyrazole 48b in a parallel enantioselective sulfonylation reaction. These
interdependent reactions rely on the use of two equivalents of unsaturated pyrazole 48a for
every equivalent of allyl sulfone acceptor, and affect two complementary transformations.

The efficiency of the enantioselective Giese reaction is not affected by the presence of
additives 53, 54, and 55, which contain Lewis basic functionality that could unproductively
coordinate the Lewis acidic photocatalyst. The diverse functional groups tolerated by the
process suggest the possibility of applying this bond-forming reaction to the synthesis of
complex small molecule targets. Nevertheless, there are limitations. A limited range of
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enones is viable in this reaction. For example, a,p-unsaturated p-aryl A-acyl pyrazoles do
not engage productively in this reaction, and a,B-unsaturated N-acyl pyrazoles with shorter
v-alkyl substituents react with higher efficiencies than their longer-chain analogues. Even
with these limitations, this method constitutes a creative approach and a rare example of
enantioselective Giese reactions.

3.3. Direct oxidation of olefins and aromatic rings generates carbon-centered radical

cations

Shortly after Yoon and co-workers shined light on the ability of photocatalysts to reduce
enones to radical anions, they lay the conceptual foundations for another substantive
advance in Giese technologies. In the foundational publication, Yoon and co-workers
demonstrated that metal polypyridal complexes could serve as photooxidants to initiate
conversion of styrenes to radical cation intermediates for use in [2+2] and [4+2]
cycloaddition reactions (Scheme 11).%4 Due to the limited oxidizing power of the metal
polypyridal photocatalysts, these radical cation intermediates could only be prepared from
more electron-rich styrene derivatives. Fortunately, a range of electronically varied alkenes
reacts productively with the photogenerated radical cations. This discovery is at the heart
of an oxidative strategy to surmount limitations tin hydride-based approaches to engage
benzylic radicals in productive Giese reactions.

This photosensitizer-driven strategy to access benzylic radical cations is of broad utility

in radical conjugate addition reactions. Coupled with Yoon’s insight, the discovery®® and
application®6. 67. 68,69 of highly oxidizing acridinium organocatalyst 10 renders a broader
range of alkenes and arenes’® viable precursors to radical cations’? 72: 73 (Scheme 12).
Enabled by this class of photocatalyst, the Wu group demonstrates that allylic and benzylic
C—H bonds can serve as precursors for the critical carbon-centered radical intermediates for
Giese reactions. In the developed manifold, initial oxidation of the olefin or aromatic core

of alkyl benzene derivatives renders a pendant allylic or benzylic C—H bond more acidic.
This acidification is sufficient to enable facile deprotonation to generate the desired radical
intermediate. In their initial report, Wu and co-workers used this strategy to enable the
hydroalkylation of methylene-malonitriles with a broad range of alkene and arene substrates.
When less activated Michael acceptors are employed, reactions proceed with diminished
efficiency. Fortunately, the synthetic versatility of the malonitrile functional handle can be
exploited for diverse product derivatization to generate alkyl amides, carboxylic acids and
esters, as well as substituted pyrazoles, oxazoles, and piperazines.

In a subsequent report, 74 Wu, Chen and co-workers extend the range of effective Michael
acceptor substrates (Scheme 12B). Accordingly, addition of Cu(OTf), enables efficient
reaction between toluene derivatives and a range of aryl and alkyl enone substrates with
diverse substitution at the B-position. For Michael acceptors bearing p-aryl substituents, the
products of the hydroalkylation process can be converted into naphthalene derivatives by
subsequent heating under air in an overall one-pot reaction sequence. The authors propose
that the Cu(OTf), additive acts as a Lewis acid to activate the Michael acceptors, and
support this proposal with DFT calculations.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanegusuku and Roizen Page 12

Together, photocatalyst-driven approaches render electronically varied benzylic radicals and
some enolate radical anions as viable intermediates in intermolecular Giese reactions. These
radicals are accessed via reduction of benzylic halides, or their analogues (Section 2), or by
arene oxidation, with some reactions proposed to be promoted by Lewis acidic additives
that coordinate with radical trapping agents (Section 3). Thereby, these photocatalyst-
mediated reactions overcome a historic limitation of radical conjugate addition technologies,
processes for which benzylic and allylic radicals had not proven to be generally viable
intermediates in intermolecular reactions.

4. Oxidation of organotrifluorborates leads to formation of carbon-
centered radicals

Like olefins and aromatic rings, organotrifluoroborates offer a number of practical

benefits as radical precursors. They are stable to air and moisture, relatively simple

to prepare and can coexist in a molecule with a diversity of functional groups.

As such, organotrifluoroborates have been developed as functional handles to install
otherwise challenging, high-value functional groups in small molecule targets. 7 While
initially popularized as substrates in transition metal-catalyzed cross-coupling reactions,
organotrifluoroborates are known precursors of carbon-centered radicals. 76: 77 78. 79 o,

it may be unsurprising that photocatalytic conditions® have been developed to convert
organotrifluoroborates into carbon-centered radical intermediates for use in Giese reactions.

4.1. Organotrifluoroborates are substrates for radical conjugate addition reactions

Organotrifluoroborates can also be employed as precursors to a-aminoalkyl

radicals (Scheme 13A). 81 Under photoredox-mediated conditions A-Boc protected
aminomethyltrofluoroborates engage in facile single electron oxidation, 8 to generate an
a-amino radical intermediate. This radical adds to a Michael acceptor or a styrene. Cleavage
of the tert-butoxycarbonyl group affords access to primary alkyl amines. This method allows
for a 2-step synthesis of baclofeneHCI salt (64a), a -y-aminobutric acid (GABA) analogue
that is used as a muscle relaxer and an antispastic agent. These transformations highlight the
utility of organotrifluoroborates as precursors to a-amino alkyl radicals.

Building on this research, Akita, Koike and co-workers83 demonstrate that a more strongly
oxidizing photocatalyst can broaden the substrate tolerance of this reaction to include a
range of primary, secondary and tertiary organotrifluoroborates (Scheme 13B). Notably, a
pendant alkyl bromide can be carried through the reaction, evidencing chemoselectivity
that would seem unlikely under traditional Giese reacton conditions. Here, viable substrates
include potassium phenethyltrifuoroborate, which has a high electrochemical half potential
outside the range of the previously employed organometallic photocatalyst. Despite the
greater oxidative power of the organocatalyst, the new reaction conditions remain suitable
for application to more oxidatively labile aminomethyltrofluoroborates.

4.2. Organotrifluoroborate salts engage in asymmetric Giese reactions

Radicals rapidly invert, so few strategies exist to affect light-mediated catalytic asymmetric
conjugate addition reactions. Nevertheless, as early as 1995, chiral Lewis acid catalysts
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had been used to induce enantioselectivity in a tin-mediated radical conjugate addition
reaction. 84 Bench-stable organotrifluoroborates offer a welcome alternative to the best-in-
class tin-mediated8® asymmetric radical conjugate addition reaction for the installation of
alkyl groups (Scheme 14). Under photoredox-mediated conditions, the approach of an /n
situ-generated radical can be dictated by a chiral rhodium-based Lewis acid catalyst. 8 This
photosensitizer activates the Michael acceptor and determines the facial approach of the
radical intermediate. Both alkyl and benzyl trifluoroborate-derived carbon-centered radicals
react with excellent enantioselectivity to generate alkylated a,B-unsaturated N-acylpyrazoles
and imidazoles.

5. Oxidation of a-silyl amines and organosilanes generate carbon-
centered radicals

Primary, 87P secondary8” and tertiary®® amines have served as precursors for nucleophilic
a-aminoalkyl radical intermediates that engage in Giese reactions (i.e., 68b + 20 — 68c,
Scheme 15). Typically, the intermediates generated from these conjugate addition reactions
cyclize in situin the presence of base or oxidant, respectively, to form higher-value y-lactam
and pyrrole N-heterocycles 70-71.

Traditionally, to access the critical aminyl radical intermediates, these reactions have relied
on photosensitizers excited by Ultraviolet irradiation. These conditions are not general, and
prove ineffective with substrates that contain Ultraviolet-sensitive functional groups. Often,
these processes are inefficient or plagued by byproduct formation, presumably owing to
non-selective radical formation. With the advent of methods that rely on visible light-based
excitation of photosensitizers, 8% 90 less specialized equipment is needed to run these
related, some Ultraviolet-sensitive functional groups can be included in reactive substrates,
and a-aminyl radical intermediates can be generated more selectively. Consequently, with
visible-light photocatalysts, a broader range of nucleophilic a-aminyl radical intermediates
can form and engage in radical conjugate addition reactions with synthetically useful levels
of efficiency.

5.1. Oxidation activates a-silyl amines so they can serve as precursors to secondary and
primary a-amino alkyl radicals that participate in conjugate addition reactions

In 2012, Nishibayashi and co-workers recognized that, under photochemical conditions,
Giese reactions could rely on tertiary a-silylamines as precursors to a-aminyl radical
intermediates.%02 Relative to amines, a-silylamines have slightly lower oxidation potentials
(~0.4-0.8 VV vs SCE in MeCN). 91a.-Silylamines have long been exploited as radical
precursors as a result of their relatively low oxidation potentials and their propensity to
undergo selective desilylation to generate neutral carbon-centered radical intermediates.
92 These characteristics make a.-silylamines exceptional candidates for selective Giese
reactions. More recently, this approach has proven applicable secondary amines, and been
extended to afford cyclization products (Scheme 16). 93 Overall, the use of secondary and
tertiary a-silylamines as precursors to a-aminyl radical intermediates has proven more
broadly viable than prior approaches, presumably owing to the relatively low oxidation
potentials of a-silylamines.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanegusuku and Roizen Page 14

5.2. a-Silyl amines and organosilanes are precursors to radicals that engage in
enantioselective Giese reactions

The first report of an asymmetric conjugate addition reaction involving an a-aminyl radical
relies on a chiral hydrogen-bonding photosensitizer to catalyze intramolecular conjugate
addition reactions.%* More recently, catalytic quantities of photoredox complexes have

been used in concert with chiral Lewis acids to achieve intermolecular reactions. In

these transformations, the chiral Lewis Acid catalyst controls the facial selectivity of a-
aminyl radical addition reactions to pyrazilidinone-based Michael acceptors (Scheme 17).95
These Michael acceptors®® coordinate Sc(111)-PyBOX complexes, activating them to radical
conjugate addition reactions. The radical components for these reactions can be generated
from a variety of tertiary a-silylamine radical precursors to enable conjugate addition
reactions with high enantioselectivity.

In a complementary approach, in the presence of a catalytic photosensitizer,
superstoichiometric quantites of chiral hydrogen-bond donor can induce enantioselective
conjugate addition reactions involving a-aminyl radical intermediates (Scheme 18). This
research builds on decades of experiments that show that intramolecular hydrogen

bonding can be used to induce facially selective hydrogen-atom abstraction as the
diastereoselectivity-determining step of Giese reactions (Scheme 18A). 3:97 More recently,
Bach and co-workers have invented chiral hydrogen-bonding scaffolds that can be used in
conjunction with a ruthenium photosensitizer to impart stereocontrol of a-aminyl radical
additions to rigid Michael acceptors intra-24 and intermolecularly®® (Scheme 18B). A model
to explain the facial selectivity of the radial addition reaction relies on hydrogen-bonding
interactions between the chiral template and a 3-alkylidene indolin-2-one substrate, which
is postulated to form a 1:1 complex under the reaction conditions, and thereby induce
enantioselectivity.

Other asymmetry-inducing reactions also rely on organosilane substrates (Scheme 19). Like
a-silylamines, other organosilanes are labile to oxidative conditions and readily generate
silane radical cations. These silyl radical cations can undergo C—Si bond cleavage to
furnish carbon-centered radicals. This phenomenon is particularly well documented for
benzyltrialkyl silanes where oxidation forms a neutral benzyl radical and a trialkylsilyl
cation. While resonance stabilized benzyl radicals do not typically engage in conjugate
addition reactions, recent advances in photoredox-chemistry have enabled these otherwise
challenging bond-forming reactions.

A photodriven organocatalytic strategy enables a,p-unsaturated aldehydes to act as formal
acceptors in enantioselective conjugate addition reactions (Scheme 19). This strategy relies
on condensation of an achromatic enal substrate (i.e. 20q) with an organocatalyst that
incorporates a chiral secondary amine (12). Generated iminium ion 78 is photoexcitable.
Ultimately, the key bond-forming event involves a formal net conjugate addition reaction
(i.e. enaminyl radical 82 + benzylic radical 83).

To realize this vision, Melchiorre and co-workers®® developed a bulky, highly oxidizing and
chiral perfluoroisopropyl substituted diarylprolinol catalyst (i.e. 12) capable of condensing
onto a,B-unsaturated aldehydes. Not only does this strategy furnish synthetically useful
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B-benzylated aldehyde building blocks with excellent enantioselectivity, this method also
employs benzyl radicals as effective trapping agents for C—C bond formation. 190 Indeed,
photodriven redox processes have resulted in the first effective enantio- or diastereoselecrive
formal radical conjugate addition reactions by a.-aminoalkyl and benzylic radicals.

6. Amine oxidation can lead to formation of carbon-centered radicals

Amines have a rich history as precursors to versatile radical cation intermediates.

101,102 Aminjum radical cation intermediates are employed in a number of chemical
transformations; including hydrogen-atom transfer processes (i.e. Hofmann-Loffler-Freytag
reactions) 193 and amination reactions that proceed by additions across w-systems,

including olefins1%4 and aromatic groups. 105 Additionally, aminium radical cations can

be deprotonated to generate neutral a-aminyl carbon-centered radical intermediates, which
can react to form new carbon-carbon bonds (for a discussion of traditional methods for

their generation, see Section 5). 106 Following the development of a visible light-mediated
photoredox-catalyzed method to generate a-aminyl radicals for conjugate addition reactions,
90a.b 3 number of complementary reactions were introduced that harness the reactivity of the
amine radical cation intermediates. 91 Collectively, these investigations broaden the variety
of amine substrates that are known to participate in single electron transfer (SET) processes
and streamline synthesis of biologically relevant nitrogen-containing motifs.

6.1. a-Aminyl radicals can form based on initial oxidation of tertiary amines

As an alternative strategy for site-selective peptide conjugation to generate unnatural amino
acid derivatives, Jui and co-workers197 reacted tertiary amines with readily accessible
dehydroalanine derivatives (Scheme 20). Giese reactions have been used to prepare
unnatural amino acids, employing a tin hydride approach for particularly reactive substrates,
108 or with alkylmercuryhalides'%° as radical precursors. Photoredox-mediated reactions
offer the advantage of avoiding organotin and alkylmercuryhalides as radical precursors,
which can limit the biological application of these products. Additionally, to the best

of our knowledge, photoredox catalysts mediate the first uses of a-aminyl radicals in
reactions to prepare unnatural amino acids. The ability to react a-aminyl radicals easily
introduces amine functional groups to complex molecules. Conjugate addition of radicals
derived from complex tertiary amines, such as bioactive dextromethorphan 87a with
enantioenriched methyleneoxazolidinones*®: 41 affords unnatural amino acid derivatives as
single diastereomers. This method enables the installation of new carbon—carbon bonds to
dehydroalanine-containing tripeptide 87b. Even in the presence of a number of sensitive
functional groups, conjugate addition occurs with high chemoselectivity in synthetically
useful yields.

Extending the relevance of this approach to carbonylated amine derivatives, Nicewicz and
co-workers employ a highly oxidizing acridinium-derived organophotocatalyst 10 (Scheme
21). 110 Diastereoselective examples of this transformation are rationalized based on a First-
Plattner-like transition state. 111 With the ability to induce otherwise unactivated amines,
such as carbonylated 88, to participate in Giese reactions, subsequent decarbonylation

can provide rapid access to bio-relevant small molecules. For example, pheromone (+)-
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monomorine | (91) can be prepared in three steps and 51% overall yield from 88. 112
Moreover, the method is readily scalable and can be adapted to photochemical flow reactor
systems for large-scale preparation of alkylated amines.

With analogous sequences in which conjugate addition is followed by cleavage of an
electron-deficient nitrogen substituent, it is possible to access the formal products of
conjugate addition by primary amines (Scheme 22).113 Nitrogen-centered radicals derived
from typical primary amines engage in intramolecular 1,5-HAT processes. By contrast, if a
primary amine is masked with a strongly electron-withdrawing A-trifluoromethanesulfonyl
group, an a-aminyl radical is instead accessed and can engage in a radical conjugate
addition reaction. Based on this realization, a variety of alkylated primary amine-derivatives
have been prepared, a subset of which contain oxidatively sensitive heteroaromatic groups
(i.e. 93a).

7. Decarboxylation generates carbon-centered radicals

For more than a third of a century, A-(acyloxy)-phthalimides!4, oxalates!!® and carboxylic
acids116 have been used as carbon-centered radical precursors in radical conjugate addition
reactions (Scheme 23). More recently, the utility of A~(acyloxy)-phthalimides has been
highlighted as photoredox-mediated decarboxylative Giese reactions have streamlined
syntheses of complex natural products. 117 Furthermore, with modern photoredox
technologies, decarboxylation reactions proceed under mild conditions, so these reactions
can engage a broader variety of stable and user-friendly substrates, including alkyl oxylates
and carboxylates. Modern approaches have used visible light to promote decarboxylative
Giese reactions involving arylacetic acids, 118 amino acids, 119 and can include aliphatic
carboxylic acid derivatives. 120 These tactics accelerate stereoselective syntheses of
biologically relevant small molecules.

7.1. Carbon-centered radicals generated by reduction of N-(acyloxy)-phthalimides and
tert-alkyl N-phthalimidoyl oxalates react with diastereoselectivity that complements the
selectivity available through polar conjugate addition reactions

Interest in the application of A-(acyloxy)-phthalamides as radical precursors resurfaced
during an attempt to streamline the synthesis of diterpene target, (-)-aplyviolene 105
(Scheme 24).1172 |nitial attempts to obtain desired intermediate 104 via conjugate addition
based on organolithium and organocuprate intermediates resulted in exclusive production
of undesired epimer 103. As an alternative, Overman and co-workers turned to radical
chemistry. Fortunately, using modified Okada conditions, 114 a radical conjugate addition
reaction offers access to desired product epimer 104, detected as a single diastereomer.

This is among the first demonstrations of the stereoselective formation of quaternary carbon
centers via photoredox catalysis.

Moreover, the diastereoselectivity afforded by radical conjugate addition technologies
continues to offer broad benefit within synthetic campaigns. Recently, N-(acyloxy)-
phthalimides have been developed as radical precursors in an approach to the syntheses of
trans-clerodane diterpenoids (Scheme 25).1170 In this transformation, the radical trapping
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7.2.

agent reacts from the less-hindered equatorial face of the decalin system to give the
penultimate intermediate en routeto (-)-solidagolactone.

To expand the selection of methods for constructing quaternary centers from tertiary

center carbon-radicals, Overman and co-workers'2! developed A-phthalimidoyl oxalate
reagents that are capable of undergoing reductive decarboxylation to generate reactive
tertiary carbon-centered radical intermediates (Scheme 26). Easily prepared and isolable
N-phthalimidoyl oxalate reagents 109, derived from abundant tertiary alcohol starting
materials, constitute an improvement over Barton and co-worker’s mixed oxalate esters with
N-hyroxypyridine-2-thione (Scheme 23B-C) in terms of stability and performance. Many
tertiary carbon-centered radical intermediates can be generated from the decarboxylative
reduction of A-phthalimidoyl oxalates. When intercepted, the Giese reaction tolerates cyclic
and acyclic Michael acceptors.

Similar synthetic operations can be carried out using the abundant and cheap dye, Eosin
Y, as a photocatalyst (Scheme 27). 122 To highlight the sustainability of this approach,

the authors evaluate a photoredox-mediated decarboxylation of A-(acyloxy)phthalimides
derived only from natural carboxylic acids that can be produced from renewable biomass.
Among these substrates NV-Boc protected amino acids (111) and saturated and unsaturated
fatty acids reacted in modest to good yields, and reactions with A-Boc-protected proline
tolerated a range of alkyl and aryl Michael acceptors. These conditions rely on the use of
higher concentrations of acceptor.

Reduction of N-(acyloxy)-phthalimides generates carbon-centered radicals that can

be employed in the enantioselective syntheses of y-aminobutyric acid derivatives

Following the above examples of A-(acyloxy)phthalimides as substrates for
diastereoselective Giese reactions, Meggers and co-workers disclosed that these molecules
can engage similarly in enantioselective reactions (Scheme 28). 123 The addition of N-
(acyloxy)-phthalimide-derived a-aminoalkyl radicals can occur efficiently with excellent
enantioselectivity as a result of the incorporation of a chiral Rh-based Lewis acid catalyst.
In these reactions, the Rh-based catalyst serves to control the available face of an
a,pB-unsaturated A-acylpyrazole Michael acceptor. This transformation affords access to
a-aminobutyric acid (GABA) analogues, such as drug precursors 114a-b.

7.3. Carbon-centered radicals generated from N-(acyloxy)-phthalimides and carboxylic
acids react diastereoselectively to generate enantiopure p-thiolated/selenolated amino

acids

N-(Acyloxy)-phthalimides 115a and 115b, carboxylic acids 115c, and alkyl iodides (not
depicted) serve as percursors to primary, secondary, and tertiatry alkyl radicals 124
generated via photochemically-driven reduction or decarboxylation. When this reaction
proceeds in the presence of enantioenriched B-thiolated/selenolated amino acid derivatives,
39 diastereoselective Giese reactions proceed. To showcase the synthetic utility of the
photoredox-mediated asymmetric Giese method, thusly prepared enantioenriched unnatural
amino acids have been incorporated into polypeptides using a one-pot ligation and
dechalocogenation strategy. This approach improves access to nonnatural amino acids.
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7.4. Oxidative decarboxylation can furnish secondary, tertiary, and benzylic radicals for
addition across electron-deficient olefins and vinyl arenes
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With photoredox catalysts, carboxylic acids are appropriate precursors to carbon-centered
radicals at secondary, tertiary centers, as well as primary centers that are a-oxygenated,

or adjacent to nitrogen atoms. 120: 125 These radicals can be generated in transformations
that rely on strongly oxidizing iridium photocatalyst 1, and a mild inorganic base (Scheme
30A). To demonstrate its synthetic utility, this method has been used in the key C—C bond
forming step in a 3-step total synthesis of the commercial anticonvulsant drug (%)-Lyrica
(pregabalin). Synthetically, use of carboxylic acids as substrates may offer benefits over the
use of A-(acyloxy)phthalimides as these processes do not require the use of an external
reductant and obviate the need for installation of the A-hydroxyphthalimide activating

group.

Extending this technology, 1,3-dithiane26 2-carboxylic acids (E1/» ~ +0.39 V versus SCE
in MeCN) have been developed as a class of precursors in decarboxylative radical reactions
(Scheme 30B). Notably, this reaction can also serve as a strategy for the formal addition

of a methyl group to an a,p-unsaturated compound when this photo-driven decarboxylative
Giese reaction is paired with desulfurization with raney-nickel. Similar to its function in
classical synthetic strategies, the 1,3-dithiane radical precursor is particularly useful for the
installation of aldehydes, ketones, and carboxylic acids through dithiane cleavage. As a
complementary method for the introduction of protected aldehydes via radical conjugate
addition, Xu and co-workers!27 demonstrate that glyoxylic acid acetals (E1; = +0.95 V
versus SCE in CH3CN) 128 also serve as effective carbon-centered radical precursors under
reductively quenching catalytic cycles. Notably, this reaction can affect Giese addition, or
radical addition reactions to vinyl arenes, preferentially engaging in addition across electron-
deficient olefins (Scheme 30C).

Minor adjustments to the more sustainable, organocatalyst-mediated decarboxylative
conditions, 83 originally limited to tri- and disubstituted alkyl carboxylic acids, made a
major impact to the reaction efficiency and substrate scope. Suspecting an unfavorable
thermodynamic parameters for the final hydrogen-atom abstraction step of the proposed
catalytic cycle (not shown), Gonzalez-Gomez and co-workers2? modified the reaction
conditions to favor a fast protonation, by introducting H,O as a solvent in the reaction
(Scheme 30D). Deuterium studies confirmed water-mediated protonation over hydrogen
abstraction. Under the amended conditions, the organocatalyst-mediated decarboxylative
Giese reaction could now transform a variety of a-heteroatom containing substrates
including a-keto acids as well as monosubstuted carboxylic acids in good to excellent yield.
Moreover, this Giese reaction could be applied to diastereoselective cyclizations of lactone
via a tandem decarboxylation-lacontization sequence.

Fang, Jin, Li and co-workers have disclosed photo-driven decarboxylative radical conjugate
addition reactions to vinyl phosphonates as a means of installing a.-aryl phosphonate
moieties in organic compounds (Scheme 30E). 130 Remarkably, vinyl phosphonates are
viable traps for benzylic radicals, which do not typically react productively in Giese
reactions. 10 11,131
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Vintage organocatalyst tetrapropylpyrimidopteridine A-oxide (PrPPTNO, 14a, 132 Eq), =
2.29 V versus SCE in MeCN) and its deoxygenated analogue tetrapropylpyrimidopteridine
(PrPPT, 14b, E1/» = 2.08 V versus SCE in MeCN) are productive in visible-light
photoinitiated Giese reactions (Scheme 30F).133 Both species have very high reduction
potentials, rivalling that of the current best-in-class organocatalyst [Acr-Mes]CIO,4. Unlike
the chemoselectivity observed in classic Giese reactions, electron-dense functional groups
like alcohols and amines may competitively quench the catalyst and hamper reaction
initiation. Interestingly, PrPPTNO-mediated Giese reactions are tolerant of substrates
containing free alcohols, as well as oxidizable aromatic groups. Giese transformations of
benzylic carboxylic acids and phenylcarbamic acid do not generate synthetically useful
yields of product, highlighting an opportunity for future technological improvements.

While few examples of Giese reactions rely on benzylic radicals, Ravelli and co-workers
have identified conditions to affect formal conjugate addition reactions that engage benzylic
radicals. In this case, benzylic radicals form through oxidative decarboxylation of arylacetic
acid substrates (Eq/; = 1-1.6 V versus SCE in MeCN) (Scheme 31). 134

These benzylic radicals engage in formal conjugate addition reactions with extremely
electron-deficient olefins. As in other formal Giese reactions involving benzylic radicals
(see Section 2), it has been proposed that these reactions are feasible because the
photocatalyst reduces the electron deficient olefin to a radical anion that can rapidly trap
the decarboxylatively generated benzylic radical. 9 1002 Tg affect this transformation, this
method takes advantage of a relatively cheap tetrabutylammonium decatungstate (TBADT;
("™BusN)4[W10032]) photocatalyst (15) in combination with readily oxidizable biphenyl
additive. By making secondary, tertiary, and benzylic carboxylic acids directly useful

as radical precursors, photoredox-mediated processes broaden access to readily available
radical precursors.

Hemioxylate salts are appropriate precursors to carbon-centered radicals that can
engage in Giese reactions

Methods based on carboxylic acid decarboxylation have gained importance in part due to the
broad accessibility of carboxylic acid substrates. Alcohols are a complementary functional
group that offer the advantages arising from ubiquity — when used directly, or as anchors

for other functional groups. To leverage alcohols as precursors to carbon-centered radicals,
hemioxalate salts have been developed. These salts are bench stable and readily oxidizable
(Eqj2 = +1.28 V vs SCE in MeCN) (Scheme 32). 135 The synthetic power of this method

is evident in efficient racemicl3® and enantioselectivel3® total syntheses of trans-clerodane
(136, Scheme 32A-B).

These conditions are sufficiently mild to enable selective 1,6-conjugate addition reactions to
proceed (Scheme 32C). 137 The exclusive formation of 1,6-addition products constitutes a
significant achievement in selectivity over traditional tin-mediated Giese conditions, which
are known to give both 1,4- and 1,6-addition product, among other byproducts. 138
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7.6. Oxidation of zinc sulfinates generates carbon-centered radicals

Sulfinates are easily accessible and commercially available carbon-centered radical
precursors, 132 which have been employed photoredox-mediated carbon-carbon bond-
forming reactions. 140 More recently, a variety of substituted benzylic and alkyl zinc
sulfinates (E1/2  +0.9 V versus SCE in MeCN) have been used as radical precursors in
Giese reactions (Scheme 33).141

8. Iminyl radicals are appropriate precursors to remote carbon-centered
radicals

Iminyl radicals are important intermediates. 142 Recently, chemists have identified
precursors to these radicals that are reactive under mild photo-driven conditions, and have
developed these precursors in the context of Giese reactions.

8.1. Redox-active oximes are appropriate precursors to iminyl radicals that can trigger a
cascade sequence involving a serial cyclization and Giese reaction

Recently, Jiang and Studer, 143 and Leonori and co-workers144 concurrently identified
mild conditions that rely on a photoredox catalyst and base to convert a-imino-oxy

acids into iminyl radicals (Schemes 34, 35). This strategy builds on foundational research
from Forrester and co-workers who identifed a.-imino-oxy acids as precursors to iminyl
radicals, albeit under relatively harsh conditions. 145-148 Moreover, the recent innovations
recapitulate a formal reaction cascade first demonstrated by Boivin, Fouquet, and Zard. 149
Specifically, both the recent and prior cascades use a.-imino-oxy acids as substrates, with
more recent research focusing on the more accessible and bench-stable oximes as radical
precursors (c.f. Scheme 34A, 141). Once the parent oxime is converted to iminyl radical
intermediate 142, the generated iminyl radical participates in a cascade sequence, trapping
an olefin intramolecularly in a 5-exo-trig cyclization reaction to form pyrroline 143. This
sequence results in an intermediate which incorporates a pendant carbon-centered radical,
which subsequently participates in an intermolecular Giese reaction to form products 144.
Under the conditions developed by Leonori and co-workers, the imino-Giese reaction can
proceed with modest diastereoselectivity to generate a bicyclic system (i.e. 144a). Moreover,
this approach tolerates a range of electrophilic radical trapping agents, including diethyl
(£)-diazene-1,2-dicarboxylate, to furnish products such as pyridine-containing 144c and
theovinone-derived 144d. 159 Overall, this cascade sequence developed by Leonori and
co-workers installs the new carbon-nitrogen bond of the pyrroline, and a carbon—carbon
bond or carbon—nitrogen bond selectively.

Leonori and co-workers' identify an optimal iminyl radical precursor by strategically
analyzing the electrochemical half potentials for a series of carboxylates (Scheme 34B).144
The simpler glycolate analogue 145d is less readily oxidized than a, a-dimethylated
carboxylate 145a.148 Accordingly, Leonori and co-workers focus on development of a.,
a-dimethylated carboxylate analogues, such as 141, anticipating that carboxylates in this
series would be readily oxidized by photoexcited *[Mes-Acr]CIO4 (E*1/» = +2.08 vs. SCE
in CH3CN)151 to facilitate decarboxylation en route to critical iminyl radical intermediates.
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Interestingly, Jiang and Studer find similar photocatalyst *[Mes-Acr]BF4 to be ineffective in
their iminofunctionalization reaction (Scheme 35, entry 1), and identify optimal conditions
that rely on photosensitization of [Ir(dF(CF3)ppy),(dtbbpy)]PFg, which has a less oxidizing
excited state potential. Their conditions are effective with a range of radical trapping agents,
including esters, and amides (not depicted), as well as sulfones, phosphates, and ketones,
and the conditions tolerate heterocycles. Additionally, under these conditions, fused bicyclic
147d can be prepared with excellent diastereoselectivity.

8.2. Redox-active cyclic oximes generate carbon-centered radicals upon B-scission to
enable remote Giese reactions

As an alternative to the direct addition to r-systems, iminyl radical intermediates can

be used to induce ring opening of cyclobutyliminoradicals via -scission processes. Such
pathways reveal nitriles and carbon-centered radicals which, in turn, are poised to be trapped
in radical conjugate addition processes. More than twenty years ago, Zard and co-workers
demonstrated that, in the presence of tributylstannane reagents, O-benzoyl oximes, 150
Saryl sulphenylimines®2 (not shown), and A-hydroxy-2-thiopyridones, 123 such as 148, are
among the appropriate precursors for use in B-scission / radical conjugate addition cascade
reactions (Scheme 36). While these transformations found some early utility, they require
incorporation of the activating group within the product scaffold (c.f. 152). To avoid this
limitation, chemists have developed traceless activating groups that serve as precursors to
iminyl radicals under modern mild, photoredox-mediated conditions.

More than twenty years after Zard’s pioneering disclosure, came the first demonstration that
photoredox catalysts can activate cyclic O-benzoyl oximes for iminyl radical formation /
B-scission / radical conjugate addition reactions (Scheme 37). O-benzoyl oxime 153a (Ep/2
=-0.99 V vs SCE in CH,Cl,) 14 is susceptible to reduction in the presence of the

strongly reducing Ir photocatalyst 5 (E1> (If'V/Ir'17™) = =1.73 V vs SCE in CH3CN). Oxime
153a undergoes B-scission, with subsequent radical conjugate addition to ethyl cinnamate,
and, ultimately, etherifcation involving solvent to give methyl ether 154a. Under slightly
modified conditions, 3-napthyl O-acyl oximes, such as 153b, engage in iminyl radical
formation / B-scission / radical conjugate addition cascades. 1°° This cyclization can be
extended to generate complex 1,2,3,4-tetrahydrophenanthrenes, owing to omission of a
hydrogen-atom donor from the reaction.

To complement photoredox-mediated C—C scission of 4-membered ring oxime derivatives,
a recent investigation16 has established photocatalytic conditions that generate remote
carbon-centered radicals from 5- and 6-membered ring O-4-methoxybenzoyl oximes
(Scheme 37). Rather than relying on strain energy, these reactions benefit from the relative
ease of B-scission reactions that generate a-oxylyl radicals. Overall, these strategies provide

access to nitriles with distal ethers, which are building blocks for common structural motifs.
157
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9. Nitrogen-centered radicals enable hydrogen atom transfer (HAT)
processes to generate remote carbon-centered radicals

Nitrogen-centered radicals have been known to promote site-selective C(sp3)—H
functionalization for over 100 years. The discovery of the Hofmann-L&ffler-Freytag (HLF)
reaction103 established the conceptual framework for what is now the flourishing arena

of radical-mediated C(sp3)—H functionalization technologies. Traditionally, A-haloamines
have served as radical precursors in these reactions (Scheme 38). Upon homolysis of the
labile N—ClI bond, the resultant N-centered radical guides a 1,5-hydrogen atom transfer
(HAT) processes via a 6-membered ring transition state (157). Until very recently, the utility
of this remarkably selective reaction for diverse C(sp3)—H functionalization was limited

to atom- and group-transfer reactions because the initial radical formation step relied on
prior installation of a group or atom that would be transferred. 158 Photoredox catalysis has
allowed access to A-centered radicals from previously inert precursors. 159 As a result, site-
selective Giese reactions at remote C(sp)—H centers, which were historically unrealized,
have now been rendered viable (Scheme 40).

9.1. Amide, sulphonamide, and carbamate-derived N-centered radicals guide 1,5-HAT
processes to enable functionalization of remote C—H bonds.

Knowles and co-workers160 set the stage for the direct use of amides as A-centered

radical precursors in 1,5-HAT processes in a report describing a photocatalyzed alkene
carboamination process (Scheme 39). Importantly, this investigation demonstrates that, for
the first time, a strong N—H bond of an amide (BDFE ~ 107-110 kcal/mol), 161. 162 could
be homolyzed in the presence of a strongly oxidizing photocatalyst and a weak hydrogen-
bonding phosphaste base. With this base, deprotonation of an electron rich benzamide (ApKj
~ 20 in MeCN) is not Kinetically competitive with the luminescence decay of the excited
state iridium catalyst. 163 Thus, it is proposed that the hydrogen bonding interaction between
the phosphate base and the benzamide sufficiently weakens the N—H bond, making it
susceptible to oxidation in the presence of a strong Ir oxidant (Scheme 39A). This proton-
coupled electron transfer (PCET) process provides mi/d conditions for homolytic N—H
bond activation, and enables previously infeasible transformations.

Simultaneous reports from the laboratories of Knowles2® and Rovis16 establish that amidyl
radicals accessed under photochemical conditions are capable of directing Giese reactions
with traditional HLF selectivity (Scheme 40). By using strongly oxidizing photocatalysts,
both investigations develop strategies for C(5)—H alkylation via in situ generation of N~
centered radicals without the need to prefunctionalize the amide with a labile N—X bond.
The ability to bypass this prefunctionalization step resolves a century old limitation of the
HLF reaction. With this innovation, amine derivatives can finally be employed to effectively
direct reactions other than atom-transfer reactions. These publications ignited a renaissance
of hydrogen atom transfer processes and modified HLF reactions. 16

The key difference between these two strategies for forming A-centered radicals originates
in the proposed mechanisms for amide oxidation to amidyl radicals (Scheme 41). Knowles
and co-workers’ propose that their method converts an amide to an amidy! radical directly
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through a concerted PCET process (i.e. 164 — 169). By contrast, Chu and Rovis rely on a
more acidic N—H bond (pK,; = ~13.8), and a stronger base. Consequently, deprotonation of
the amide substrate is kinetically feasible (Scheme 41A). 166 Additionally, oxidation of the
generated amide anion 165 by photocatalyst 167 is both kinetically and thermodynamically
feasible, and amidyl radical 169 is proposed to form via a stepwise SET process. These
groundbreaking approaches to access amidy| radicals are mechanistically complementary.

Once generated, amidyl radical intermediates 169 direct remote carbon-centered radical
formation prior to intermolecular Giese reactions (Scheme 41B). The amidyl radicals

adopt kinetically preferred six-membered transition states to affect a 1,5-hydrogen atom
transfer (HAT) processes. The resultant nucleophilic alkyl radicals 170 are poised for radical
conjugate addition to furnish more readily reduced electrophilic alkyl radicals 171, which
are proposed to be reduced through SET by [Ir'"], thereby regenerating [Ir'!"] catalyst with
concurrent formation of anions 172. These anions are poised for protonation to complete the
guided Giese reaction.

Both of these strategies were demonstrated to guide Giese reactions at tertiary and secondary
centers, albeit with lower efficiency when reactions at secondary C—H bonds were required
(Scheme 40). Furthermore, Knowles and co-workers demonstrate that PCET can be used

to induce a sulfamide (163d) and a carbamate (163e) to direct Giese reactions based on
1,5-HAT processes. In a follow-up report, Rovis and co-workers66 extend their method

to the remote, site-specific alkylation of imides (Scheme 40). As an extension of this
strategy, Flechsig & Wang and co-workers demonstrate that an organic photocatalyst can
drive a range of directed Giese reactions (Scheme 42). 167 Under the disclosed conditions,

a diversity of A-substituted N-acetyl, N-isobutryl, A-pivaloyl, and A-cyclopentylcarbonyl
substrates react in synthetically useful yields. The reaction can be used to generate new
C—C bonds at secondary and tertiary centers.

9.2. Amidyl radicals guide 1,5-HAT processes for enantioselective functionalization at
remote C—H bonds

9.3.

Following Knowles’ and Rovis’ pioneering investigations2® 164. Meggers and co-workers168
disclosed a dual chiral Lewis acid/photoredox platform to achieve enantioselective remote
alkylations of aliphatic amides via 1,5-HAT processes (Scheme 43). Site-selective alkylation
reactions with a variety of substituted a,B-unsaturated A-imidazole Michael acceptors
occurred in moderate to good yields with good to excellent enatioselectivity.

Iminyl radicals direct Giese reactions.

Studer and co-workers disclosed the first photoredox-mediated strategy43 to engage iminyl
radicals in a 1,5-HAT process, and used it to induce Giese reactions (Scheme 44). 169

As a demonstration of synthetic value, subsequent hydrolysis of the imine to the ketone
provides technology for obtaining y-C(sp3)—H functionalized ketones. Alternatively, the
versatile imine functionality can be retained through a 2-step, one-pot protection with
benzoyl chloride.
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9.4. Sulfamyl radicals guide 1,6-HAT processes for functionalization at remote C—H

bonds.

Cognizant of the emergence of sulfamy! radical-directed halogen?%: 171 and group-transfer
reactions, 172-174 Roizen and co-workers, 17> Duan and co-workers, 176 and Shu et a’’
have demonstrated that sulfamate esters’8 can serve as direct precursors to radicals

under photochemical conditions (Scheme 45). The accessed sulfamyl radicals guide Giese
reactions based on remarkable 1,6-HAT processes, which proceed with site-selectivity that
has been historically inaccessible.

These conceptually similar publications develop different detailed reaction insights. In terms
of substrate scope, while Roizen and co-workers do not detect efficient reactions at benzylic
centers, Duan and co-workers do. More broadly, Roizen and co-workers focus on substrates
that should be prone to competitive off-site reactions, and substrates where the desired
reactions would proceed at secondary centers (Scheme 46). For example, the methylene
center in sulfamate ester 184 can engage in a single alkylation event to form Giese product
185, which incorporates a tertiary C—H center at the reactive site. This tertiary C—H bond
is weaker than the substrate’s reactive secondary C—H center, so it might be expected to

be susceptible to a second alkylation event. Roizen and co-workers determine that substrates
incorporating a less challenging steric environment at the site of hydrogen atom abstraction
can undergo bis-alkylation events (c.f. 186a), while slightly encumbered systems engage
principally in monoalkylation events at secondary centers (c.f. 185b). Furthermore, as
expected, the sulfamy! radical-guided Giese reaction proceeds at secondary centers with
modest diastereoselectivity when functionalizing commonly occurring fused-ring systems of
natural products (c.f. 185C—D).

To date, data supports initial sulfamyl radical formation, either through a PCET (i.e.

187 — 192) or SET (i.e. 187 — 188 — 192) process (Scheme 47). Initial sulfamyl

radical formation via SET is thermodynamically feasible, as sodiated 5-methylhexyl N-
tert-butyl sulfamate ester anion 197 has a half-peak potential (Ep/,) of +0.753 V versus
SCE (in acetonitrile), 175 and should be readily oxidizable by either of the engaged

excited state iridium catalysts. Moreover, this process should be kinetically feasible, as
demonstrated by Stern-Volmer analysis.1”® The generated sulfamyl radical is poised to
guide an intramolecular 1,6-HAT process to furnish carbon-centered radical 193. This

step is irreversible, 17° and rate-determining. 176 Resultant nucleophilic radical 193 traps
electron-deficient olefin 20ag in a Giese reaction. At this point, reduction of ester stabilized
radical 194 by a strong reductant, such as an Ir'!! species, should be thermodynamically
favorable.1”> Finally, protonation of resultant anion 195 is consistent with deuteration in the
presence of D,0, 176 and proceeds under standard reaction conditions to generate Giese
product 196.

10. Alkoxyl radicals enable 1,5-HAT processes generate to carbon-

centered radicals

Alkoxyl radicals'’® are well known intermediates in radical transposition chemistry, and
preferentially affect 1,5-HAT processes. 180 Prior to the application of photoredox catalysts,
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two methods for generating alkoxy! radicals as intermediates for site-selective Giese
reactions had been reported (Scheme 48). 181 Both methods rely on a labile O—X bond (X
=S, or N) that can be homolyzed under irradiation conditions. Unfortunately, these methods
require unstable substrates or harsh conditions with toxic reagents, which has limited their
broad application. With recent advances in photocatalysis, alkoxy! radicals from easy to
handle bench-stable precursors have become accessible under conditions that are compatible
with a wide variety of functional groups.

10.1. Alkoxyl radicals guide 1,5-HAT processes for site-selective functionalization.

The instability of alkoxyl radical precursors limited early efforts to engage alkoxyl radicals
in guided Giese reactions. To overcome this limitation, Chen and co-workers demonstrate
that, under photoredox-mediated conditions, A-alkoxyphthalamides can serve as precursors
for alkoxyl radicals (Scheme 49). 182 |n the presence of a strongly oxidizing Ir(111)
photocatalyst and Hantszch ester as an external reductant, the A-alkoxyphthalamide can be
reduced to liberate an alkoxyl radical. This alkoxyl radical engages in 1,5-HAT to generate
a carbon-centered radical that traps an electron-deficient olefin, ultimately introducing a
new terminal olefin with excellent site-selectivity, even with a complex steroid substrate.
The use of masked alcohols as radical precurors is particularly attractive for late-stage
functionalization processes, as many natural products contain alcohol groups. With this
method, the alcohol functional group is restored without the need for additional synthetic
manipulations.

10.2. Alkoxyl radicals guide 1,5-HAT processes in directed enantioselective Giese

reactions.

Meggers and co-workers merge this strategy for alkoxyl radical generation with their
approach to asymmetric induction during conjugate addition reactions. 183 Using A+
alkoxyphthalamides as alkoxy| radical precursors, a chiral rhodium(lI1) Lewis acid catalyst
activates the radical acceptor, and determines the face of the radical conjugate addition
(Scheme 50). Crystallographic analysis of a ent-A-RhS (ent-9) complex (not depicted) is
used to support this model for asymmetric induction. To support their mechanistic proposal
(not depicted), luminescence quenching experiments show that an excited state iridium
complex is quenched more efficiently by Hantzsch ester than by an A-alkoxyphthalamide,
or by a,B-unsaturated 20 (R = Me; not depicted) (Scheme 50). The method contributes to
the mechanistic understanding of these complex reactions. More importantly, it induces site-
selectivity and enantioselectivity, demonstrating that photredox-mediated HAT processes can
be merged with asymmetric catalysis.

10.3. Alkoxyl radicals are HAT agents for the alkylation of cyclohexane via cerium-
catalyzed Giese reactions.

The direct generation of alkoxy radicals from free alcohols is thermodynamically
challenging owing to the very high oxidation potentials of free alcohols. Recently,
photocatalytic strategies for the direct generation of alkoxy radicals from free alcohols
via Ir-catalyzed PCET have been developed!84 and employed in a number of C—C bond
B-scission transformations (Scheme 51A). 185 Concurrently, an abundant and inexpensive
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cerium trichloride photocatalyst®6 has been advanced to affect similar bond scission
transformations (Scheme 51B). 187 By merging these technologies, Zuo and co-workers188
have developed a strategy for alcohol-directed Giese reactions (Scheme 52) and innately
selective C—H animation reactions (not pictured).

In the proposed catalytic mechanism, /n situ generated Ce(IV)-methoxide complex 215
undergoes photoinduced ligand-to-metal charge-transfer (LMCT) to generate the methoxy
radical 216 and Ce(l11) species. The generated methoxy radical is poised to abstract a C—H
bond from cyclohexane. Resultant nucleophilic carbon-centered radical 218 traps enone
20ah to produce stabilized electrophilic radical 219. Finally, this radical can be reduced by
excited-state DPA co-catalyst 220 to furnish desired alkylated product 212. Co-catalyst 13
accelerates product formation, suggesting that the oxidation of Ce(l11) to the active Ce(IV) is
the rate-limiting step of the catalytic cycle. The proposed mechanism is supported by steady-
state homolysis experiments and transient absorption spectroscopic studies, which describe
a fast bond homolysis process and rule out the LMCT even as the rate-determining step in
the catalytic cycle. The light-mediated cerium-catalyzed Giese reaction efficiently alkylates
enones. The reaction is not as effective at trapping other commonly used electron-deficient
alkenes such as acrylates, or heterocyclic enones.

Direct hydrogen atom abstraction of non-reactive C(sp3)—H bonds

generates carbon-centered radicals

Many photoredox-mediated strategies for forming carbon-centered radicals take advantage
of labile bonds like alkyl halides and organoboranes, or other redox-active functional groups
that can readily engage in electron transfer. Methods for the cleavage of non-reactive
aliphatic C—H bonds typically require C—H activation, 189 or involve intramolecular
hydrogen atom transfer (HAT) processes (see Sections 9-10). 158d:¢ Recently, a method has
emerged that invokes photosensitizers/substrate interactions as directly enabling the C—H
abstraction event to affect the cleavage of inert C(sp3)—H bonds (Scheme 53). This strategy
does not rely on the presence of redox-active functional groups in the substrate, and benefits
from innate site-selectivity.

A novel mechanism for achieving direct homolysis of unactivated C(sp3)—H was recently
disclosed by Knowles and Alexanian and co-workers19 (Scheme 53). The development
of this method was prompted by an unexpected control reaction, in which alkylation of
tetrahydrofuran proceeded in good yield absent reagent 223, which had been expected

to affect C—H abstraction. Subsequent mechanistic experiments are consistent with a
mechanism that relies on trimolecular PCET to achieve C—H abstraction. Specificially,
evaluation of the redox half-potentials of the phosphate base and the iridium photocatalyst,
leads to the conclusion that HAT mediated by an oxygen-centered radical is improbable.
Titration experiments reveal a prominent shift in the proton signals at the 3,3’-position of
the dCF3 bipyridine ligand in the presence of increasing concentrations of base. The base-
ligand coordination is further supported by evaluations of binding kinetics. The alkylation
reaction can be effectively shut down in the presence of substitutions at the 3,3’-position
which disrupt hydrogen bonding interactions between the ligand and base, such as the
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installation of fluorine atoms. Additionally, Stern Volmer quenching studies support the
hypothesis that both the alkane and phosphate base are needed to promote electron transfer
in order to generate the carbon-centered radical intermediate. KIE studies provide evidence
that Ir catalyst quenching occurs as a result of C—H bond cleavage. This PCET-mediated
Giese reaction proceeds with innate selectivity by generating carbon-centered radicals at
the most electron-rich C(sp®)—H bonds (225-227). This method expands the scope of
radical acceptors to include vinyl ketones (226), and demonstrates that the direct C(sp2)—H
cleavage can be used in for the late-stage functionalization of complex molecules such as
ibuprofen-derivative 227.

Less mild methods have been proposed to affect direct C—H abstraction in much simpler
systems. Recently, Noél and co-workers'9! developed a light-mediated, decatungstate
(TBADT)-catalyzed method for the direct C—H homolysis of gaseous hydrocarbons

under flow-reaction conditions (Scheme 54). Under near UV irradiation, it is plausible

that the photoexcited TBADT anion 230 (*[W40032]*") relaxes to the reactive species,

wO (231), characterized by highly electrophilic oxygen centers, 192 which can abstract

a hydrogen atom from a light-chain alkane (isobutene, propane, ethane, or methane)

to generate nucleophilic carbon-centered radical 233. These alkyl radicals trap electron-
deficient alkenes to produce electrophilic radical 234, which can be converted to product.
The reaction with aforementioned gaseous hydrocarbons proceeded efficiently with a range
of benzylidenemalonitriles (i.e. 20aj). With the exception of methane, the generated alkyl
radicals can also form C—C bonds with A~phenylmaleiminde and norboranone radical traps
(not pictured).

Flow-reaction conditions are critical to the successful generation of key carbon-centered
radical intermediates from gaseous reagents. As opposed to batch conditions, the flow
reactor can take advantage of the safe regulation of pressure to increase contact between

the gaseous substrate and the liquid reaction mixture. Additionally, flow conditions improve
irradiation, which often shortens reaction times. 23 While these benefits can enable more
efficient and safer photoredox-mediated reactions of gaseous reagents, flow-reactors can be
complicated to set up. Similar to some tin hydride-mediated Giese reactions, flow-reactors
typically require syringe pumps, if not even more costly equipment.

12. Summary and Outlook

Giese reactions have served and will continue to serve as a useful platform for the

discovery of photochemical technologies. New photoredox-mediated radical conjugate
addition reactions herald the development of improved photocatalysts and radical precursors,
as well as novel approaches to achieve site-selectivity and even asymmetric induction. These
reactions streamline syntheses of therapeutically-relevant targets, and move the chemical
industry toward reliance on sustainable sources of energy and reagents. Importantly,
photocatalyzed Giese reactions advance our understanding of the exponentially growing
field of photochemical synthesis, and serve to demonstate its power.
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Figure 1.

(A) Iridium phofocatalysts
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(B) Ruthenium photocatalyst & Lewis acidic rhodium complex
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complex’
Epr2(*PC/PCT) = +2.26-2.61
Vvs SCE

Figure 2.

Page 39

Structures and electrochemical potentials or half potentials of organocatalysts and alternative

transition metal photocatalysts (in acetonitrile). Z See ref 151. 2 See ref 30 and 31. In
CH3CN:H,0 (1:1) © See ref 99. 7 See ref 32. € See ref 133. T See refs 33 and 134.
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(A) Net Giese reaction
( “ewa )
R7X R — R "Ewa R N"Ewa
(B) Tin hydride-mediated Giese reaction mechanism

7
R X /R \f\ewe

X-atom radiqal
AIBN, A 7abstract/on trapping \

h
Bu;SnH LF Bu;Sn- R/\/\EWG
initiation
AN X H-atom A
R EWG abstraction ~ BUYsS™H
(C) Potentially competitive off-pathway reactions
Hydrostannylation Premature reaction with tin hydride
2 . BusSnH
BusSn- Z “EWG Bu:,Sn\/\EWG v 3 R NH
Scheme 1.

Until recently, most Giese reactions relied on tin hydride, or tin hydride and AIBN.
Conditions were tuned to minimize potentially competitive off-pathway reactions.
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(A) Net photoredox-mediated reduction
[Ru(bpy);]Cl,
9,10-dihydro-10-methylacridine
0 (AcrHy) 0
with or without HCIO,
ph)j\/ Br hv(320 or452nm) PhJ\CHa B
1 6 MeCN 1 7

no HCIOy,, 8h, 74% yield
2M HCIQy,, 7h, >98% vyield
(B)Absent acid, the photoexcited [Ru"]* is reduced as it is quenched by
AcrH,, and the critical alkyl radical intermediate forms based on direct
substrate reduction by the reduced photosensitizer
AcrHy*" AcrH’

OH
phJ\/Bf 7N\ - =Ph).\,Br —=. 17

[Ru'] [Ru"]
16 18
AcrH,* . hv
reductive (RO
quenching acrH,

(C) With acid, the photoexcited [Ru"]* is oxidized as it is quenched by
protonated substrate to form the critical alkyl radical intermediate

o] HCIO,  CI04 woidiative OH
;L quenching —s —_——
Ph)l\/ Br J ] prs ).\/Br 17
16 [Ru"]* [Ru'"]

A Ao ’
hv [Ru'] AcrH,*"
Scheme 2.

Key precedent: Fukuzumi and co-workers induce changes in the mechanism of photocatalyst
quenching with an acid catalyst
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[Ru(bpy)s](BF,),
OAc iPrNEt SOAc
AcO 0 Hantzsch ester AcO
Acg\ﬁ- U EWG AcS
Pyt hv (14W fluorescent)= AcO
Br CH,Cl, EWG
19 20
12 examples

42-98% yield

Scheme 3.
Photocatalytic reductive dehalogenation reaction enables diastereoselective synthesis of C-

glycosides without the use of tributyl tin reagents
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(A) Jui and co-workers 2017
Hantzsch ester
(1.3-1.5 equiv)
hv (blue LED)

o)
r PPy Py
R1-x Rz AN EWG 3(1 mi)l o/c) 6; R‘J\i/ EWG
X=1,Br, 3 H . - 3
NHPI ester & 20/DMSO (0.1 M) R
22 20 23
1 equiv 2 equiv
N — (o] (o]
| HN & ;
~
N o | o o
N N CbzN N CbzN
R \( Me0,C” z \(
Bu Bu
23a 23b 23c
84% yield 80% yield 86% yield
from Arl from ArBr from NHPI ester
68 examples 9 examples, 42 to 93% yield
34 to 97% yield >20:1 d.r.

(B) This photosensitized Giese reaction relies on a polar reaction
mechanism to protonate or deuterate an intermediate anion

H(D&
O/ COzMe <. CO,Me Ny 0O,Me
NBoc, H20 (m“Z | Z NBoc,
22a 20a D20 23d

>95% H in H,0
94% D in D,0

Scheme 4.
Photocatalytic dehalogenative carbon-radical formation streamlines access to heteroarylated

unnatural amino acids, and expands radical precurosor scope to include alkyl iodides and
alkyl bromides. NHPI = A-hydroxypthalimide
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ElMarrouni & Balsells and co-workers rely on dual roles of (TMS)3SiH

_Ph
(TMS)3$I— HN
Br- HBr o
Be (TMS)ss' (TMS)3S|—
R —

MeO (TMS)38|—Br MeO (TMS),Si - MeO H
(o) (0]
25a  promide radical 250 H-atom 26
abstraction trapping abstraction Vorinostat

precursor
48% yield

Conditions: alkyl bromide (1.5-3 equiv), olefin (1 equiv),(MegSi)3SiH (0.75 equiv)
hv (blue LED), Na,COj (2 equiv), [Ir(dFCFzppy).(dtbbpy)](PFg) (1 mol %), MeOH (0.2
M). 39 examplex, 35 to 89% vyield.

Scheme 5.
Photocatalytic conditions rely on dual roles of (TMS)3SiH to streamline access to Vorinostat

precursor.
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Wang and co-workers 2019
(CO)sMn—Mn(CO)s Ph

l hv (blue LED)

“Mn(CO)s
ﬁ, _\_>
| -Mn(CO)s |

X-atom radical
27a abstraction 27b trapping 27c
Closing catalytic cycle

Eto,cﬁcozst Etozcj\/'\/Ecoza
Me” N7 “Me

H
_\T> . I—Mn(CO)SA? “Mn(CO)s

Et0,C CO,Et Et0,C.__~ COEt
I\L XX

N Me

H
H-atom 19

abstraction 28

Conditions: hv (blue LED), Mn2(CO)10 (10 mol %), Hantzsch ester (1.5 equiv),

DMSO (0.1 M). 44 examples, 29 to 96% yield.

Scheme 6.

Page 45

The putative reaction mechanism for a Mn-driven deiodinative Giese reaction parallels that
for tin hydride-mediated processes. Consequently, these two non-photocatalysed processes

feature similar substrate scopes.
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Li co-workers 2013

Br c02Me
NBoc +
N H
Boc
29
entry conditions temp (°C) 29:20c Vyield (%)
1 AIBN, BusSnH, toluene 80 1:4 0
2 BugSnH (slow addition), benzene 80 1:10 58
3 [Ir(ppy)2(dtbbpy)]PFg (2.5%), rt 1.5:1 91

hv (blue LED), EtzN, DMF
Scheme 7.

Tertiary benzylic radical forms and reacts more effectively under conditions that are
photoredox-mediated than tin hydride-mediated.
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Melchiorre and co-workers 2018

thiocarbamate (10 mol %)

hv (blue LED)
CO,Me  y-terpinene (1.2 equiv) CO,Me
J/ 2,6-lutidine (1.2 equiv) L
cl Ph > Ph
N~ MeO,C MeCN (0.5 M) MeO,C
31 20d 24 examples 32, 73% yield
1.5 equiv 1 equiv 40 to 94% yield (8.6 g scale)
c1” > ph
SK SN2 31
Me e transfer

:,\NJLSAP,,
w34

iPr | & hv
homolysis
Me
39 sy

CO,Me

CO,Me J;
MeO,C Me0,C NC\/@

N
N
Z “NH < = W l\llle
\ N
/g N 7/ :
0”7 °N” Yo 44 Tolmetin precursor

H NH, 39.5% yield (8.3 g)*
42, 44% vyield 43, 55% yield *(without 38, 60°C)

Scheme 8.

Indirect dehalogenation enables photoredox-mediated radical generation from otherwise

inert benzyl halides
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Yoon and co-workers 2009

o o hv (23 W CFL) 0O O
Ru(bpy)sClo G mol %) ‘\\\\ Ve
Ph Me 'Pr,NEt (2 equiv) <
I | LiBF, (4 equiv) |
Me MecN(O.5M) M€
45 20e ) 47
1 equiv 2.5 equiv o 84% yield, >10:1 d.r.
PR
.
* “Me
46

proposed intermediate

Scheme 9.
Lewis acid co-catalyst allows for the photochemically-mediated reduction of enones to

generate allylic radical anions
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Meggers and co-workers 2017

EWG
NET

48a (2 equiv) 50 52

A-RhO (8 mol %)
Hantzsch ester EWG

(1.5 equiv) SO,Ar
hv (21W CFL)
1,4-dioxane (0.2 M) 2of

\ [Rh]---0 \
Me Me N\N F R Me
49 \ 51
R'=Ar Me
R' = Me, Et, "Pr, 48b

= 17 examples, 54 to 85% yield, 76 to 97% ee
Tolerated additives:

j\/ Mo\, H 0.0

% - Me
|/\N Z W""OXME
0\) HO

53 54
99% recovered 99% recovered

Scheme 10.

reaction o - )

l\llle

0 _N_ N
YWF !
N

Me” N
0 M
55

Page 49

e

99% recovered

Dual-acting chiral rhodium complexes serve as chiral template and photocatalyst for the

asymmetric conjugate addition of enolate radicals
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Yoon and co-workers 2010
MeO,
Ru(bpy)3(PFg)2 (5 mol %)

MeO.
hv (200W incandescent)
pn Methyl viologen (15 mol %) Ph
| \J/ MgSO, (4 equiv)
™ H H
o MeNO, (0.5 M)

(o]
56 58
1 equiv 89% yield, >10:1 d.r.

L]

MeO
Lo S
57

proposed intermediate

Scheme 11.

Page 50

Key Precedent: Electron-rich alkenes can generate aryl radical cations in the presence of

chemical oxidant additives
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(A) Wu and co-workers 2017
hv (blue LED)

[Acr*-Mes]CIO, CN
X Me e (1.25-5 mol %)
(7K - S en
CN DCE (0.05 M) \ s pn
Me Ph
58 examples Me
59 20g . 60, 53% vyield
5 equiv 1 equiv 10 to >98% vyield ’
(B) Wu & Chen and co-workers 2018
Me e
o hv (blue LED)
Cu(OTf), (10 mol %) Ph
Ph [Acr*-Mes]CIO,
| (1.25mol%) _  Ph
Ph -
B(pin) DCE (0.05 M)
61 20h 44 examples
1 equiv 2 equiv 38 to 850/0 y|e|d
B(pin)

62, 59% vyield

Scheme 12.
Acridinium photocatalyst 10 enables the direct generation of allylic and benzylic radical

cations for alkylation
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(A) Akita & Koike and co-workers 2014

Cl Cl
1. [Ir(dFCF3ppy)2(bpy)]PFg

(5 mol %)
hv (blue LED)
acetone/MeOH

I?oc - -

HN._BFK X -CO:Et 2. 6N HCl, 100°C HCI- HoN CO,H
CO,Et
63a 20i 64a, baclofen + HCI
1.2 equiv 1 equiv (2 steps)
89% yield

(B) Akita & Koike and co-workers 2015

[Acr-Mes]CIO,

Me (2 mol %) Me
Br BFsK [\ _CO,Et hv (blue LED) 5 CO,Et
Me acetone/MeOH d
CO,Et Me CO,Et
. 1 I :
63b 20j 3. oo vk 64b, 78% yield
1.2 equiv 1 equiv

Scheme 13.
Oxidation of aminotrifluoroborates offers a strategy for the installation of primary amines

and sets the stage for the non-metal photoredox-mediated oxidation of a wider scope of
organotrifluoroborates
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(A) Sibi and co-workers 1997

Mgl, (1 equiv), ligand (1 equiv) MevM

o) o)

o /U\/\ Bu3SnH (2 equiv), Et3B (2 equiv) o
i
0)\\ N = Bh Prl (5 equiv), O, o»\ N
\/[ CH,Cl, (0.1 M), -78°C \/]

20k. ligand: R'=R2= ANF 65.
haqd 92% yield

R! R? 82% ee
o\,)kro
G R
N N/

(B)Meggers and co-workers 2016

5 [Acr*-Mes]CIO, (2 mol %) 5 R!
hv (blue LED)
J\/\ A-RhS (4 mol %) )l\/(
KF;,B\/R1 z R2 - Z R2
acetone/H,0
(o 2 M)
R'= alkyl, aryl z= N‘N \(ﬁ
63 20 Q/ 66
1.5 equiv 1 equiv 33 examples
40 to 97% vyield

77 t0 99% ee

Scheme 14.
Organotrifluoroborates expand the scope of enantioselective Giese reactions

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 20.

Page 53



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kanegusuku and Roizen

R A O hv _ H.
HyC—N /Y —
H R?
R? = alkoxy
or alkyl
67 20
o
H—B
1
o ik M
H3C—N+- HC=N —>
o - H

Scheme 15.

Traditionally, amines have served as aminyl radical precursors in conjugate addition/

cyclization cascade sequences.
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Nishibayashi and co-workers 2014

T™MS H
N
Ph CO,Et
CO,Et
Cl
67a 201
1 equiv 1.2 equiv
CO,Et

™S H pp

S o

R! Ph (o)
67b,R'=H 20m
67c, R'=Me 1.2 equiv

1 equiv

Scheme 16.

1. [Ir(ppy)2(dtbbpy)]BF,  EtO,C
(1 mol %)
hv (white LED) Phu,, o
NMP (0.1 M)

> N
2. KO'Bu (2 equiv)

19 examples
44 to 95% yleld . cl
6:1 to >20:1 trans:cis 70a, 95% yield

>20:1 trans:cis

1. El1r(pp)ly)‘é(;:ltbbpy)]B|=4 CO,Et
mol 7%
hv (white LED) Ph— XX~ Me
NMP (0.1 M) \ R
2.DDQ(2equiv)y  R'  Ph

71b, R'=H, 72% yield
71c, R' = Me, 55% yield

Page 55

Conjugate addition of a-silylaminyl radicals provide access to high value A-heterocycles
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Yoon and co-workers 2015

Sc(0Tf); (15 mol %)
PyBOX ligand (20 mol %)
hv (23W CFL) 0

Ru(bpy)aclz (2 mol %)
BuyNCI (30 mol %) 2
MeCN (0 05 M) N
Me

72 20n z= N 73, 80% vield
1 equiv 1.5 equiv N, 90% ee
Me Me Et 23 examples

Scheme 17.
a-silylamines engage in enantioselective photocatalyzed Giese reactions with the aid of

Lewis acid co-catalysts
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(A) Hydrogen-bonding controls stereochemistry of tin-mediated Giese

OH O Bu;SnH OH O
g Et3B, ‘Bu-I < 's'
Me R Me” N R
CH,Cl, -78 °C H
S gy
most stable conformer 89% yield
R Me by PM3 calculation >08:2 syn:anti
(B) Bach and co-workers 2016
'Ar
. hv(>300mn)  Me=N"
g Ru(bpy)3(BAF), (5 mol %) Sl
Af \ chiral template (2.5 equiv) e
| >
i _N fo) PhCF3 (0.05 M) —25°C [o)
T™S H 10 examples H
76 to >98% yield
74 200 56:44 t0 60:40 .1 75
1.5 equiv 1 equiv 58 to 72% ee
Me Me
R1
Me - _H--0 /
0---e.y—N

(o]

model for hydrogen bonding between
chiral template and Michael acceptor

Scheme 18.
Hydrogen-bonding strategies can induce enantioselective Giese reactions, even those

involving of a-silylamine radicals
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Melchiorre and co-workers 2017

TFA (40 mol %)

hv (blue LED)
organocatalyst
(20 mol %)
—>
MeCN " P

20p
1 equ|v 3 equiv 76% yleld, 85% e.e.
29 examples
(o] o
/HL" o
.., Ph
Ph” : Ph
85 N T x—H 20q
HTDSO colorless
QR H0 - @‘R
|
J)\H J)\H
o, _-Ph
Ph 84 Ph 78 .
thermal colored
'''''''''''''''''''''''''''''' =========== (>400 nm)
& photochemical & -
R N R
X |
Ph
—5 7 "H H
83 Y |
Solv 79
\S\ & / Eyp~+2.4V
Ag/Ag*
. SET. &
Solv-TMS -— \ Pl(1CH30N)
X TMS—/ Z "H ™S
81 ph”® 80 76
Epp~+0.9Vvs Epp=+1.74V vs Ag/Ag*
Ag/Ag*(CH;CN) (CH4CN)

Scheme 19.

Photoxidation of a-organosilanes can generate carbon-centered radicals that participate in

enantioselective Giese reactions in the presence of a chiral organocatalyst
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Jui and co-workers 2018
hv (blue LED)

FI{Z [lr(dFCFa%PV)z(Id:/b)bpy)l(PFs) F|x2
N. _H EWG abic - N EWG
N Lol 1
Rl y DMSO R
R3 R3
86 20 87
3 equiv 1 equiv 21 examples
25 to >91% yield

MeO

OH
< NH .
0 H
\/\/{ N OH
BocHN N
o} H
o} o}

CbzN \(

Bu N
Ph” “Me
87a, dextromethorphan derivative 87b
64% yield 86% yield
>20:1 d.r. 1:1dr.

Scheme 20.

Page 59

a-aminyl radicals react with dehydroalanine derivatives to generate unnatural amino acid

derivatives
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Nicewicz and co-workers 2018

(o)
| hv (455 nm LEDs) By
NBoc + "Bu [Acr*-Mes]BF, (5 mol %) ~
Me (o)

CH,Cl, (0.1 M) l\t
BocY
88 . 201" 29 examples Furst-Plattner-like
3 equiv 1 equiv 20 to >98% yield transition state
H
K,CO;4 Y
TFA NH H,, Pd/C
—_— NBo(t): gy —> 0% gy

Me Me Me  "Bu
89 90 91, 51% yield

(+)-monomorine |

Scheme 21.
Giese reactions engaging fert-butylcarbamoylated compounds as radical precursors provide

simplified syntheses of alkylated amines
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Rovis and co-workers 2019

quinuclidine (2 equiv)
hv (blue LED)

0 O R' R? RS  [Ir(dFMeppy),(dtbbpy)l(PF)) o o R! g2 R®
N X (2 mol %) Y
FC” N7 H A Ny ™ FC” N EWG
3 H DMF (0.2 M) 3 H
R* R® R*
92 20 93
1 equiv 3 equiv 34 examples
32 to 77% yield
Et Et PO(OEt
0\\ //O 0\\//0 (OEt), o\\s//o Et Me
Fs.€7 N Xy F,Cc” N 7
3 N | 3 N FsC u CN
~
93a, 33% yield 93b, 32% yield 93c, 62% yield
2.6:1d.r.

Scheme 22.
Photomediated a.-C(sp3)—H alkylation of electron deficient primary amine derivatives

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kanegusuku and Roizen

(A) Okada and co-workers 1991
BNAH (1 equiv)
o Ru(bpy);Cl,

©O~npnth A co,Me hv CO,Me
THF/H,0
BNAH =
94 20s HNOC e 95
1 equiv 1.1 equiv 50% yield
=
(B) Barton and co-workers 1985
S
[o] </ N—ONa
o c S'Bu Nc— CcO,M
L,Me
o ; N Y
CO,Et benzene, 80°C
96 20t 97
1 equiv 1.5 equiv 53% yield
(C) Barton and co-workers 1984

z
|

N

S S N
o — 4 N—ONa CO,Me

5— h
come — — T o
benzene
98 20s 99
1 equiv 2 equiv 35% yield

Scheme 23.

Key precedent: A-(acyloxy)-phthalimides (A), oxalates (B), and carboxylic acids (C) are
used as radical precursors for conjugate addition reactions for dating back over 25 years

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kanegusuku and Roizen Page 63

(A) Overman and co-workers 2012

102a, X=H

1. LiDBB
2. TMSCH,CuCNLi
3. TBSCI

103, 70% yield
(o} >20:1 d.r.

100, r'=CN
101, R'= CO,NPhth 102b, x=c1
Hantzch ester .
[Ru(bpy)s](BF,),
hv (blue LEDs)
iPr,NEt, CH,Cl,
104, 61% yield
>20:1 d.r.
Scheme 24.

Radical addition resulting from the decarboxylation of A-(acyloxy)-phthalamides offers
complimentary stereoselectivity to traditional organocuprate-mediated conjugate addition
reaction for the formation of quaternary carbon centers
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Overman and co-workers 2015, en route to (—)-solidagolactone

1. hv (blue LEDs) o
| Yo Ru(bpy)s(BF,),
~ (1 mol %) | o
20u Hantzsch ester
; (5.2 equiv)
1.4equv o’ NEY, CH,Cl, A Y- Me
> Me Me Me Me|
2. DBU, CH,CI, Me
| J_Me
Me e (74% yield) 107 N
CO,NPhth (>20:1d.r.) electrophile trapped Y
during approach to 0
106, less-hindered 108
1 equiv equitorial face not detected

Scheme 25.
N-(acyloxy)-phthalamide radical precursors streamline the synthesis of #rans-clerodane

diterprenoids
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Overman and co-workers 2013

[Ru(bpy)s](PFe)2

(o) (1.5 mol %)

R O EWG hv (blue LED)
Rh/ NPhth [ Hantzsch ester (1.5 equiv)

RB O R4 iPr,NEt-BF, (1 equiv) _
THF/CH,Cl,
109 20
1.5 equiv 1 equiv

Scheme 26.

Page 65

EWG

110

21 examples
22 t0 92% yield

N-phthalimidoyl oxalates are readily prepared, user-friendly radical precursors for the

generation of quaternary carbon-centers
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Kbnig and co-workers 2016

BZOzc

Me
(0]
BocHN

ONPhth

CO,Bz

111 20v

1 equiv 5 equiv

Scheme 27.

Page 66

Eosin Y
(10 mol %)
hv (green LED) Bz0,C
Hunig’s base

(2 equiv) BocHN

Y

CH,Cl, Me” CO,Bz

31 examples
<5 to 92% yield 12
64% yield

Metal-free decarboxylation of biomass-derived A-(acyloxy)phthalimides offers an
environmentally sustainable method for derivitizing amino acid among other sustainably

produced carboxylic acids.
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Meggers and co-workers 2018

R? R!
rll\ Hantzsch ester (2 equiv) r:|\
L R! o R hv (23W CFL) u R2
A-RhS (8 mol %)
? (o) Z Jkfl\F‘S V4 As RS
NPhth acetone
R'= Boc, Fmoc R:= H,F Z= N‘N/i 114
R2= H. Me R°= aryl, alkyl ]
’ alkoxy R3 28 examples
42 to 89% yield
113 20 90 to 97 ee
1.5 equiv 1 equiv
H H
1 1
N\ N\
(o] Boc o Boc
HO HO Me
Me
Cl
114a, Boc-(R)-Baclofen 114b, Boc-(S)-Pregabalin
82% vyield, 90% ee 87% vyield, 91% ee

Scheme 28.

Page 67

Application of Rh-based chiral Lewis acid enables enantioselective Giese reaction using

N-(acyloxy)-phthalamide radical precursors
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Wang and co-workers 2020

e
PL N
H o Ole photocatalyst . Bu X
u
X =S8, Se, 20 belz.'se \—X _H Y «uR!
'V ., N
—_— °§’ N N 0.
0 H 47 —OMe H OMe
v
o R 116
115 >20:1 d.r.
o NHBoc o (o]
SM
PhthN\o /U\) PhEhN. . . J\/ e
115a, (2 equiv) 115b, (1.2 equiv) F 115¢, (2 equiv)
4 examples 5 examples 3 examples
65 to 70% yield 78 to >98% yield 87 to 90% yield
PC: eosinY (10 mol %) PC:[Ru(bpy),](PFs) (1 mol %) PC:[Ir(dFCFzppy),(dtbbpy)]
base: Hunig’s (2.5 equiv) base: Hunig’s (2.0 equiv) (PFg) (1 mol %)
solvent:  CH,Cl, additive: Hantzsch ester base:Cs,CO;3 (2.5 equiv)
hv: CFL (40 W) (1.5 equiv) solvent: DMSO
solvent: CH,Cl, hv:  blue LED (10 W)
hv: blue LED (10 W)
Application to peptide synthesis
F F
Bumy SOy F one-pot H,N—FLRYAS, F
u o . H -
~( ligation H2l N "
HN — H N
OMe deselenization 2 “AREYG
K Nco,H
116a, deformylated 117, 45% yield
Giese product peptide w/ unnatural amino-acid

Scheme 29.

Page 68

Diastereoselective Giese reactions produce enantioenriched p-thiolated/selenolated amino

acids
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(A) MacMillan and co-workers 2014

hv (26W CFL)
X=C,0,NR* RS [Ir(dFCF3ppy),(dtbbpy)](PFg) RS
1 mol %)
fo COH _EWG KoHPO, (1.2 equiv) . X EWG
RS —_— HG
R? R® DMF (0.4 M) R2 RS
118 20 119
1 equiv 1 equiv 36 examples
53 to >97% yield
CO,M:¢
CO,Me v ,Me
~, (3]
BocHN™ ~CO,H 7 “COMe  k,Hpo,  BOcHN CO,Me
Me. —— Me
DMF
M
Me (96% yield) ©
118a 20w 119a
H,N
1. KOH, H,0 o
(80% yield)
—_—
2. HCI, reflux ol
(74% yield) N

(#)-Lyrica (pregabalin, 120)
(B) Armaroli, Sambri & Cozzi and co-workers 2017

EtO, EtQ EtO,
o o o
S S
S o) A2 D
[e} S O: s o}
OEt OEt OEt
20x 121 122 123
2 equiv 1 equiv 20 examples

39 to 93% yield
() [Ir(ptrz),('Bu-bpy)I(BF,) (1 mol %), hv (Blue LED), K,HPO, (1 equiv),
DMSO (91% vyield); (b) Hp, Raney-nickel, MeOH/H,O (84% yield)
(C) Xu and co-workers 2017

OEt OEt Ve
N
Eto)\COZH Etow
124 (@) ) P>
1 equiv —_— )
Me 29 examples 125, 77% yield
N 35 to 95% yield Me
Y "
o Lo Y
o OEt
20y
1.5 equiv 126, not detectedOEt

(a) hv (Blue LEDs), [I(dFCF3ppy)a(dtbbpy)](PFg) (2 mol %), KoHPO,
(1.2 equiv), DMF (0.1 M)
(D) Gonzalez-Gomez and co-workers 2017

Me hv (blue LED) Me
0._COH S/coza Eg‘;’ﬂ;i}u) o CO,E
©: j/ Na,COj3 (20 mol %) ©:
COEt — COLEt
o . MeCN/H,0 (4
127 20j (2:1) (0.3 M) 128, 86% yield
1.3 equiv 1 equiv 15 examples,
54 to 92% yield
(E) Fang, Jin & Li and co-workers 2018
hv (9 W blue LED)
Phe POOE: [irdrCFppy)(dtbbpy)lPFy M FOOEN:
(1'mol %)
MeO' CO,H Ph Cs,CO0; (1.5 equiv) MeO' Ph
- e
129 20z DMSO (0.02 M) 130, 80% yield
2.5 equiv 1 equiv 17 examples
67 to >98% yield
(F) Pospech and co-workers 2020
hv (UV LED)
o Me PrPPTNO Me
Me. X CO:Et (5 mol %) Me CO,Et
OH K3PO, (1 equiv) Me'
" e ool Sl
131 20 eCNHO BN OIM 432 66% yield
1 equiv 2 equiv 44 examples
<5 to 96% yield

Scheme 30.
Iridium photocatalyst enables oxidative decarboxylation to generate alky, a.-oxy, and a-

aminoalky! radicals for conjugate addition
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Ravelli and co-workers 2016

R® hv (150 W, 310 nm center) | R° o

EWG (nBugN)4[W4003,] ~ o EWG
R2 X (4 mol %) R?
biphenyl (1 equiv)

4 4 2 p3
R NaCIO, (1 equiv) R R2 R
20 NaHCO; (1 equiv) Ar EWG
> —
AerOzH MECN/Hzo (0.05 M) Ar\. R4
133 L _ 134
20 examples

- Only extremely electron-deficient olefins are viable 37 to >98% yield

Proposed mechanism involves olefin reduction to radical anion, which
reacts with benzylic radical formed through oxidative decarboxylation

[W10O321™ / [W1003.]® [W100321* / [W100321
E*1==1.4 V vs. SCE (CHyCN) EY ”= —0.9 V vs. SCE (CH3CN)
15 o 10 u -0.5
e e
) ) 0
CO,Me MeO,C NC_ _CN
C oo D
g CO,Me CO,Me CN Ph
E1/2re (o)
(V) vs.
SCE 166 31 167 168 169
(CHsCN)  -1.65 -1.47 -1.31 -1.20 -1.09
Scheme 31.
Oxidative decarboxylation generates benzylic carbon-centered radicals for conjugate
addition
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(A) MacMillan & Overman and co-workers 2015:

« introduction of alkyl oxylates as bench-stable alcohol activating groups
* 40 examples, 29 to >98% yield

- six-step preparation of racemic trans-clerodane

(B) Overman and co-workers 2016:
* seven-step enantioselective synthesis of trans-clerodane ¢

(o) OCs
I hv (2 x 34 W blue LEDs)

o XYp 0 [Ir(dFCF3ppy),(dtbbpy)](PFe)
H —.Me o (1 mol %)

A Me H,0 (10 equiv)

* N DME/THF _
2 then DBU, CH,Cl,
135 20u trans-clerodane (136)

1 equiv 1 equiv 78% vyield, 83% ee

(C) Overman and co-workers 2018:
« use of alkyl oxylates in 1,6-addition reactions
+ 22 examples, 30 to 77% yield

o EtO,C hv (2 x 34 W blue LEDs)  Et02C
|  Dr(@FCF3ppy)2(dtbbpy)](PFe)
Me (o} (1 mol %) N
Me OCs I H20 (10 equiv)
o - Me
DME/THF (0.025 M)
Me
3
N ~
I
~ N
137 20aa 138
1 equiv 1.1 equiv 58% yield
Scheme 32.

Oxalate radical precursors engage in selective 1,6-conjugate addition reactions

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 20.

Page 71



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kanegusuku and Roizen Page 72

Gualandi, Monti & Cozzi and co-workers 2017

hv (24W blue LED)

4
R [ir(d FCF3P$V)z(f£7bPV)](PF6) R
mo
(R1/\802)2 Zn %\Ra ( °) - R1/\)\R3
4:1 EtOH/M,0 (0.2 M)

R'= aryl, alkyl R? R?
139 20 140
3 equiv 1 equiv 16 examples

11 to 85% yield

Scheme 33.
Zinc sulfinates generate carbon-centered radicals under reductive quenching conditions
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Leonori and co-workers 2017

(A) Anticipated reaction intermediates and examples of products

EWG_ EWG_
Me |Y i Yz
CO,H  (4-6 equiv)y! Me Me Y. Me
Me Me .
Me blue LEDs / Me Me
_0 10 .
J e ) "
—
Ph solvent Ph Ph Ph
141 CO, + R,CO 142 143 144
Imino-Giese reaction Iminoamination
(5 examples) (6 examples)
Me solvent: MeCN/H,0 solvent: CH,Cl,
€0,Bn o FOEt
Me —N
Me HN
H Et0,C
N N N
| | [
Ph H  pn | A
/
144a 144b N 144c 144d
61% yield 51% yield 60% yield 41% yield
3:1d.r. 1:1dr.

(B) Oxidation potentials influence substrate design

[Ir(dF(CF3)ppy),(dtbbpy)]PFg (1) [Mes-Acr]CIO, (10)
E*yj2 = +1.21 V vs. SCE (CH3CN) E*yjp = +2.08 V vs. SCE (CH3CN)
1. : . 0 2
l0 1 ' 1 1 1I5 L 20 L]
T T T T T T e T [ %
R T I

EX (V) vs. 145a 145b 145¢ 145d
SCE (CH4CN) +1.65 +1.75 +1.80 +2.10

Scheme 34.
Hydroxyacid-derived oximes engage in oxidative decarboxylation to generate iminyl

radicals to initiate serial cyclization /Giese reactions
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Jiang and Studer 2017
Me_ _CO,H X CO:Me Me CO,Me

T blue LED (10 W) Me

N7 Me ph(c:t;c;t;l,;'st Nl

Ph)l\/\/k Me — 2 o
146 C2HyCly, 16 h 147
entry photocatalyst base yield (%)?

1 [Mes-Acr]BF, CsF n.d.b

2 [Ir(dF(CF3)ppy)2(dtbbpy)]PFg Cs,CO; 49

3 [Ir(dF(CF3)ppy)2(dtbbpy)]PFe CsF 79

a 1H NMR yield using CH,Br, as an internal standard. PNot detected by '"H NMR
of crude reaction mixture.

Selected from 32 examples

Ph
EWG SO,Ph R2=H, 147a
42% yield (2 mol% BocN

EWG = PO(OEt), R?= 147¢ 147d
147b 85% yleld 89% yield, 1:1 d.r.  62% yield, >20:1 d.r.

Scheme 35.
Hydroxyacid-derived oximes engage in oxidative decarboxylation to generate iminyl

radicals to initiate serial cyclization /Giese reactions
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Zard and co-workers 1994

x-CO:Me =N
(5 equiv)
=N UV hy
0 CH,Cl, CO,Me
>~q g
o S N
N 7\
v _
148 152, 77% yield
S N
hv
co, 20s X -CO:Me ]\ U
=N =N
N
N
U - .
b~ COZMe
149 150 151

Scheme 36.
Key precedent: Oximes are iminyl-radical precursors capable of inducing p-scission / radical

conjugate addition cascade sequences
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n‘\fo

o. A Ewe
N photocatalyst
hv, base
JS} . N xRN Eng
In solvent R2 R?
R R 153 154

Zhou and co-workers 2017

F5C Ph
\Q\fo % o
o Et0,C 20ab, (2 equiv)
N

NC OMe

PC:  fac-Ir(ppy)s(2 mol %) CO,Et
base: = o/ i
153a é solvent:  MeOH (0.1 M) 154a, 68% yield

hv: blue LED d.r.=2:1, 1 example

Chen & Xiao and co-workers 2018

F;C
\©Yo °> 07 0 ©

o 20ac, (3 equiv)
i ¢ =)
‘ PC:  fac-Ir(ppy)s(2 mol %) NC O
base: Li,CO3 (2 equiv)
solvent: ~ DMF (0.1 M)
153b hv: blue LED 154b, 27% yield
O 19 examples

(27 to 88% yield)
d.r.=1:1to 3:1

Chen & Xiao and co-workers 2019

o
MeO o
0
o
o | [ OMe
~ M
N 20ad, 2eg Ny Me
Me o/ Vi
\85 PC:  2-CI-AQN (0.5 mol %) 152‘:30’ 57% |y]e|d
0 base:  K,COs (2 equiv examples
g 200 (2 equiv) (57 to 81% yield)
153¢ solvent: 2-butanone (0.05 M) dr=111to>19:1
hv: UV 370 nm f=T1110>19

Scheme 37.

Cyclic oximes engage in photoredox-mediated B-scission / radical conjugate addition

cascade reactions
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H
s, 3 . H,S0,,0°C
']‘ Me then hv
Cl H
155
_ H,SO,
HSO; CI°
Me_ Me
°SN 1,5-HAT °~N
o+ > )
H H..
H Me L H Me |
156 157

Scheme 38.

six-membered ring
transition state

Page 77

Me\'jl 5

|
H Cl

159

Me

HSO; CI°

H Me
158

Key precedent: Hofmann-Loffler-Freytag reaction enables oxidative functionalization at

remote C(5) position via 1,5-HAT
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(A) Knowles and co-workers access amidyl radicals via PCET

it
& Et,
Et_ concerted :N- »
‘N3 H R B EE— i B-H
o
A PCET

(o) H+

Amide deprotonation not kinetically competitive:
PKa (amide) ~ 23 (DMSO); pKj, (Hop(0)0Bu)2) ~ 1-72 (aq)

(B) Knowles and co-workers 2015

/\COMe (3 equiv)
hv (Blue LEDs)
[Ir(dFCF3ppy).(bpy)](PFg) o

'NH
o=( — (3 mol %)
o....f :0 NBu,OP(0)(0Bu), (25 mol %)

Ph

>

% CH,Cl,
o 7/
o 63% yield, >20:1 d.r.
Me™ hie 24 examples
50 to 95% yield
160

Scheme 39.
PCET enables amides to serve as direct precursors to amidyl radicals in the course of alkene

carboaminiation reactions.
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Knowles and  Chu and Rovis

co-workers
Home  Meoc™S Buo,c R? Me
0 5 (2.0 equiv) (1.5-3.0 equiv) 0o 5
JIq NBu,OP(0)(OBuU), KsPO,
R °N (5 mol %) (2 equiv) RN
H hv (blue LED) hv (blue LED) H
H (3 2mol%) [ir] (7, 2-5 mol %) — H
Me PhCF3 (0.2M)  wet PhCF3 (0.4 M) Me
Me Me
27 examples 26 examples
29 to 87% yield 37 to 83% yield
R': PMP CF;
162 R2: COMe CO,Bu 163
71% yield 64% yield
monoalkylation is feasible with sterically effective for late-stage
encumbered subtrates or trapping agents functionalization
CO,Me Me
MeO,C EtOC
o Me o Me
5 5
H H
PMPJ\ N FacJ\ N7 1 Me
H H Me .
TBSO" ) CF;
Knowles and Chu and Rovis Chu and Rovis
co-workers 163b, 53% yield 163c, 44% yield
163a, 40% vyield 1:1d.r. 47% recovered 162¢
1:1dr.
sulfamides and carbamates imides undergo
engage in PCET-based processes deprotonation and SET
36 examples
Ph Ph 14 to 84% yield
MeO,C Ve ;ﬂeozc Me ;Buozc Bu
o 0 5 5 5
N2
M M
Ph/s\H e 'Bu\‘)Jl\H e EIOJLH o Et
Knowles and Knowles and Rovis and co-workers (2017)
co-workers co-workers solvent: DMF /'amyl alcohol
163d, 74% yield 163e, 29% yield 163f, 68% yield

Scheme 40.
Amides, sulfonamides, and carbamates undergo PCET and SET processes, and the resultant

amidy!| radicals direct Giese reactions
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(A) Rovis and co-workers access amidyl radicals via SET

)

proton R2
R2 ° transfer e (R? SET N "
1—)- :BS > INT BH — > 0=< J
0 L (o] R?
= =
Deprotonation thermodynamically ~ Amidate oxidation kinetically and
favored: thermodynamically viable:
o o o 0 o o
_C3H )L C3H J\
Kq=1.4x10°M"'s™
PK,~13.8 (aq)  PKa~11 (aq) Ey» (vs. SCE)

+0.77 V (CHsCN) +1.04 V (DMF)

[Ir(dFCF3ppy),(dtbbpy)](PFe)
[/ M Eyjp = +1.21 V (CHSCN)

PKa (keHPO4) ~ 12.37 (aq)

(B) Proposed mechanism for directed Giese reactions
01 o

mj\” 164 ~ _— W B ~__ 173 R‘J]\H

HWS

PT PT R'0,C )
R2 R3 S~ BH — R2 R3
j o
ANg~, 165 POFT R
m* .H. 5 \V hv
[lrIII]
R2 R® SET 166
JOL j\‘[lr"] M / j’\
. —_—
RSN 169 168 SET 172 RN
HS RY0,C o ~C
1,5-
R? R® HAT ** R2R?
171
(o}

\ I
AN 10— ATy
’ P R4OZC\/ R402C\/@

R2 R 20 R? R?

Scheme 41.

Page 80

Photocatalysis enables non-prefunctionalized amidyl radical formation via PCET or SET

processes
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Flechsig & Wang and co-workers 2019

o] o]
EtO,C
n‘JLN SOzPh 1 (green LED) Ph)LN 2
OA Et0,C eosin Y (2 mol %) H
" DIPEA (2 equiv)
CH,Cl, (0.05 M)

174 20ae 32 examples 175, 67% yield

R' = alkyl, aryl (2 equiv) 42 to 84% yield

Ar = 2,4-dinitrophenyl

Scheme 42.
Site-selective, remote allylation of prefunctionalized aliphatic amides allows for C—C bond

formation at secondary centers
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Meggers and co-workers 2017

[Ir(dFCF3ppy)2(5,5’-dCF3bpy)](PFg) =\
— (4 or 6 mol %) s N~ar
N N\A A-RhO (8 mol %)
o " NBu,OP(0)(OBu), o o
(8 mol %), 4 A MS
H 5
Ar)LH%% Y hv (blue LED) Ar)j\u >~ g3
R' R? RS CHCl(02M) R' R?
176 20 177
1.5 equiv 1 equiv 23 examples
<5 to 82% yield
84-97% ee
Scheme 43.

Photoredox-mediated site-selective, remote alkylation of aliphatic amides occurs
enantioselectively in the presence of a chiral Lewis acid
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Studer and co-workers 2018

Ph \H/COZMe
20af
2 equiv

hv (blue LEDs)

[lr(dFCFsP?V)z(dtbbPY)](PFs)

then
hydrolysis Me
> 179, 75% yield
32 examples

31 to 84% yield

Me CO,H (1 mol %)

\l/ CsF (2 equiv)
150 CHCl, (0.1 M) Bz, Ph_ _CO,Me

Ph 5[ Me Ph 5 ma
Me =
then Me
178 BzCl, NEt, 180, 71% yield
1 equiv

Scheme 44.

Iminyl radicals guide alkylation reactions at C(5)—H bonds and can be used to access

v-C(sp®)—H functionalized ketones.
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H RS H
Me /& Me
2,
P [° e o [°
RU1.SS Jn=1,2 base RL .S, 2, Mn=12
H o p 3 I:l 0" ‘pr 2
solvent

envisioned intermediate

Authors
(evaluated substrates prone to competitive site-selectivity / total examples)
Roizen and co-workers ~ Duan and co-workers Shu et al
(24/37) (3/42) (5/49)
Me

PhHN Et0,C

(BY0:C Me oc Me 2 Me

CF.
B, B, 5 %
u\N/ \o u\N/ \o N/ \o 'Pr
H H H
Me Me Me Me
H H
181, 96% yield 182, 78% yield 183, 70% yield

Me
'Buozc/\ (2.2 equiv) PhHNOC& (3 equiv) EtOzc/\ (2 equiv)
PC: [Ir(dFCF3ppy),(dtobpy)]PFs [Ir(dFCF3ppy)o(dtbbpy)]PFe [Ir(dFMeppy),(dtbbpy)]PFe

(1 mol %) (2 mol %) (1 mol %)
base: K>CO3 (1 equiv) K3PO,4+3H,0 (1 equiv) Na,HPO, (3 equiv)
solvent:  MeCN (0.2 M) wet DMF (0.1 M) p-chlorotoluene: H,O

(2:1, 0.03 M)

Scheme 45.
Sulfamy| radicals guide Giese reactions
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H " R%0,C RS
00 (R ROCTY 00 (R
R! ,\\S/, K5CO3, hv, [Ir] R! \\S//
N0 R2 _— N0 R2
H MeCN H
184 RS=H, 185
RS = CH,CH,CO,R?, 186
bisalkylation is feasible monoalkylation occurs
with unencumbered with more sterically
alkyl subtrates encumbered subtrates
Bu0,C
1BuOLC 2 'BUO,C
o O o O
N\ Y4
f S M
BUsN-S%07 Me BusN-S5o ¢
H H H
Me
186a 50% yield 185b, 60% yield
22% recovered 184a 40% recovered 184b

complex scaffolds induce diastereoselectivity

R H
\ Me \ Me
OSO,NHBu 0SO,NHBu
185¢, 58% yield, 2:1 dr 185d, 81% yield, 1.6:1 dr
36% recovered 184¢ 10% recovered 184d

Scheme 46.
Secondary centers undergo productive Giese reactions
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Scheme 47.

0\\ //01 /Bu (3\\501)1 JBu
0~ HH 0”""N" " co,Bu
187 M* B~ 196
Me N / \ r 6 Me
PT PT H
S~ B — Me
[ Protonation is
188 PCET 190 intermoleculér: With
D,0, deuteration occurs
(Shu and co-workers)
[Ir'"] 0o
SET 189 1 B

0" SN’
[ir'y m* /

3 Me 192 19+ ST —> 195
. [
Me 16
HAT Oxidation of anion 197
9.0 N ,,0 is kinetically feasible:
o Su i B J oS B 0,0
CO,'Bu W ”
H H y 2 By N N .S ~o /\/Me
3 Me Me n +
6 | Bu;N
H co2 H 197
Me Me =+0.778 V vs. SCE
p/2
2039 194 Kq=2.7 x 107 M's™"

(Hoizen and co-workers)

Reaction proceeds through seven-membered transition state: Product
formation is site-selective for reaction at C(6)

C-H abstraction is rate determining: KIE ky/kp is 4.69
(Shu and co-workers; parallel reactions)

Carbon-centered radical is generated irreversibly: A compound that is
optically active at C(6) is converted to a racemic product, such that the
generated radical must have a sufficient lifetime for epimerization.
Nevertheless, the remaining substrate is recovered without epimerization
(Roizen and co-workers)
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Multiple possible reaction mechanisms are consistent with data for sulfamate ester directed

Giese reactions
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5/H 1 X NC X
HC O - {OH
hv (UV) or BuzSnH
Me NC ~ > Me
Me PhH Me
198a x = SPh 202a, X = H, 34% yield
198b x =NO 202b, X = NOH, 41% yield
+ homolysis *
Nyl 1 NC
HchL"J'O Hzcs- OH 7 5 1OH
wtrd |t || e
Mé 1,5-HAT Mée Mée
199 200 201

Scheme 48.
Alkoxyl radicals generated by UV irradiation engage in 1,5-HAT processes for remote

alkylation reactions with modest success
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Chen and co-workers 2016

0 (o)
EtO | I OEt
CO,R?  Me N~ ~Me (1.5 equiv) CO,R3

H hy (blue LED)
'ilphth H5 fac-Ir(ppy); (1 mol %)
(o] > 5
i"x"TR2  S0,Ph 1,4-dioxane (0.1 M) HO~x 2

R! £ b R
X= CHZ! oa 203 20 204
1 equiv 3 equiv

Selected from 25 examples .\ e )
with 43 to 94% yield

H Me
OJH(: 204a 204b
65% yield 58% yield
Scheme 49.

N-alkoxyphthalamides serve as user friendly alkoxyl radical precurosors to efficiently
engage aliphatic alcohols in site-selective Giese reactions
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Meggers and co-workers 2016
Me,

Me >I_§\
>,_§\ A-RhS (8 mol %) NJ N " Me
N\ M

Hantzsch ester

N - (1.5 equiv)
hv (23 W CFL) o
lo) fac-Ir(ppy)sz (1 mol %) X
6/\/)( <" | THF (0.2 M > HO/\/ x o
NPhth  R' R2 R ©2W R' R?
X=0,8, 205 20 206
1 equiv 2 equiv 23 examples
49 to 85% yield
8210 97 ee
Me Me Me
R\ >/—§\ 7/"&\
'?:D\Me N\N Me N~N Me
o (o) (o)
A0S ANOE e
HO Me HO : Me HO Me
z Me Me
N
X ‘O
206a 206b 206¢c
57% yield 71% yield 72% yield
86% ee 97% ee 93% ee

3:1dr

Scheme 50.
N-alkoxyphthalamides engage in enantioselective Giese reactions under photoredox-

mediated conditions
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(A) Knowles and co-workers 2016

[ir] B.
collidine “H
PhSH N .
M v (blue LED) «9 ) o
[T P A
CH,Cl,
R= electron-dense arene H
207 208
(B) Zuo and co-workers 2016
CeCl,
"BuyNCI
OH  DBAD Cefg [Ce™g
hv (blue LED) -e
e e P oL
CH4CN 0
R= alkyl, aryl BocHN’N"Boc
209 210

DBAD = di-tert-butyl azodicarboxylate

Scheme 51.
Light-mediated strategies for the catalytic homolysis of free alcohols to generate alkoxy

radicals
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Zuo and co-workers 2020

CeCl, (1 mol %), DPA (13, 4 mol %)
MeOH (2 equiv)

"Bu,NCI (5 mol %) 0
O/ IE _0 hv (blue LED) _

211 20ah 212
10 equiv 1 equiv 55% vyield
12 examples
47 to 74% yield
0 Me [Ce"L,,
216 \ / 213 \
y DPA
HAT _0 —[Ce'V]L SET 221 SET
Me” Y/ \
215 DPA
/ \ 220
HO—Me [Ce'V]L
217
O (N_o %
218 20ah

Scheme 52.

Proposed reaction mechanism by which alkoxy radicals generated under light-mediated
cerium-catalyzed conditions are utilized as HAT agents to engage cyclohexane in Giese

reactions
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Scheme 53.

Knowles & Alexanian and co-workers 2019
hv (blue LED)

[Ir(dFCF3ppy),(5,5’-dCF3bpy)](PFe) SO,Ph
2-5 mol %)
o SO,Ph NBu,OP(0)(OBu), (5 mol %)
> SO,Ph
|:> SO,Ph CH,CI, (0.8 M) o]
°\\s/,° s 224
. ~p - BU
222 20ai /@’ N with 223: 75% yield
1 equiv 1.5-3 equiv i - 66% Vi
q q . 223 without 223: 66% vyield
25 examples
40 to 92% yield

N
0 =
Con,, | NS L 1™ |cu, | W= OH
v H:o-p, A H o=p
C e L“0B C 2
| 5 O P | W23 osBY
N
CF3 CF3

Oxygen-centered radical is endergonic

Epi2 (0P(0)(0Bu)2) (P/P) > 1.6 V vs Fc*/Fc

Epi Iy = 1.3 V vs Fc*/Fe

Iridium photocatalyst and phosphate base form essential complex
TH NMR titration shows ~1.5 ppm shift in 3,3’-protons of dCF3 bi-

pyridine ligand (confirmed by crystal structure); Kggic ~ 7.8 x 103 M1,
3,3-difluoro analogue disrupts coordination and reaction efficiency.

First-order quenching of Ir-phosphate complex by ethylbenzene
kq=2.3 x 10 M's™

C—H homolysis is rate-determining step:

KIE ky/kp is 2.0 +0.2

C—H homolysis occurs with innate selectivity

SO,Ph
NPhth

H
S0P 1 PhO,S

o COoMe "
Me SO,Ph D—/_
M Me Me

Me e
CO,Me
225, 40% yield 226, 60% yield 227, 83% yield

Page 92

Coordination between Ir catalyst and phosphate base engages inert C(sp3)—H bonds in
PCET to enable innately selective Giese reactions
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Noél and co-workers 2020

TBADT (715, 2 mol %)

" ©\/ﬂ\l hv (violet LED) _ CNH
H,C” -
s ZNeN  CHsCN/H,0 CN

228 20aj 229
1 equiv 42% vyield
38 examples
38 to 93% yield

Proposed mechanism

QL x
H
eN ("BusN*),
CHs W;03,*
229 15 \\\<rr
CN *W1903,*
230
“>CN /

hv

CH3 [W1003,H*] wO
234 232 231
CN
P . H
CN + CHs CH,
20aj 233 228

Scheme 54.
Photoredox-mediated TBADT-catalyzed direct C—H homolysis of light-chain, gaseous

hydrocarbons generate alkyl radicals for Giese reactions
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