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1. INTRODUCTION

A fundamental aim in the field of catalysis is the development of new modes of small
molecule activation. One approach toward the catalytic activation of organic molecules that
has received much attention recently is visible light photoredox catalysis. In a general sense,
this approach relies on the ability of metal complexes and organic dyes to engage in single-
electron-transfer (SET) processes with organic substrates upon photoexcitation with visible
light.

Many of the most commonly employed visible light photocatalysts are polypyridyl
complexes of ruthenium and iridium, and are typified by the complex tris(2,2”-bipyridine)
ruthenium(II), or Ru(bpy)s%* (Figure 1). These complexes absorb light in the visible region
of the electromagnetic spectrum to give stable, long-lived photoexcited states.!-? The
lifetime of the excited species is sufficiently long (1100 ns for Ru(bpy);Z*) that it may
engage in bimolecular electron-transfer reactions in competition with deactivation
pathways.3 Although these species are poor single-electron oxidants and reductants in the
ground state, excitation of an electron affords excited states that are very potent single-
electron-transfer reagents. Importantly, the conversion of these bench stable, benign
catalysts to redox-active species upon irradiation with simple household lightbulbs
represents a remarkably chemoselective trigger to induce unique and valuable catalytic

processes.

The ability of Ru(bpy);2* and related complexes to function as visible light photocatalysts
has been recognized and extensively investigated for applications in inorganic and materials
chemistry. In particular, photoredox catalysts have been utilized to accomplish the splitting
of water into hydrogen and oxygen® and the reduction of carbon dioxide to methane.’
Ru(bpy);2* and its analogues have been used (i) as components of dye-sensitized solar cells®
and organic light-emitting diodes,” (ii) to initiate polymerization reactions,® and (iii) in
photo-dynamic therapy.’

Until recently, however, these complexes had been only sporadically employed as
photocatalysts in the area of organic synthesis. The limited exploration of this area is
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perhaps surprising, as single-electron, radical processes have long been employed in C—C
bond construction and often provide access to reactivity that is complementary to that of
closed-shell, two-electron pathways.!% In 2008, concurrent reports from the Yoon group and
our own lab detailed the use of Ru(bpy);2* as a visible light photoredox catalyst to perform
a [2 + 2] cycloaddition!! and an a-alkylation of aldehydes,!2 respectively. Shortly
thereafter, Stephenson and co-workers disclosed a photoredox reductive dehalogenation of
activated alkyl halides mediated by the same catalyst.!? The combined efforts of these three
research groups have helped to initiate a renewed interest in this field, prompting a diversity
of studies into the utility of photoredox catalysis as a conceptually novel approach to
synthetic organic reaction development.

Much of the promise of visible light photoredox catalysis hinges on its ability to achieve
unique, if not exotic bond constructions that are not possible using established protocols. For
instance, photoredox catalysis may be employed to perform overall redox neutral reactions.
As both oxidants and reductants may be transiently generated in the same reaction vessel,
photoredox approaches may be used to develop reactions requiring both the donation and the
reception of electrons at disparate points in the reaction mechanism. This approach stands in
contrast to methods requiring stoichiometric chemical oxidants and reductants, which are
often incompatible with each other, as well as to electrochemical approaches, which are not
amenable to redox neutral transformations. Furthermore, single-electron-transfer events
often provide access to radical ion intermediates having reactivity patterns fundamentally
different from those of their ground electronic or excited states.!* Access to these
intermediates using other means of activation is often challenging or requires conditions
under which their unique reactivity cannot be productively harnessed.

At the same time, photoredox catalysts such as Ru(bpy)32* may also be employed to
generate radicals for use in a diverse range of established radical chemistries. Photoredox
reactions occur under extremely mild conditions, with most reactions proceeding at room
temperature without the need for highly reactive radical initiators. The irradiation source is
typically a commercial household light bulb, a significant advantage over the specialized
equipment required for processes employing high-energy ultraviolet (UV) light.
Additionally, because organic molecules generally do not absorb visible light, there is little
potential for deleterious side reactions that might arise from photoexcitation of the substrate
itself. Finally, photoredox catalysts may be employed at very low loadings, with 1 mole %
or less being typical.

This Review will highlight the early work on the use of transition metal complexes as
photoredox catalysts to promote reactions of organic compounds (prior to 2008), as well as
cover the surge of work that has appeared since 2008. We have for the most part grouped
reactions according to whether the organic substrate undergoes reduction, oxidation, or a
redox neutral reaction and throughout have sought to highlight the variety of reactive
intermediates that may be accessed via this general reaction manifold.!?

Studies on the use of transition metal complexes as visible light photocatalysts for organic
synthesis have benefited tremendously from advances in the related fields of organic and
semiconductor photocatalysis. Many organic molecules may function as visible light

Chem Rev. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Prier et al.

Page 3

photocatalysts; analogous to metal complexes such as Ru(bpy);2*, organic dyes such as
eosin Y, 9,10-dicyanoanthracene, and triphenylpyrylium salts absorb light in the visible
region to give excited states capable of single-electron transfer. These catalysts have been
employed to achieve a vast range of bond-forming reactions of broad utility in organic
synthesis.!© Visible light photocatalysis has also been carried out with heterogeneous
semiconductors such as mesoporous carbon nitride!” and various metal oxides and
sulfides.!® These approaches are often complementary to photoredox catalysis with
transition metal-polypyridyl complexes, and we have referred to work in these areas when it
is similar to the chemistry under discussion. However, an in-depth discussion of the
extensive literature in these fields is outside the scope of this Review, and readers are

directed to existing reviews on these topics.!6-18

2. PHOTOCHEMISTRY OF Ru(bpy);2*

Before we discuss organic transformations enabled by photo-redox catalysis, it is instructive
to consider the photochemistry of the prototypical photoredox catalyst Ru(bpy);2*. Upon
absorption of a photon in the visible region, an electron in one of the photocatalyst's metal-
centered t, orbitals is excited to a ligand-centered rz* orbital (Scheme 1).1:19 This transition
is thus termed a metal to ligand charge transfer (MLCT) and results in a species in which the
metal has effectively been oxidized to a Ru(Ill) oxidation state and the ligand framework
has undergone a single-electron reduction.?? The initially occupied singlet MLCT state
undergoes rapid intersystem crossing (ISC) to give the lowest-energy triplet MLCT state.
This triplet state is the long-lived photoexcited species that engages in single-electron
transfer; its long lifetime derives from the fact that decay to the singlet ground state is spin-
forbidden.

The photoexcited species has the remarkable property of being both more oxidizing and
more reducing than the ground-state species. To quantify this phenomenon, we refer to
standard reduction potentials, which describe the potential associated with an
electrochemical half reaction written in the direction from the oxidized to the reduced
species. For instance, the half-reaction Ru(bpy)s;3* + e~ — *Ru(bpy);Z* is described by the
reduction potential E; /1T = —0.81 V vs the saturated calomel electrode (SCE).2! This
potential signifies that the excited-state *Ru(bpy)s;Z* is a much more potent electron donor
than ground-state Ru(bpy)s2* (E; M = +1.29 V vs SCE). At the same time, the reduction
potential of the excited state (Ej,»" /I = +0.77 V vs SCE) indicates that this species is a
much stronger oxidant than the ground state (E; "1 = —1.33 V vs SCE).22 The dual nature
of the excited state as both oxidant and reductant may be rationalized on the basis of the
molecular orbital diagram, as depicted in Scheme 1. Photoexcitation of Ru(bpy)s*
generates a higher-energy electron, which may be expelled from the 7* orbital when the
photocatalyst acts as a reductant. Simultaneously, photo-excitation reveals a lower-energy
hole in the t; o orbital, which may accept an electron when the photocatalyst acts as an
oxidant.

As a result of this unique property of the Ru(bpy)s;2* photoexcited state, redox
transformations of *Ru(bpy)sZ* may proceed either by oxidative or by reductive quenching
(Scheme 2). In the oxidative quenching cycle, *Ru(bpy);2* functions as a reductant,
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reducing some electron acceptor (A) by a single electron. The products of this single-
electron-transfer event are the radical anion of A and the oxidized form of the photocatalyst,
Ru(bpy)33*. This species is a strong oxidant (E; ™I = +1.29 V vs SCE) and may accept an
electron from some donor D to give the radical cation of D and return the catalyst to the
Ru(II) ground-state species, completing the photocatalytic cycle. A compound that accepts
an electron from *Ru(bpy);2* is said to be an oxidative quencher of the photocatalyst;
common oxidative quenchers are viologens, polyhalomethanes, dinitro- and
dicyanobenzenes, and aryldiazonium salts. Alternatively, in the reductive quenching cycle,
*Ru(bpy)s2* functions as an oxidant, accepting an electron from D to give the reduced
species Ru(bpy)s*. This Ru(I) intermediate is a good reductant (E; /I = —1.33 V vs SCE)
and may donate an electron to A to afford the ground-state species Ru(bpy);2*. The most
common reductive quenchers are tertiary amines. Of particular relevance to the use of these
complexes as catalysts for SET reactions, the redox potentials at each step of the cycle may
be significantly altered via ligand substitution; as a general rule, electron-donating
substituents on the ligands render the complex more strongly reducing, while electron-
withdrawing substituents render the complex more strongly oxidizing.2* Redox potentials
and selected photo-physical properties for a number of commonly utilized visible light
photoredox catalysts are given in Table 1; the catalysts are arranged by their excited-state
potentials E;,(M*/M*), from the least reducing excited species (entry 1) to the most
reducing (entry 8).

To determine whether a reductive or oxidative quenching cycle is operative in a particular
reaction, fluorescence quenching (or Stern—Volmer) studies are commonly employed.?* This
technique examines the competition between two deactivation pathways of the photoexcited
state: quenching via electron transfer and emission (Figure 2). In the absence of a quencher,
*Ru(bpy)s2* undergoes emission, emitting radiation at A;,x = 615 nm with an inherent
intensity.3 Increasing concentrations of a quencher, however, additionally deactivate
*Ru(bpy)s2* via electron-transfer pathways and decrease the intensity of the observed
emission. This relationship between quencher concentration and emission intensity is given
by the Stern—Volmer equation, Io/I = 1 + k;7p[Q], where I and | are the emission intensity
in the absence and presence of quencher, respectively, K is the quenching rate constant, 7y
is the excited-state lifetime in the absence of quencher, and [Q] is the concentration of
quencher. Plotting the ratio ¢/l against the quencher concentration thus gives a straight line
having a y-intercept equal to 1 and a slope, termed the Stern—Volmer constant (Kgy), equal
to ky 7o The observation of this relationship between concentration of a putative quencher
and emission intensity constitutes evidence that the molecule engages in single-electron
transfer with the photocatalyst.

In addition to the electron-transfer pathways described here, the Ru(bpy)32* photoexcited
state may also engage in energy transfer with organic substrates. This pathway, which
accounts for a relatively minor subset of organic transformations achieved using visible light
photocatalysts, is discussed in detail in section 6. It should be noted that energy transfer
pathways, like electron-transfer pathways, diminish the emission intensity of the
photoexcited species and may be evaluated using the Stern—Volmer analysis.
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3. NET REDUCTIVE REACTIONS

3.1. Reduction of Electron-Poor Olefins

The first reactions demonstrating the potential utility of visible light photoredox catalysis in
organic synthesis were net reductive reactions, in which an electron donor is required to
serve as the stoichiometric reductant. Among the earliest reports was a contribution by Pac
and co-workers in 1981 describing the Ru(bpy)3;2*-mediated reduction of electron-deficient
olefins.2 The terminal reductant employed in these studies, 1-benzyl-1,4-
dihydronicotinamide (BNAH, 1), was of interest for its analogy to the biological reductant
1,4-dihydronicotinamide adenine dinucleotide (NADH), with both molecules sharing the
redox-active 1,4-dihydropyridine moiety. It was found that a catalyst system comprising 2
equiv of BNAH and catalytic quantities of Ru(bpy)s2* was capable, upon irradiation with
visible light, of reducing dimethyl maleate (2) to the saturated product dimethyl succinate
(3) (Scheme 3). As in all photoredox reactions, this process is initiated by absorption of
visible light by the photocatalyst Ru(bpy);2* to give the photoexcited species *Ru(bpy)s2*.
Photoexcitation renders this species sufficiently oxidizing (E;;, ! = +0.77 V vs SCE) to
accept an electron from BNAH (E; "4 = +0.76 V vs SCE), generating the BNAH radical
cation 4 and concurrently reducing the photocatalyst to Ru(bpy)s*. This Ru(l) intermediate
is highly reducing (E;,»'"! = —1.33 V vs SCE), enabling transfer of an electron to dimethyl
maleate. This event oxidizes the photocatalyst back to Ru(bpy)s;Z* and completes the
photocatalytic cycle. Meanwhile, single-electron reduction of 2 gives the radical anion 5,
which may be protonated to yield a-carbonyl radical 6. This radical is then believed to
undergo a second single-electron reduction followed by protonation to give dimethyl
succinate (3). The single-electron donor for this step may be another equivalent of
Ru(bpy)st, or it may be dihydropyridyl radical 7, the product of deprotonation of radical
cation 4 and itself a strong reductant (E;,,"4 = —0.94 V vs SCE).2° Upon loss of an electron,
radical 7 is converted to pyridinium 8, the ultimate product of two-electron oxidation of
BNAH.

The catalytic cycle proposed here is supported by Stern—Volmer studies: BNAH (1) is
observed to quench *Ru(bpy)s2*, while dimethyl maleate (2) does not. This observation
provides strong evidence that the reaction proceeds via reductive quenching of *Ru(bpy);2*
to give a Ru(bpy)s* intermediate, rather than via oxidative quenching to give a Ru(bpy)3>*
intermediate. The reaction was additionally found to be amenable to the reduction of alkenes
bearing a range of electron-withdrawing groups, such as esters, ketones, arenes, and nitriles
(Scheme 3).27:28

3.2. Reductive Dehalogenation

Much early work was conducted in the area of reductive dehalogenation reactions, in which
a C—X bond is reduced to a C—H bond. An early contribution from Fukuzumi in 1990 was
the reduction of phenacyl bromides using visible light, Ru(bpy)3;2* as a photocatalyst, and
9,10-dihydro-10-methylacridine as the stoichiometric reductant.2” In the net transformation,
the phenacyl bromide (9) is reduced by two electrons to give acetophenone (10), while the
dihydroacridine 11 is oxidized by two electrons to give the acridinium byproduct 12
(Scheme 4). The reaction is initiated by single-electron transfer from 9,10-dihydro-10-
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methylacridine (11, E;/,™d = +0.8 V vs SCE)?C to *Ru(bpy)32* to give the radical cation 13
and the reduced species Ru(bpy)s*. The Ru(I) intermediate may then reduce phenacyl
bromide (E;/,"d = -0.49 V vs SCE),3! returning the catalyst to its Ru(II) oxidation state.
Upon undergoing single-electron reduction, a-bromocarbonyls such as 9 are known to
undergo mesolysis, the fragmentation of a radical anion to afford an anion (bromide) and a
radical (the a-carbonyl radical 14). Radical 14 must then accept an electron and a proton to
furnish the acetophenone product (10). This conversion may occur in two separate events, as
is proposed for Pac's olefin reduction, or in one event via the abstraction of a hydrogen atom

from radical cation 13 (as shown in Scheme 4).

As in the olefin reduction chemistry, dihydroacridine 11 is observed to quench the emission
of the photocatalyst, while phenacyl bromide (9) does not, providing support for the
described catalytic cycle. Interestingly, added perchloric acid improves the efficiency of the
debromination reaction. Quenching studies indicated that the addition of acid enables the
reduction of phenacyl bromide by *Ru(bpy)32*, suggesting that under these conditions the
reaction may also be proceeding via an oxidative quenching cycle involving proton-coupled
electron transfer. This ability to change the nature of the photocatalytic cycle via simple
changes in reagents and conditions is a common feature of photoredox catalysis.

In 1984 Tanaka and co-workers similarly employed Ru-(bpy)32* as a catalyst for the
reduction of benzyl bromide.3? Instead of reducing benzyl bromide to toluene, however, the
major product observed is the dimerized product 1,2-diphenylethane (15, Scheme 5).
Analogous to the phenacyl bromide reduction, single-electron reduction of benzyl bromide
induces fragmentation to give the benzyl radical 16. Tanaka suggests that the product 15
may be formed by the radical-radical dimerization of 16, or alternatively by a second
reduction of 16 to the benzyl carbanion, which may react with benzyl bromide via a

nucleophilic SN2 mechanism to give 15.

Kern and Sauvage have shown that bibenzyl products can also be obtained upon single-
electron reduction of a benzyl bromide by a copper photocatalyst (Scheme 6).33 The
bis(diimine)copper(I) complex Cu(dap),* (dap = 2,9-bis(p-anisyl)-1,10-phenanthroline) has
photophysical properties similar to those of Ru(bpy)32*; upon irradiation with visible light,
Cu(dap),* undergoes photoexcitation to give a long-lived excited species *Cu(dap),* (z=
270 ns). This species is a strong reductant (E;,'¥*I = —1.43 V vs SCE), capable of donating
an electron to 4-nitrobenzyl bromide (17, E; /zred =-1.1Vyvs SCE).34 Thus, while
Ru(bpy);2+ must be reduced to its Ru(I) oxidation state before it can transfer an electron to
benzyl bromide, the substantially more reducing Cu(dap),* can perform the reduction
directly from its photoexcited state. Reduction of 17 induces fragmentation to afford benzyl
radical 18, which may dimerize to give bibenzyl 19 (or, as suggested by Tanaka, undergo a
second reduction followed by SN2 attack on benzyl bromide). Triethylamine (E;/;™d = +1.0
V vs SCE)33 serves as a stoichiometric reductant to regenerate Cu(dap),* from the oxidized
photocatalyst Cu(dap),2*. In the process, the amine is oxidized to the corresponding
aminium radical cation.

Having the foresight and creativity to recognize the potential utility of these transformations,
Stephenson has developed a general photoredox reductive dehalogenation protocol.1? The
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reaction conditions developed employ the tertiary amine Hiinig's base (i-Pr,NEt) as the
stoichiometric reductant in concert with either formic acid or Hantzsch ester. Single-electron
oxidation of the amine by *Ru(bpy);2*+ generates the aminium radical cation 20 and
Ru(bpy)s*, which may reduce an a-chloroester 21 to the a-carbonyl radical 22 (Scheme 7).
Significantly, single-electron oxidation of an amine dramatically lowers the bond strength of
the a-C—H bonds; Dinnocenzo has estimated the bond dissociation energy of this bond to be
47 kcal/mol, or over 30 kcal/mol less than that of the parent amine (AHgpg® = 80 kcal/mol
for the a-C—H bond of triethylamine).3¢ The radical 22 may thus abstract a hydrogen atom
at one of the a-positions of 20, converting 22 to the reduced product 23 and the amine
radical cation to iminium ion 24. Although deuterium-labeling studies implicated the amine
radical cation as the primary source of the hydrogen atom added in 23, the formate ion and
Hantzsch ester employed in the reaction are also likely hydrogen atom donors. These
conditions could be applied to the reduction of both alkyl bromides and chlorides and are
selective for the dehalogenation of benzylic and a-carbonyl halides over aryl and vinyl
halides (Scheme 7).

A significant limitation of dehalogenation protocols employing Ru(bpy)s;2* is the
requirement for activated (benzylic or a-carbonyl) halides. Subsequent to his initial report,
Stephenson disclosed the reductive dehalogenation of alkyl, alkenyl, and aryl iodides using
the iridium photocatalyst fac-Ir(ppy)3 (ppy = 2-phenylpyridine).3” This complex is rendered
highly reducing by virtue of its three strongly electron-donating cyclometalated 2-
phenylpyridine ligands.3® Thus, despite the difficulty of reducing alkyl iodides (E;,,"d = —
1.67 V vs SCE for ethyl iodide),3* Ir(ppy)s was found to be a sufficiently strong electron
donor to reduce these substrates directly from its photoexcited state (Ej !V 1 = —1.73 V vs
SCE). Using a reductant system comprising tributylamine and either Hantzsch ester or
formic acid, alkyl as well as alkenyl and aryl iodides undergo reductive dehalogenation in
high yields (Scheme 8). As in the Ru(bpy);2+-mediated dehalogenation, the stoichio-metric
reductants serve to both turn over the photocatalytic cycle and act as a source of hydrogen
atoms for the alkyl, alkenyl, and aryl radicals generated upon reduction and mesolysis of the
iodide starting materials. Remarkably, these conditions allowed for the selective
dehalogenation of aryl iodides in the presence of aryl bromides and chlorides.*?

In a conceptually distinct contribution, Willner and coworkers have conducted the reduction
of vicinal dibromides in a biphasic system by merging photoredox catalysis with viologen
catalysis.*! 4,4"-Bipyridinium salts (viologens) are well-known electron acceptors and
electron carriers. The prototypical species N,N’-dimethyl-4,4"-bipyridinium, known as
dimethyl viologen (MVZ*), undergoes facile single-electron reduction at E;/,"4 = -0.4 V vs
SCE to give the methyl viologen radical cation (MV"*+) (Scheme 9).%2 This species may be
further reduced at E; ;"4 = —0.8 V vs SCE to give a neutral dihydrobipyridyl species (MV).
The facility with which dimethyl viologen may accept and donate electrons has led to its
frequent employment as a mediator of electron-transfer reactions.

Willner utilized viologens to develop a unique catalytic system in which a Ru(bpy)32*
photocatalyst is localized in an aqueous phase, the organic components are localized in an
organic (ethyl acetate) phase, and a viologen serves as an electron relay, effectively carrying
electrons between the two phases. The viologen employed is N,N’-dioctyl-4,4"-bipyridinium
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(CgVZ*), which shows significantly differing solubilities depending on its oxidation state;
while the CgVZ* species is soluble only in the aqueous phase, the CgV** and CgV species are
soluble only in the organic layer (Scheme 10). Thus, single-electron reduction of CgV2* by
*Ru(bpy)32* in the aqueous layer generates CgV**, which is then extracted into the organic
layer. The radical cation CgV"" has the additional property of undergoing
disproportionation; two molecules of CgV** may exchange an electron to return one
molecule to the CgVZ* oxidation state and reduce the other to the CgV oxidation state. In a
monophasic system, the equilibrium for this disproportionation lies far on the side of the
radical cations. In the biphasic system, however, because CgV is soluble only in the organic
layer and CgV2* is soluble only in the aqueous layer, the continued extraction of CgVZ* out
of the organic layer drives the disproportionation reaction forward, resulting in the buildup
of substantial quantities of CgV in the organic layer.

This highly reducing species is then capable of effecting the reductive dehalogenation of
meso-1,2-dibromostilbene (25) to stilbene (26). This reaction presumably proceeds first via
reduction of 25 to benzylic radical 27, followed by a second single-electron reduction and
elimination to ultimately deliver 26 (notably, CgV** is not sufficiently reducing to reduce
25).43 Reduction of the substrate returns the viologen to its CgV2* oxidation state, enabling
it to be used in substoichiometric quantities. The stoichiometric reductant for this reaction is
(NH4)3EDTA, which serves to reduce the Ru(bpy)s>* intermediate generated upon reduction
of CgV2*, Interestingly, when this reaction is carried out in a monophasic system, stilbene
(26) is formed predominantly as the trans isomer but undergoes isomerization to the cis
isomer as the reaction progresses, presumably via energy transfer from the photo-catalyst
(see section 6). By contrast, in the biphasic system the organic components and the
photocatalyst are isolated from each other, and only trans-stilbene is produced.**

A potential drawback of these net reductive photoredox reactions is the requirement for a
stoichiometric quantity of a terminal reductant, which may be prohibitive if the reductant is
costly. As we have shown, several common stoichiometric reductants are analogues of the
biological reductant 1,4-dihydronicotinamide adenine dinucleotide (NADH), which contains
as its key functional group a dihydropyridine moiety. Willner and co-workers demonstrated
that NADH itself may be employed as a reductant for the photoredox reductive
dehalogenation of vic-dibromides, and furthermore showed that it may be recycled in situ
via enzymatic catalysis.*> Their approach makes use of the enzyme alcohol dehydrogenase,
which performs the oxidation of ethanol to acetaldehyde, in the process reducing the
pyridinium NAD™ to the dihydropyridine NADH (Scheme 11). When combined with the
conditions for the biphasic vic-dibromide reduction, NADH turns over the photocatalyst,
donating an electron to Ru(bpy)33* to give Ru(bpy);2* and radical cation 28. Deprotonation
of 28 yields dihydropyridyl radical 29, which may reduce a second equivalent of
Ru(bpy)33*. This process regenerates NAD*, the substrate for alcohol dehydrogenase,
closing the catalytic cycle. The generated Ru(bpy)s;2* then presumably performs the
reduction of 25. In this process, ethanol serves as the stoichiometric reductant, donating the
electrons that are ultimately transferred to the vic-dibromide substrate. This work
additionally demonstrates that photoredox catalysis may be carried out in concert with
enzymatic catalysis, overcoming potential pitfalls such as redox degradation of the enzyme.
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Conceptually similar reactions have been reported in which photoredox catalysis is
employed to generate NADH or NADPH and drive the reactions of several NAD(P)H-

dependent dehydrogenases.*©

3.3. Reductive Cleavage of Sulfonium and Sulfonyl Groups

In one of the earliest works on photoredox-catalyzed transformations of organic molecules,
Kellogg and co-workers in 1978 identified Ru(bpy)32* as an effective catalyst for the
reduction of phenacyl sulfonium salts by 1,4-dihydropyridines (Scheme 12).47 In the context
of their studies on 1,4-dihydropyridines as mimics of NADH, it was observed that the
reduction of phenacylsulfonium 30 by N-methyl Hantzsch ester (31) could be accomplished
in the presence of visible light. This process was found to be dramatically accelerated using
various photosensitizers, with Ru(bpy)s;Z* providing the greatest rate enhancement.
Although this reaction is super-ficially similar to reactions employing 1-benzyl-1,4-
dihydronicotinamide (BNAH) as the stoichiometric reductant, 31 is significantly more
difficult to oxidize than BNAH (E; "4 = +1.0 V vs SCE for 31 vs E; 5™ = +0.76 V vs SCE
for BNAH),*® and in Stern—Volmer quenching studies Kellogg and coworkers found that
neither 31 nor sulfonium 30 quench the photocatalyst. The reaction may thus proceed via
direct abstraction of a hydrogen atom from 31 by a-carbonyl radical 14. This step affords
the dihydropyridyl radical 32, which readily undergoes oxidation (E;/,"d = -0.60 V vs
SCE)*® by *Ru(bpy)32* to generate Ru(bpy)s* and the pyridinium byproduct 33. Reduction
of the sulfonium by Ru(bpy);* generates the a-carbonyl radical and completes the photo-
catalytic cycle. As the proposed quencher for the photocatalyst, 32, is a catalytically
generated intermediate that is not present at the start of the reaction, it must be initially
generated via an alternative pathway; a likely route is direct photoexcitation of 31, which
itself absorbs in the visible region, followed by SET to sulfonium 30. The quenching of the
photocatalyst by a catalytically generated intermediate is a feature of many photoredox
reactions.

Hantzsch ester has also been employed as a stoichiometric reductant to achieve the
desulfonylation of S-ketosulfones (eq 1).4° As in the reduction of phenacylsulfonium salts,
the reaction likely proceeds via formation of Ru(bpy)s*, which may reduce the 5
ketosulfone 34 to an a-carbonyl radical analogous to 14. Abstraction of a hydrogen atom

from Hantzsch ester then yields the reduced ketone product 35.

0] 1.0 mol% Ru(bpy);Cl,
3.0 equiv. Hantzsch ester o
Ph Me /\)J\
Ph Me
SO,Ph pyridine, visible light
34 35, 97%

()]

3.4. Nitrogen Functional Group Reductions

Photoredox catalysis has been employed in the reduction of numerous nitrogen-containing
functional groups. Hirao and co-workers have reported the reduction of nitrobenzenes to
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anilines using either Ru(bpy)32* or the related photocatalyst Ru(bpy),»(MeCN),(PFg), (eq
2).50 In these reactions, hydrazine is employed as the stoichiometric reductant, the source of
the electrons that are ultimately transferred to the nitroarene. The reduction of nitrobenzenes
to anilines has also been achieved using a resin loaded with the organic photocatalyst eosin
Y.3! Additionally, the reduction of azides to amines has been accomplished by Liu using a
catalytic system comprising Ru(bpy);2*, Hiinig's base, and Hantzsch ester (eq 3).52 The
reaction is proposed to proceed first via reductive quenching of *Ru(bpy)3;Z* by the tertiary
amine to give Ru(bpy)s*. Single-electron reduction of the azide by Ru(bpy);* gives an azide
radical anion, which upon expulsion of dinitrogen and protonation affords the aminyl radical
36. This intermediate may then abstract a hydrogen atom (from either Hantzsch ester or the
radical cation of Hiinig's base) to furnish the primary amine product. Aryl as well as
aliphatic azides may be reduced following this protocol. The reaction was also shown to be
compatible with biomolecules, as demonstrated by the reduction of an azide tethered to a
DNA oligonucleotide. Willner has also made use of a biphasic redox system similar to that

discussed in section 3.2 to achieve the reduction of an azobenzene derivative.>3

N02 NH?
6 mol% Ru(bpy)z(MeCN),(PFs),
10 equiv. hydrazine*H,0 R=H, 92%
R=Cl, 82%
R = OMe, 88%
MeOH, visible light
R R
)
N3 5 mol% Ru(bpy)sCl, NH; et ,
10 equiv. -PrpNEt, HCO;H ' via: !
1.5 equiv. Hantzsch ester : . :
= t Ar—N—H |
CH,Cl,, visible light | 36
CO,H COH ' _____ ;
99%

3

Finally, the reduction of hydrazides and hydrazines has been achieved by Zheng under
visible light photoredox catalysis.* Using the photoredox catalyst Ru(bpz) 2*3, a
tris(bipyrazyl) analogue of Ru(bpy);2*, N-phenyl-N-benzoylhydrazine (37) undergoes
efficient reduction to N-phenylbenzamide (38), and N-methyl-N-phenylhydrazine (39) is
reduced to N-methylaniline (40) (Scheme 13). The photoexcited species *Ru(bpz);2+ is
highly oxidizing (E;,, /! = +1.45 V vs SCE)® by virtue of the strongly electron-
withdrawing bipyrazine ligands, and it may accept an electron from the hydrazide or
hydrazine 41 to give radical cation 42. Deprotonation of this species furnishes aminyl
radical 43, which is proposed to add to dioxygen to give adduct 44. A rearrangement of this
intermediate may proceed to provide 45, fragmentation of which would generate nitrous acid
and aminyl radical 46. Reduction of this species by Ru(bpz)s* followed by protonation
would provide the reduced product 47. In accord with the proposed mechanism, the
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unsubstituted NH, group is required, and trisubstituted or tetrasubstituted hydrazines do not
give the products of N-N bond cleavage.®

3.5. Radical Cyclizations

In the reaction types presented thus far, photoredox catalysis has been shown to enable
simple functional group manipulations. However, if the radicals generated via photoredox
catalysis engage other functional groups in chemical reactions, the potential exists for
building molecular complexity. As an example of this potential, photoredox catalysis has
been employed by Stephenson to conduct reductive radical cyclization reactions. As in the
reductive dehalogenation chemistry, reductive quenching of *Ru(bpy);2* by a tertiary amine
generates the reductant Ru(bpy);*, which may reduce alkyl halides such as 48 to the alkyl
radical 49 (Scheme 14).57 If this radical is tethered to an alkene or alkyne, the alkyl radical
may add to the pendent 7z-system to give adduct 50. Hydrogen atom abstraction, likely from
the amine radical cation, then furnishes the cyclized product 51. Employing either
Ru(bpy)32* or the more reducing photocatalyst Ir(ppy), (dtbbpy)* (ppy = 2-phenylpyridine,
dtbbpy = 4,4-di-tert-butyl-2,2"-bipyridine), a variety of a-bromocarbonyls could be engaged
in radical cyclizations to form five- and six-membered rings.®

As described earlier, less activated radical precursors such as alkyl iodides may be engaged
in photoredox reactions by employing strongly reducing photocatalysts.3” The iridium
photocatalyst Ir(ppy)3 has thus been demonstrated to promote a variety of alkyl, alkenyl, or
aryl iodide starting materials to undergo photoredox radical cyclizations to generate a range
of carbocyclic and heterocyclic structures (Scheme 15).°

Stephenson and co-workers have shown that these radical cyclization reactions are amenable
to the development of cascade reactions, in which an initial radical cyclization step is
coupled with a second bond-forming process. For instance, when cyclopentene 52 is
exposed to the photoredox cyclization conditions, the tricyclic product 53 is obtained via a
cascade of two radical cyclizations proceeding via the intermediate alkyl radical 54 (Scheme
16).%7 Alternatively, radical cyclization may be carried out in concert with a
divinylcyclopropane rearrangement; use of bromocyclopropane 55 as a substrate for radical
cyclization results in the formation of tricyclic product 56 in good yield.®0 Presumably, an
initial radical cyclization proceeds to give vinylcyclopropane 57, which may then undergo
the Cope rearrangement followed by rearomatization to provide the observed product.

3.6. Reductive Epoxide and Aziridine Opening

The ability to reduce carbonyls using photoredox catalysis has been exploited to achieve the
reductive opening of epoxides and aziridines. Although an epoxide functional group is not
readily reduced, installation of the epoxide adjacent to the redox-active carbonyl group, as in
a-ketoepoxide 58, enables reductive opening of the epoxide using Ru(bpy)32* as the
photocatalyst and Hantzsch ester as the stoichiometric reductant.®!:62 In the catalytic cycle,
reductive quenching of *Ru(bpy);2* generates Ru(bpy)s* (Scheme 17). Ru(bpy)s™ is
sufficiently reducing to donate an electron to a-ketoepoxide 58 to give ketyl radical 59.
Subsequent C—O bond cleavage provides radical anion 60, which after protonation and
abstraction of a hydrogen atom gives the B-hydroxyketone product 61. Hantzsch ester (HE)
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may potentially act as a hydrogen atom donor and reductive quencher as described in
Scheme 17, ultimately undergoing conversion to Hantzsch pyridine (HP). This reductive
protocol was additionally found to ring-open a-ketoaziridines such as 62 to provide B
aminoketones such as 63. In the case of both epoxide and aziridine ring-opening, an aryl
substituent is required on the ketone, presumably to facilitate single-electron reduction to the
ketyl radical.

Rather than simply undergo reduction, the radical intermediate 64 may also be engaged in
C—C bond formation (Scheme 18). For instance, this intermediate may be intercepted by
allylsulfone 65 to give S-hydroxy-a-allylketone 66, the product of tandem ring-opening/
allylation. The iridium photocatalyst Ir(ppy),(dtbbpy)PFg was found to be optimal for this
transformation. The excellent levels of diastereoselectivity observed in this reaction may be
rationalized according to Guindon's model for selectivity in the radical allylation of 5
alkoxyesters, in which the key organizing element is stabilization of the a-carbonyl radical
singly occupied molecular orbital (SOMO) by hyperconjugation.®® As the phenyl C—C bond
is most o-donating bond at the S-position, this effect aligns the phenyl C—C bond with the
a-carbonyl radical SOMO. Additionally, orientation of the f-heteroatom away from the
carbonyl minimizes dipole—dipole repulsions. In this conformation (67), the phenyl group
effectively shields one face of the a-carbonyl radical; approach of the allylsulfone opposite
the phenyl group then provides the observed major diastereomer. As in the ring-opening
reaction, a-ketoaziridines are also suitable substrates for this allylation protocol.

3.7. Reduction-Labile Protecting Groups

Photoredox catalysis has been employed to develop reduction-labile protecting groups,
functional groups that are inert to most reaction conditions but that undergo cleavage upon
single-electron reduction. In an early contribution, Okada and co-workers demonstrated in
1991 that N-(acyloxy)phthalimides may be used as a masking group for alkyl radicals.®*
Employing the familiar reductive quenching pathway, 1-benzyl-1,4-dihydronicotinamide
(BNAH, 1) quenches *Ru(bpy)s2* to give Ru(bpy)3+ and the BNAH radical cation (4)
(Scheme 19). Single-electron reduction of N-(acyloxy)phthalimide 68 by Ru(bpy)s*
proceeds to give radical anion 69, which upon protonation fragments to give phthalimide,
carbon dioxide, and alkyl radical 70. Alkyl radicals generated in this fashion were shown to
undergo a range of subsequent reactions, including reduction, phenylselenenylation, and
conjugate addition. Thus, alkyl radical 70 may abstract a hydrogen atom from tert-butylthiol
to give reduction product 71, while reaction of 70 with diphenyl diselenide generates
phenylselenide 72. Addition of alkyl radical 70 to a Michael acceptor gives an a-carbonyl
radical, which may abstract a hydrogen atom (likely from the BNAH radical cation 4) to
give alkylated product 73 (see section 5.9 for additional radical conjugate addition

reactions).

Reductive photocatalysis also enables the use of the N-methylpicolinium group as a
protecting group for amines. In this chemistry, ascorbic acid (74) has been employed as a
reductive quencher of *Ru(bpy)32*, donating an electron to provide Ru(bpy);* and the
ascorbate radical 75 (Scheme 20).%5 Single-electron reduction of N-methylpicolinium
carbamate 76 by Ru(bpy);™* then gives dihydropyridyl radical 77. Fragmentation of this
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radical proceeds to reveal the primary amine 78, carbon dioxide, and N-methylpicolinyl
radical 79. Benzylic radical 79 is then proposed to abstract a hydrogen atom from ascorbate
radical 75 to generate pyridinium 80 and the oxidized species dehydroascorbic acid (81).
Falvey and co-workers have similarly employed the N-methylpicolinium group as a
protecting group for carboxylic acids, achieving deprotection with both Ru(bpy)32* and
organic dyes.00-67

Finally, the N-alkoxyphthalimide group has been employed by Sammis as a photoredox-
labile protecting group for aldehydes.®® Hiinig's base is employed as a reductive quencher
for *Ru(bpy)32*, generating the Ru(bpy)s* species that transfers an electron to N-
alkoxyphthalimide 82 (Scheme 21). The resulting radical anion 83 may undergo a
fragmentation to cleave the labile N-O bond and give the benzaldehyde product and the
phthalimide radical anion 84. Single-electron oxidation of 84, either by the photocatalyst or
by the amine radical cation, then gives the phthalimide byproduct. Significant yields of the
aldehyde product were also observed when the reaction was irradiated in the absence of
photocatalyst, suggesting that the N-alkoxyphthalimide group itself may be undergoing
photo-excitation and performing a single-electron oxidation of the tertiary amine.
Additionally, as the phthalimide group first accepts an electron and then, after
fragmentation, releases an electron, this reaction is redox neutral (see section 5).

4. NET OXIDATIVE REACTIONS

Just as photoredox catalysis may be used to perform net reductive reactions when a
stoichiometric electron donor is present, it may also be used to perform net oxidative
reactions provided some species is present to function as a stoichiometric electron acceptor.
Reactions in this category typically hinge on the single-electron oxidation of particularly
electron-rich functional groups, such as electron-rich arenes and amines.

4.1. Functional Group Oxidations

Single-electron oxidation pathways have enabled the oxidation of several common
functional groups via photoredox catalysis. A report by Cano-Yelo and Deronzier in 1984
revealed that the ruthenium(II) photocatalyst 85 could effect the oxidation of benzylic

alcohols to the corresponding aldehydes using aryldiazonium salts as sacrificial oxidants
red —

(Scheme 22).9% Aryldiazonium salts readily undergo single-electron reduction (E;»
0.1 V vs SCE for phenyldiazonium tetrafluoroborate),’ and upon accepting an electron
fragment to release dinitrogen and afford an aryl radical. Thus, the Ru(bpy)32* analogue 85
undergoes photoexcitation and subsequent oxidation by aryldiazonium 86 to give a Ru(IIl)
intermediate and the aryl radical 87. The Ru(III) species is then capable of oxidizing the
aromatic ring of the benzylic alcohol substrate 88, removing an electron to provide the arene
radical cation 89. The aryl radical 87 is proposed to abstract one of the benzylic hydrogen
atoms of 89, converting 87 to benzophenone (90) and the arene radical cation to the
oxocarbenium ion 91. Loss of a proton then furnishes the aldehyde product. Fluorenone is
also observed as a byproduct in the reaction and presumably arises from a Pschorr reaction
of aryl radical 87 (see section 5.3.1).
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The alcohol oxidation reaction highlights the utility of modulating the redox properties of
the photocatalyst via the installment of substituents on the ligand framework. The
installation of electron-withdrawing ester groups on the bipyridine ligands renders 85
significantly more oxidizing than Ru(bpy)s;* (E; ™ = +1.59 V vs SCE for 85 as
compared to E;M1 = +1.29 V vs SCE for Ru(bpy)3;2*). Photocatalyst 85 is thus capable of
oxidizing substrates possessing electron-rich arenes such as 4-methoxybenzyl alcohol
(E1p™d = +1.52 V vs SCE). However, less readily oxidized substrates, such as 4-
methylbenzyl alcohol (E; "4 = +1.89 V vs SCE) and benzyl alcohol (E;,d = +2.19 V vs
SCE), provide the corresponding aldehydes in lower yields.

Jiao and co-workers have recently introduced a method for the photoredox oxidation of a-
haloesters to a-ketoesters.”! In their mechanistically unique strategy, a pyridine derivative
serves to activate the a-haloester substrate and molecular oxygen serves as the terminal
oxidant and source of the oxygen atom incorporated into the product. Thus, ethyl a-
bromophenylacetate (92), which does not react in the absence of a pyridine catalyst, is
converted in good yield into ethyl benzoylformate (93) in the presence of catalytic amounts
of 4-methoxypyridine (94) and Ru(bpy);2* by running the reaction under air (Scheme 23).
The pyridine catalyst is proposed to promote the reaction by displacing the bromide of 92 to
give pyridinium 95. This species may be reduced by a catalytically generated Ru(bpy);*
complex to give dihydropyridyl radical 96. Homolysis of this intermediate regenerates the
pyridine catalyst and provides benzylic radical 97. Reaction of radical 97 with dioxygen is
proposed to provide a-ketoester 93 via the intermediacy of alkoxyl radical 98. This process
generates reduced states of dioxygen, which potentially may quench *Ru(bpy)s2* to achieve
turnover of the photocatalytic cycle.”? Evidence for the proposed Ru(II)/Ru(I) cycle is
provided by the observation that neither a-haloester 92 nor the isolated pyridinium salt 95
quench the emission of *Ru-(bpy)32*. These aerobic oxidation conditions could be used to
convert a variety of a-bromo- as well as a-chloroesters to the corresponding a-ketoesters.
Moderate yields were obtained for the conversion of benzhydryl halides to the
corresponding benzophenone derivatives.

Molecular oxygen has also been used as a stoichiometric oxidant in the photoredox-
mediated oxidative hydroxylation of arylboronic acids.”3 A report from the laboratories of
Jgrgensen and Xiao detailed the conversion of arylboronic acids into phenols using
Ru(bpy);2+ as the photocatalyst, Hiinig's base as a sacrificial reductant, visible light, and air.
The key reactive species in this reaction is superoxide (O,*"), which may be generated via
single-electron reduction of molecular oxygen by Ru(bpy)s*, itself generated via reductive
quenching of *Ru-(bpy);2* by the tertiary amine (Scheme 24). Superoxide is believed to add
to the vacant p orbital of the Lewis acidic boronic acid (99) to afford radical anion 100.
Abstraction of a hydrogen atom, potentially from the amine radical cation, then gives
boroperoxide species 101, which undergoes a 1,2-aryl shift to give 102. Subsequent
hydrolysis affords the observed phenol product 103. In support of this mechanism, 80
labeling studies revealed that the oxygen in the phenol arises from molecular oxygen and not
from added water. An oxidative quenching cycle, in which oxygen quenches *Ru(bpy)32* to
generate superoxide and Ru(bpy)3;3*, may also be operative. Employing this protocol,
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electron-rich as well as electron-poor arylboronic acids give the corresponding phenols in
excellent yields.

Li and co-workers have shown that thiobenzanilides can also be converted to benzothiazoles
under oxidative photoredox conditions.”* Oxygen is proposed to act as an oxidative
quencher of *Ru(bpy);2*, accepting an electron from the photocatalyst to give superoxide
and the strongly oxidizing Ru(bpy)s>* (Scheme 25). While no reaction of thiobenzanilide
104 occurs in the absence of base, added 1,8-diazabicycloundec-7-ene (DBU) deprotonates
104 to give the more readily oxidized imidothiolate anion 105. Single-electron oxidation of
105 by Ru(bpy)3>* provides sulfur-centered radical 106, which may add to the benzene ring
to give dienyl radical 107. Superoxide may then abstract a hydrogen atom from dienyl
radical 107, generating the benzothiazole product 108 and hydrogen peroxide. In the net
redox reaction, the substrate 104 thus undergoes a two-electron oxidation to give 108 and
molecular oxygen undergoes a two-electron reduction to give peroxide. Extensive
substitution on both arenes of the substrate is well tolerated. Interestingly, substrates that
have the potential for radical addition at two regiochemically distinct positions display high
selectivity for addition ortho to a functional group (as in the reaction to give benzothiazole
109). This selectivity is a hallmark of radical additions to arenes and is complementary to
other transition metal-based methods for the construction of benzothiazoles.”> This work
may be of utility to many practitioners of medicinal chemistry.

4.2. Oxidative Removal of the PMB Group

Just as photoredox catalysis has been applied to the cleavage of reduction-labile protecting
groups, it has also been used to oxidatively cleave the common para-methoxybenzyl (PMB)
protecting group. Stephenson and co-workers demonstrated that the iridium photocatalyst
Ir[dF(CF3)ppylo(dtbbpy)PFg (dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-trifluoromethylpyri-
dine) is an effective catalyst for the deprotection of PMB ethers using
bromotrichloromethane as the stoichiometric oxidant.’® Photoexcitation of the heteroleptic
iridium complex provides a species that is sufficiently reducing (E; !V = —0.89 V vs
SCE)”” to transfer an electron to bromotrichloro-methane (Ej/,"®d = —0.18 V vs SCE)8
(Scheme 26). Reduction of bromotrichloromethane induces mesolysis to give bromide and
trichloromethyl radical, while oxidation of the photoexcited Ir(IIT) species gives an Ir(IV)
intermediate. This Ir(IV) species is very strongly oxidizing (E;,»"V ™ = +1.69 V vs SCE)"’
and, as in the oxidation of benzylic alcohols (section 4.1), may oxidize the electron-rich
aromatic ring of the PMB ether 110 to give radical cation 111. The trichloromethyl radical
may then abstract a hydrogen atom from the benzylic position of 111, producing chloroform
and oxocarbenium ion 112. Hydrolysis of 112 releases deprotected alcohol 113 as well as
the byproduct 4-methoxybenzaldehyde. These conditions were shown to successfully
deprotect PMB ethers in the presence of a range of other common alcohol and amine
protecting groups. Particularly noteworthy is the selective cleavage of the PMB ether in the
presence of a less readily oxidized benzyl ether, providing access to alcohol 114. A similar
deprotection of benzylic amines has also been achieved using visible light flavin
photocatalysis.”®
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4.3. Oxidative Biaryl Coupling

As has been illustrated thus far, photoredox protocols often do not generate new
stereocenters, and those that do typically proceed in a racemic fashion; a significant
challenge in this area is the development of strategies whereby reactive radical intermediates
may be engaged in enantioselective transformations. As a way of addressing this challenge,
Ohkubo and co-workers sought to determine if chiral photocatalysts could induce
enantioselectivity in photoredox reactions. Octahedral metal complexes such as Ru(bpy);2*
are chiral, possessing a A and a A enantiomer, defined by whether the ligands form a right-
handed (A) or left-handed helix (A) around the C3 symmetry axis (Figure 3).80

Ohkubo synthesized the chiral photocatalyst A-Ru-(menbpy)s2* (menbpy = 4,4"-
dimenthoxycarbonyl-2,2”-bipyridine) and investigated its ability to catalyze the oxidative
dimerization of naphthol (Scheme 27).8! Although Ru-(menbpy) 2*3 was prepared as a
mixture of the A and A forms, the chiral menthol groups on the bipyridine ligands render the
A and A complexes diastereomeric, enabling their separation by column chromatography.
The complex A-Ru(menbpy);2* was then investigated for its ability to dimerize 2-naphthol.
Using Co(acac)j as the stoichiometric oxidant, this reaction proceeds under visible light
irradiation to provide the binaphthol product 115. The reaction is suggested to proceed via
oxidative quenching of *A-Ru(menbpy)32* (E; ;" = —0.45 V vs SCE) by Co(acac)s
(E1p"d = -0.34 V vs SCE) to give A-Ru(menbpy)33*. In the process, the cobalt species is
reduced and loses a ligand to afford Co(acac),. Ru(menbpy)3;3* (E;n"™"! = +1.55 V vs SCE)
may then oxidize the naphthol substrate 116 (E;,»™4 = +1.34 V vs SCE for 2-naphthol) by a
single electron, giving a-carbonyl radical 117 after loss of a proton. This species may react
with another equivalent of 116 to forge the C—C bond and give ketyl radical 118. A second
single-electron oxidation followed by rearomatization then furnishes the biaryl product 1185.

Interestingly, the product 115 was formed in a nonracemic fashion, with 2-naphthol
undergoing dimerization to form 1,1”-bi-2-naphthol (BINOL) in 16% ee and 3-methoxy-2-
naphthol giving product in 4% ee, with the reaction in each case favoring the (R)
enantiomer. While the exact origin of these selectivities is not clear, the observed
enantiomeric excesses derive in part from the faster decomposition of the (S) enantiomer of
the product by the photocatalyst, a phenomenon confirmed in separate experiments. Ohkubo
suggests that van der Waals interactions between the chiral photocatalyst and its substrate
play a critical role in the efficiency of electron transfer.

The low enantioselectivities obtained in this reaction reflect a general feature of photoredox
catalysis—the catalyst typically serves only to generate a reactive radical species and does
not serve as a catalyst for the bond-forming event. As it is not present in the transition state
leading to bond formation, the photocatalyst may have no effect on the stereochemical
outcome. Although the naphthol dimerization reaction constitutes a rare example of
asymmetric induction from a chiral photocatalyst, the low enantioselectivities obtained also
highlight the challenges inherent in this approach.

The dimerization of electron-rich arenes via photoredox catalysis has been employed in the
biochemical arena by Kodadek to study protein—protein interactions.82 In these systems, a
photocatalyst is employed to oxidize the phenol of a tyrosine residue to its radical cation. If
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a second tyrosine (or other nucleophilic residue) is nearby, carbon—carbon bond formation
will proceed analogously to the described naphthol dimerization (eq 4). As this reaction
proceeds only between amino acids held in proximity to each other, it may be used to cross-
link two proteins specifically at the protein—protein interface.

4.4. Oxidative Generation of Iminium lons

()

A major area in which oxidative photoredox catalysis has been employed is the oxidation of
amines. In particular, many

(r)

photoredox
Q catalysis

OH

(4)

@

reactions have been developed that rely on the two-electron oxidation of an amine to its
corresponding iminium ion. In a general sense, amines are very good electron donors,
readily undergoing single-electron oxidation to yield an aminium radical cation 119
(Scheme 28). As described in section 3.2, oxidation of an amine has the effect of
dramatically lowering the bond dissociation energy of the C—H bonds at the amine a-
positions.3® If a good hydrogen atom acceptor is present in the reaction, it may abstract a
hydrogen atom from one of these positions, converting the aminium radical cation 119 to the
iminium ion 120. At the same time, however, single-electron oxidation to the radical cation
also significantly lowers the pK, of the protons at the a-positions: aminium radical cations
have been estimated to have pK; values between 3 and 13.83 The aminium radical cation
may thus be deprotonated at the a-position to yield an a-amino radical 121, in which a
radical at the a-position is stabilized by orbital overlap with the filled p orbital on nitrogen.
This species is highly reducing, having a reduction potential of roughly —1.0 V vs SCE,3>
and may undergo a second single-electron oxidation, providing the iminium ion by a
different route (for reactions of a-amino radicals, see sections 5.9 and 5.10).

As potent electrophiles, catalytically generated iminium ions may be trapped by
nucleophiles to directly install new bonds at the a-position of amines. In the first report on
the application of transition metal photoredox catalysis to this reaction type, Stephenson and
co-workers achieved an aza-Henry reaction via the addition of nitromethane to a
catalytically generated iminium ion.84 The photocatalyst employed is the iridium complex
Ir(ppy)»(dtbbpy)PFg, which upon photoexcitation is capable of oxidizing N-
phenyltetrahydroisoquinoline (122) to its radical cation 123 (Scheme 29). The intermediate
Ir(IT) species is proposed to reduce dioxygen to complete the photoredox cycle. Superoxide
may then abstract a hydrogen atom at the a-position of the amine to generate the key
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iminium intermediate 124. Addition of the nitromethane anion 125 yields the aza-Henry
adduct 126.3

This reaction manifold has been used to accomplish a wide variety of a-functionalization
reactions (Scheme 30). For example, a-cyanation reactions have been performed in which
potassium cyanide serves as the cyanide source to provide the Strecker product 127.8¢ When
enol silanes are employed as nucleophiles, Mannich products such as 128 are obtained.3”

Alternatively, similar products may be accessed directly from the corresponding ketones
when proline is used as a cocatalyst; in this way, acetone may be employed to generate the
Mannich adduct 129. The reaction likely proceeds via the formation of a nucleophilic
enamine intermediate that undergoes addition to the iminium ion.38 Although the potential
exists here for asymmetric induction from the chiral proline catalyst, only low enantiomeric
excesses were observed. Catalytically generated iminium ions have also been intercepted by
dialkyl phosphates such as 130 to give amino phosphonates such as 13139 and by
allylsilanes to give a-allylamines such as 132.%Y Indole may serve as a Friedel-Crafts
nucleophile to give the a-arylated amine product 133.90-91

The iminium ion may also be intercepted by another catalytically generated intermediate; for
instance, terminal alkynes react with a copper catalyst to provide a copper acetylide
intermediate, which may add to the iminium to provide a-alkynylated amines such as 134.92
Finally, a-trifluoromethylamines such as 135 may be accessed using the Ruppert—Prakash
reagent (TMSCF3) as the nucleophilic “CF3~” source.?3 This amine a-trifluoromethylation
reaction employs the organic photocatalyst rose bengal, which undergoes photoexcitation at
Amax = 549 nm to give a photoexcited state capable of oxidizing the amine to its iminium
ion. Organic photocatalysts have also been successfully employed in the aza-Henry, a-

93,94

cyanation, and a-alkynylation reactions, and cadmium sulfide has been shown to

promote the aza-Henry reaction.”’

Xiao and co-workers have reported an intramolecular variant of these iminium trapping
reactions, in which a pendent nitrogen nucleophile adds to the iminium to generate
tetrahydroimidazoles.?® Using Ru(bpy)32* as the photocatalyst and oxygen as the
stoichiometric oxidant, diamine 136 is converted to iminium ion 137, which upon
cyclization yields the product tetrahydroimidazole 138 (Scheme 31). The cis diastereomer
may be obtained with high selectivity if the reaction is performed for an extended period of
time, presumably due to postreaction epimerization at the aminal carbon. These authors have
subsequently shown that this strategy may be extended to the synthesis of N,O-acetals via
the attack of pendent alcohol nucleophiles on photoredox-generated iminium ions.””

The ability of an amine to readily undergo single-electron oxidation thus enables the
development of a wide range of a-functionalization reactions. Using this general reaction
mechanism, one might conceive of developing similar a-functionalization reactions with
amides. However, a critical problem in this regard is the significantly higher reduction
potential of an amide relative to that of an amine (E;»"4 = +2.3 V vs SCE for N,N-
dimethylformamide®® as compared to E;/»"d = +0.7 V vs SCE for N,N-dimethylaniline);*°
amides therefore cannot be oxidized by any commonly employed visible light photocatalyst.
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Stephenson has reported a solution to this problem by performing the direct abstraction of a
hydrogen atom from the a-position of amides.'%° Using persulfate (139) as an oxidative
quencher for *Ru(bpy);2* generates 1 equiv of sulfate and 1 equiv of the sulfate radical
anion (140) (Scheme 32). This sulfate radical anion is proposed to directly abstract a
hydrogen atom from the a-position of N,N-dimethylformamide (DMF, 141), giving rise to
a-amido radical 142. This species may then be oxidized by Ru(bpy)3>* to the N-
acyliminium species 143. Addition of a nucleophile furnishes the a-functionalized product
144. This direct hydrogen abstraction mechanism thus circumvents the problem of amide
oxidation by generating an intermediate, 142, which is much easier to oxidize than the
parent amide. In their report, Stephenson and co-workers intercept N-acyliminium ions
derived from several amides with a range of Friedel-Crafts nucleophiles, such as anisole
derivatives and indoles, to achieve an a-arylation of amides.

As we have seen thus far, photoredox catalysis has only rarely been applied to the
development of catalytic enantioselective reactions, with efforts such as Ohkubo's use of a
chiral photocatalyst proving largely unsuccessful (section 4.3). A powerful strategy that has
recently emerged for performing asymmetric catalysis, however, is the merger of
photoredox catalysis with a second catalytic activation mode. Taking this approach,
DiRocco and Rovis merged photoredox catalysis with N-heterocyclic carbene (NHC)
catalysis to perform an asymmetric a-acylation of amines.!! In these reactions, a chiral
NHC catalyst serves to generate a chiral acyl anion equivalent for addition into iminium ions
generated via photoredox catalysis; in this way, a tertiary amine such as N-
phenyltetrahydroisoquinoline (122) may be reacted with a simple aldehyde such as n-butanal
(145) to provide the a-acylated amine 146 (Scheme 33). In the photoredox cycle, oxidative
quenching of *Ru(bpy);2* by meta-dinitrobenzene (M-DNB, 147, E; ;4 =-0.90 V vs
SCE)?! generates Ru(bpy)3>* and the arene radical anion 148. Ru(bpy)3>* oxidizes the
amine to its radical cation, which after loss of a proton and an electron yields the key
iminium ion 124. Simultaneously, the amino-indanol-derived N-heterocyclic carbene
catalyst 149 reacts with n-butanal to form the nucleophilic Breslow intermediate 150. Attack
of 150 on the iminium 124 forges the C—C bond, with the chiral information on the NHC
backbone controlling approach of the iminium and thus the configuration at the newly
formed stereocenter. The adduct 151 then suffers elimination of the product a-acylamine
146, regenerating the carbene catalyst. A range of aliphatic aldehydes could be reacted under
these conditions to give a-acylamine products with high enantioselectivity. Remarkably, the
two activation modes of photoredox catalysis and NHC catalysis act in concert without
deleterious interactions between the respective catalysts, such as oxidative degradation of
the Breslow intermediate by the photocatalyst.

4.5. Azomethine Ylide [3 + 2] Cycloadditions

Iminium ions generated via photoredox catalysis have additionally been harnessed to
perform azomethine ylide [3 + 2] cycloadditions.!92 Xiao and co-workers coupled this
reaction with an oxidative aromatization sequence to convert tetrahydroisoquinolines to
polycyclic adducts such as 152 (Scheme 34). In this transformation, tetrahydroisoquinoline
153 undergoes single-electron oxidation by *Ru(bpy)32* to give radical cation 154,
Hydrogen atom abstraction, presumably by superoxide generated during catalyst turnover,
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then furnishes iminium 155. Deprotonation adjacent to nitrogen forms the azomethine ylide
156, which may engage a host of electron-deficient alkenes in [3 + 2] cycloaddition
reactions. Thus, cycloaddition with N-phenylmaleimide (157) furnishes the pyrrolidine-
containing adduct 158. In initial studies on this reaction, this product was formed as a
mixture with dihydropyrroloisoquinoline 152, the product of oxidative aromatization. In
their optimized conditions, Xiao and coworkers add N-bromosuccinimide to convert the
product mixture exclusively to the oxidized [3 + 2] adduct 152. Other dipolarophiles
amenable to this reaction include B-nitrostyrenes, acrylates, and alkynes.

4.6. Cyclizations of Aminium Radical Cations

As the previous sections have demonstrated, the most common approach to the oxidative
functionalization of amines involves a net two-electron oxidation of the amine to the
corresponding iminium ion. Alternatively, however, aminium radical cations themselves
may be engaged in bond-forming reactions. Zheng has utilized such an approach in a
synthesis of indoles from styrenyl anilines.!03 The strongly oxidizing photocatalyst

Ru(bpz) 23 is capable of oxidizing N-p-methoxyphenylanilines such as 159 to their radical
cations (160, Scheme 35). Cyclization of the aminium radical cation onto the pendent olefin,
followed by deprotonation of the resulting ammonium ion, yields benzylic radical 161.104 A
second single-electron oxidation provides the benzylic carbocation 162, which upon loss of
a proton is converted to the product indole 163. The p-methoxyphenyl group is required for
reactivity, presumably to render the amine sufficiently electron-rich to undergo oxidation,
and oxygen from air serves as the terminal oxidant for this net oxidative process.

5. REDOX NEUTRAL REACTIONS

In the reactions described thus far, the overall reductive or oxidative nature of the
transformation necessitates the use of a stoichiometric quantity of a molecule that can serve
as a source or reservoir of electrons, respectively. In contrast to these reaction types, much
recent work in photoredox catalysis has focused on redox neutral reactions. In these
reactions, the substrate or substrates undergo both a single-electron oxidation and a single-
electron reduction at disparate points in the reaction mechanism. As a result, there is no net
oxidation state change between starting materials and products, and no stoichiometric
external components are required to turn over the photocatalytic cycle.

5.1. Atom Transfer Radical Addition

The redox neutral approach is perhaps best exemplified by atom transfer radical addition
(ATRA) reactions. In this generic reaction type, an atom transfer reagent formally undergoes
obond cleavage and addition across a 7z bond of an alkene or alkyne, in the process forming
two new o bonds.19 In practice, this transformation is commonly accomplished using
haloalkanes as the atom transfer reagents and transition metals as catalysts: the metal first
abstracts a halogen atom X from the haloalkane Y-X (Scheme 36). This gives a radical Y*,
which adds to the unsaturated substrate 164. The resulting radical 165 then abstracts the
halogen atom from the metal catalyst, completing the atom transfer reaction and
regenerating the metal catalyst.
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While most transition metal-based ATRA reactions proceed via inner sphere halogen atom
abstraction, visible light photoredox catalysis has been applied to the development of ATRA
reactions proceeding via outer sphere electron transfer. In an early contribution, Barton and
co-workers in 1994 reported that Ru(bpy)32* catalyzes the atom transfer radical addition of
Se-phenyl p-tolueneselenosulfonate (166) to a range of vinyl ethers, producing S
phenylselenosulfones in high yields.!0¢

The mechanism of this ATRA reaction is believed to proceed via single-electron reduction
of Se-phenyl p-tolueneselenosulfonate (166) by the photoexcited species *Ru(bpy);2*,
which induces fragmentation to give phenylselenolate (167) and sulfonyl radical 168
(Scheme 37). Addition of 168 to the vinyl ether (169) proceeds selectively to give a-
alkoxyalkyl radical 170. This species is then postulated to react via a radical propagation
mechanism, in which a phenylselenium group is abstracted from another equivalent of 166,
providing the B-phenylselenosulfone product 171 and regenerating sulfonyl radical 168. The
photocatalytic cycle is likely turned over via the oxidation of phenylselenolate to
phenylselenyl radical (172), which dimerizes to form diphenyl diselenide; the formation of
only 1 mol of diphenyl diselenide for every 50 mol of product 171 was taken as evidence for
a radical propagation mechanism.

More recently, Stephenson and co-workers accomplished the addition of a broad range of
atom transfer reagents to olefins via photoredox catalysis.!?7 Using Ru(bpy)3;2* as the photo-
catalyst, ATRA reactions could be performed using a-halocarbonyls such as diethyl 2-
bromomalonate (173) and ethyl bromodifluoroacetate (174) and haloalkanes such as
trifluoromethyliodide and perfluoroalkyl iodides (Scheme 38). The reactions are amenable
to addition across a range of terminal alkenes, as well as cyclic internal alkenes and terminal
alkynes.

As in Barton's selenosulfonation reaction, photoexcited *Ru(bpy);2* likely serves to reduce
the haloalkane or a-halocarbonyl substrate 175 by a single electron, generating an
electrophilic radical 176, which undergoes addition to an alkene (Scheme 39). At this stage,
one of two reaction pathways may be accessible. The radical addition adduct 177 may
abstract a halogen atom from another equivalent of reagent 175 in a radical propagation step
to give the ATRA product 178 and regenerate radical 176. Alternatively, single-electron
oxidation of adduct 177 by Ru(bpy)3>* may provide carbocation 179 (E;,;"d = +0.47 V vs
SCE for the 2-propyl radical),!%8 which may be trapped by the halogen anion nucleophile in
what is termed a radical-polar crossover pathway. These reactions stand in contrast to the
reductive radical cyclizations performed by Stephenson's group (vide supra), in which the
radical addition product 177 abstracts a hydrogen atom from an amine radical cation to give
the product of net reduction. Thus, the lack of a good hydrogen atom source in these
reactions enables the ATRA reaction to proceed.

In interrogating the mechanism of this ATRA reaction, evidence was found to support both
the radical-polar crossover and the radical propagation pathways. When 4-penten-1-ol (180)
was used as a substrate in the reaction, the expected ATRA product 181 was obtained along
with tetrahydrofuran 182 (Scheme 39A). Resubjection of 181 to the reaction conditions or to
refluxing toluene did not provide 182, demonstrating that 182 does not arise from Sn2
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displacement of the bromide. Instead, 182 must arise from trapping of the carbocation 179
by the pendent alcohol, implicating a radical-polar crossover mechanism. On the other hand,
experiments conducted using ethyl bromoacetate (183) provide evidence for the radical
chain propagation pathway. Ethyl bromoacetate itself is not a competent partner in the
ATRA reaction, presumably because it cannot undergo single-electron reduction by the
photocatalysts being employed; however, if it were present in the reaction alongside a
functional substrate, products of 183 incorporation might be observed if a radical chain
propagation mechanism were viable. This is indeed the case; when combined with diethyl 2-
bromomalonate (173), an equal mixture of products arising from ATRA of 173 and 183 is
obtained (Scheme 39B). These mechanistic experiments indicate that both the radical-polar
crossover and the radical chain propagation pathways are accessible in the photoredox
ATRA reaction; the extent to which one pathway is favored over the other likely depends on
the nature of the substrates being employed. Finally, photoredox ATRA reactions have also
achieved using the copper photocatalyst Cu(dap),* (see section 3.2).109 The photoexcited
species *Cu(dap),™ is sufficiently reducing (E; "1 = —1.43 V vs SCE) to donate an
electron to a range of polyhalomethanes and acyl halides, initiating addition across alkenes

via the typical atom transfer mechanism.!10

5.2. Photoredox Organocatalysis

As we have noted, radical intermediates generated via photoredox catalysis have only rarely
been harnessed to perform enantioselective bond-forming transformations. In 2008, our lab
reported the merger of photoredox catalysis with enamine organocatalysis to perform the
enantioselective a-alkylation of aldehydes.!? Enamine catalysis is a general activation mode
in which the formation of an enamine from a secondary amine and a carbonyl compound
activates the a-position of the carbonyl toward a range of electrophilic functionalization
reactions; our lab has extensively investigated the use of chiral secondary amine
imidazolidinone catalysts to achieve enantioselective a-functionalization reactions of
aldehydes and ketones.!!! A particularly challenging reaction in this area is the
intermolecular a-alkylation of aldehydes, which has yet to be solved in a general sense.

As demonstrated in the atom transfer radical addition chemistry, electrophilic radicals
readily undergo addition to simple olefins. Recognizing this, Nicewicz and MacMillan
anticipated that inherently electron-rich enamines might couple with electron-deficient
radicals generated via photoredox catalysis. If the enamine were derived from a chiral
imidazolidinone catalyst, the chiral substituents on the catalyst might control the facial
approach of the radical and provide a means of achieving enantioinduction. These concepts
were successfully executed: a dual catalyst system composed of Ru(bpy)32* and
imidazolidinone 184 was found capable of performing the alkylation of an aldehyde 185
with an electron-deficient alkyl bromide 186 to provide a-alkylated product 187 in good
yield and high enantiomeric excess (Scheme 40).

This transformation proceeds via the merger of a photoredox catalytic cycle and an
organocatalytic cycle (Scheme 41). Initiation of the reaction requires quenching of the
photo-catalyst excited-state *Ru(bpy)32* by a sacrificial amount of enamine 188 to provide
the strongly reducing Ru(bpy);* (not shown). This species may then transfer an electron to
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the alkyl bromide 186, inducing fragmentation to afford bromide and the electron-deficient
radical 189. Meanwhile, condensation of aldehyde 185 with the imidazolidinone
organocatalyst 184 furnishes chiral enamine 188. Addition of the electrophilic radical to the
accessible S face of the enamine forges the C—C bond and generates the a-amino radical
190. The two catalytic cycles then intersect with the single-electron oxidation of 190 by
*Ru(bpy)32* to yield Ru(bpy)s* and the iminium 191. Hydrolysis of the iminium releases
the a-alkylated product 187 and regenerates the organocatalyst. Photoredox catalysis thus
serves not only to generate the reactive radical species but also to perform a key oxidation in
the organocatalytic cycle.

This reaction was found amenable to the alkylation of aldehydes with a range of a-
bromocarbonyls, including a-bromomalonates, ketones, and esters. Aldehydes having a
range of functional groups, as well as substitution at the B-position, were well tolerated. The
proposed reductive quenching cycle is supported by Stern—Volmer studies indicating that the
a-bromocarbonyl substrates do not quench the photoexcited species *Ru(bpy);2*. As in the
previously discussed a-acylation of amines, this dual catalytic approach highlights the
utility of combining photoredox catalysis with a second catalytic activation mode for the
achievement of enantioselective transformations.

This general approach, termed photoredox organocatalysis, has been extended to the a-
trifluoromethylation and a-perfluoroalkylation of aldehydes.!!2 Methods for the asymmetric
installation of trifluoromethyl groups are desirable as this group is widely employed in
medicinal chemistry for its ability to modulate the binding affinity, lipophilicity, and
metabolic stability of drug candidates.!!3 It was found that trifluoromethyl iodide (or the
corresponding perfluoroalkyl iodide) may serve as a source of the electrophilic
trifluoromethyl radical 192 upon single-electron reduction (Scheme 42). Analogous to the
photocatalytic cycle operative in the a-alkylation reaction, reductive quenching of the
optimal iridium photocatalyst Ir(ppy),(dtbbpy)* generates an Ir(I) species, Ir-
(ppy)»(dtbbpy). This intermediate is sufficiently reducing (E; ™" = —-1.51 V vs SCE)’8 to
donate an electron to CF3I (E;"d = —1.22 V vs SCE).!14 Mesolysis provides the
trifluoromethyl radical, which adds with high facial selectivity to the chiral enamine derived
from imidazolidinone 184, providing access to a range of a-trifluoromethyl aldehydes 193.

Another previously elusive transformation that has been enabled by photoredox
organocatalysis is the a-benzylation of aldehydes.!!5 As in the a-alkylation and a-
trifluoromethylation reactions, it was envisioned that benzyl radicals generated via single-
electron reduction of benzyl halides might undergo addition to facially biased enamines. It
was anticipated that electron-deficient benzyl halides would be ideal substrates for this
reaction, as the installation of electron-withdrawing groups on the arene would both
facilitate single-electron reduction of the benzyl halide and render the resulting benzyl
radical more electrophilic, promoting coupling with nucleophilic enamines.

In executing this reaction, it was found that electron-deficient benzyl halides could be
induced to undergo coupling using the iridium photocatalyst fac-Ir(ppy)s3 (see section 3.2)
and imidazolidinone organocatalyst 194 to give a-benzyl aldehyde products (Scheme 43).
Upon photoexcitation, the strongly reducing excited-state *Ir(ppy) (E;p!V/ = —1.73 V vs
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SCE)38 is capable of reducing a benzyl halide 195 to its corresponding benzyl radical 196.
Addition of this radical to the chiral enamine 197 provides a-amino radical 198, which is
oxidized by the intermediate Ir(IV) species (E; Y™ = +0.77 V vs SCE). Hydrolysis of the
resulting iminium 199 then releases a-benzyl aldehyde 200. The benzylation reaction thus
proceeds via an oxidative quenching cycle, in contrast to the reductive quenching cycles
operative in the a-alkylation and a-trifluoromethylation reactions.

The reaction was found to require highly electron-deficient benzyl halides, with substrates
bearing both a nitro group and a second electron-withdrawing group undergoing coupling in
good yield. The reaction was also amenable to the incorporation of a range of electron-
deficient heteroaromatics such as pyridines, pyrazines, pyrimidines, quinolines, and
benzimidazoles, moieties that feature prominently in many medicinal agents. Interestingly,
the reactivity of certain heteroaryl substrates was significantly improved when the substrate
was used as its hydrobromide salt, presumably because protonation of the heterocycle
lowers its reduction potential.

The photoredox organocatalysis strategy has also been performed using organic
photocatalysts by Zeitler and coworkers.!1¢ Specifically, the xanthene dye eosin Y was
employed in concert with imidazolidinone 184 to catalyze the a-alkylation of octanal (201)
with diethyl bromomalonate (173) to give the adduct 202 in good yield and enantiomeric
excess (Scheme 44). Eosin Y (EY) absorbs light in the visible region (155 = 539 nm) to
give a photoexcited singlet state, 'EY*, which undergoes intersystem crossing to form the
long-lived triplet state SEY*. This photoexcited state undergoes reductive quenching,
analogously to Ru(bpy)32*, oxidizing the intermediate a-amino radical 190 to its
corresponding iminium 191 (CEY* is a strong oxidant, E;»CEY*/EY"") = +0.83 V vs SCE).
In the process, the photocatalyst is reduced to the eosin Y radical anion (EY""). This highly
reducing species (E;»(EY/EY®") =-1.06 V vs SCE) is then capable of performing the
single-electron reduction of the alkyl bromide 186. This generates the electrophilic a-
carbonyl radical 189 and regenerates the ground-state EY species. The organocatalytic cycle
proceeds as described in Scheme 41. In yet another variant of this reaction, the a-alkylation
of aldehydes has been performed via semiconductor catalysis; Konig and co-workers have
identified surface-modified titanium dioxide and the heterogeneous material PbBiO,Br as
efficient catalysts for this reaction under visible light irradiation.!!” These examples
demonstrate that reactions developed using one class of visible light photocatalysts are
amenable to catalysis via another.

5.3. Radical Additions to Arenes

A great number of photoredox reactions have been developed for the direct functionalization
of aromatic rings. In this generic reaction manifold, addition of a radical to an arene first
generates a dienyl radical 203 (eq 5). This adduct may readily undergo single-electron
oxidation to provide dienyl cation 204, which upon deprotonation gives the substituted arene
product 205. This approach enables the direct installment of functional groups in place of
simple aryl C—H bonds.
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5.3.1. Arylation of Arenes: Diazonium Salts—One of the earliest examples of
photoredox catalysis in organic synthesis falls into this general reaction category. In 1984,
Cano-Yelo and Deronzier reported that Ru(bpy)s;Z* catalyzes the Pschorr reaction, the
intramolecular coupling of an aryldiazonium salt with an unsubstituted arene.!!® Single-
electron reduction of aryl diazonium salts is very facile (E; ;™4 = 0.1 V vs SCE for
phenyldiazonium tetrafluoroborate) and occurs with concomitant loss of dinitrogen to give
aryl radicals.”? Thus, upon exposure of aryldiazonium salt 206 to Ru(bpy)32* and visible
light, single-electron reduction provides aryl radical 207 (Scheme 45). Intramolecular
radical addition to the pendent arene gives adduct radical 208, which may be oxidized by
Ru(bpy);3* to provide carbocation 209. Deprotonation restores aromaticity and gives the
phenanthrene product 210.

The ability to generate aryl radicals via the single-electron reduction of aryldiazonium salts
has been exploited recently by Konig and co-workers to achieve a Meerwein-type arylation
of heteroarenes.! 19120 The organic photocatalyst eosin Y (vide supra) was found to be a
suitable catalyst for this reaction; upon photoexcitation, it is proposed to reduce the
aryldiazonium salt to the phenyl radical 211 (Scheme 46). This aryl radical adds to furan
(212) at the 2-position to provide radical adduct 213, which is oxidized to oxocarbenium ion
214, either by the eosin Y radical cation or by another equivalent of diazonium salt in a
chain propagation mechanism. Deprotonation provides the 2-arylfuran product 215. The
reaction was found to proceed most efficiently with electron-poor diazonium salts, although
electron-rich substrates (such as 4-methoxyphenyldiazonium tetrafluoroborate) couple in
moderate yields. In addition to furan, the heteroarene may be a thiophene or N-Boc pyrrole.

In these arylation reactions, photoredox catalysis serves to generate aryl radicals that then
add directly to organic substrates. Alternative chemical reactions may be accessed if the aryl
radical undergoes addition to a metal. Taking this approach, Sanford and co-workers merged
photoredox catalysis with high-valent palladium catalysis to perform C—H arylation
reactions with diazonium salts.!2! Previous work from the Sanford group demonstrated that
a variety of Lewis basic directing groups ligate palladium(II) and facilitate the activation of
proximal C-H bonds. Thus, 2-phenylpyridine (216) undergoes C—H activation to provide
palladacycle 217 (Scheme 47). This intermediate may be intercepted by a range of two-
electron oxidants, which oxidize the Pd(II) species to Pd(IV) complex 218. Reductive
elimination between the aryl group and another ligand on the metal then gives the C-H
functionalized product 219. This reaction manifold has been employed to develop a wide
range of C-O, C-S, C-X, C-N, and C-C bond-forming reactions.22 In one application of
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this chemistry, Sanford has introduced the use of diaryliodonium salts (such as 220) as the
two-electron oxidant to perform a C— H arylation reaction, enabling a wide range of
substituted aryl rings to be installed at a C—H bond proximal to a directing group.!23

A drawback of these arylation reactions, however, is the requirement for elevated
temperatures (typically 100 °C). Prompted by mechanistic studies implicating oxidative
addition of the diaryliodonium as the rate-determining step,'2* Sanford and co-workers
hypothesized that the use of a more reactive arylating reagent could enable the development
of a room temperature C—H arylation reaction. It was further postulated that an aryl radical
might serve as a suitably reactive arylating agent.

In the successful execution of these ideas, high-valent palladium catalysis was merged with
photoredox catalysis; upon visible light irradiation of a mixture of 2-arylpyridine 221,
phenyldiazonium salt 222, palladium(II) acetate, and Ru-(bpy)s;2* at room temperature, the
C-H arylation product 223 is obtained in good yield (Scheme 48). According to the
mechanism proposed for this reaction, the photoexcited species *Ru(bpy);2* reduces
phenyldiazonium salt 222 to the phenyl radical 211. Simultaneously, C—H activation of 2-
arylpyridine 221 generates Pd(II) intermediate 224. The aryl radical is postulated to add to
this species, oxidizing the metal by one electron to generate Pd(III) intermediate 225. At this
point, the two catalytic cycles merge, with the highly oxidizing Ru(bpy)s>* removing an
electron from 2285, giving the Pd(IV) species 226. Reductive elimination from this high-
valent palladium complex generates the biphenyl product 223 and, following C—H activation
of another molecule of 221, regenerates Pd(II) complex 224.

The reaction was found to tolerate substitution on both rings of the 2-phenylpyridine
substrate. In addition to pyridine, amides, pyrazoles, pyrimidines, and oximes could be
employed as directing groups. A diverse range of substituted aryldiazonium salts readily
undergo reaction, as demonstrated in the arylation of N-phenylpyrrolidinone. Most
significantly, this reaction provides a striking example of the utility of single-electron
processes in transition metal chemistry. While the monocatalytic C—H arylation with
diaryliodonium salts procceds via a single two-electron oxidation event, and suffers from the
requirement for elevated reaction temperatures, the multicatalytic C—H arylation with
diazonium salts proceeds via two sequential one-electron oxidation events. In this case, the
lower energy barriers to the single-electron processes enable the dramatic lowering in
reaction temperature.

5.3.2. Alkylation of Arenes—In addition to aryldiazonium salts, a range of other radical
precursors may be employed in arene functionalization reactions. Stephenson and co-
workers have shown that malonyl radicals, generated by the single-electron reduction of 2-
bromomalonates, undergo efficient addition to electron-rich heterocycles.!2> Key to the
success of this reaction is the use of 4-methoxy-N,N-diphenylaniline (227) as a reductive
quencher for the photocatalyst. Oxidation of triarylamine 227 by *Ru(bpy)3;2* furnishes
aminium radical cation 228 and Ru(bpy)3*, which reduces diethyl 2-bromomalonate (173) to
malonyl radical 229 (Scheme 49). When amine reductants having a-hydrogens are
employed, 229 may abstract a hydrogen atom (H*) from the amine radical cation to give the
product of reductive dehalogenation. As radical cation 228 lacks a-hydrogens, however,
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malonyl radical 229 instead engages in coupling, adding to the 2-position of indoles to give
benzylic radical adduct 230. Oxidation of 230, either by *Ru(bpy)s2* or by bromomalonate
173, followed by deprotonation gives the 2-alkylated indole 231. This reaction was
demonstrated to be effective for alkylation at the 2-position of indole, pyrrole, azaindole,
and furan ring systems. If the 2-position of indole is blocked, alkylation proceeds efficiently
at the 3-position. The reaction may also be carried out intramolecularly when the
heterocycle bears a tethered bromomalonate moiety.

Stephenson has applied the photoredox indole alkylation reaction to the total synthesis of
(+)-gliocladin C, a natural product having a C3-C3” linked indole/pyrroloindoline core
(Scheme 50).126 Previous work in the Stephenson group on reductive dehalogenation
reactions demonstrated that bromopyrroloindolines such as 232 undergo single-electron
reduction to give tertiary benzylic radicals (vide supra). It was proposed that the key C3—
C3’ bond of gliocladin C could be formed via addition of this radical to indole. Because of
the preference for radical addition at the 2-position of indole, however, indole-2-
carboxaldehyde (233) was employed to block the 2-position and direct reactivity toward the
desired C3-C3’ bond construction. This approach proved successful, and bromo-
pyrroloindoline 232 was converted in high yield to C3-C3” coupled product 234.
Subsequent decarbonylation with Wilkinson's catalyst provided deformylated indole 235,
which was carried forward to gliocladin C. In total, gliocladin C was synthesized in 10 steps
from commercial starting materials in 30% overall yield.

In related work, Yu and co-workers have reported the synthesis of oxindoles such as 236
from 2-bromoanilides via intramolecular radical cyclization (eq 6).127 Highest yields were
obtained using the photocatalyst Ir(ppy)s; the photoexcited species *Ir(ppy)s is sufficiently
reducing to donate an electron directly to 2-bromoanilide 237, and a stoichiometric reductant
is not required.

CO,Et

DMF, visible light N

Me

237 236, 95%

6

5.3.3. Trifluoromethylation of Arenes—A particularly desirable arene
functionalization reaction is the direct trifluoromethylation of arene C—H bonds, due to the
utility of this group in medicinal chemistry. Our group has recently accomplished this
reaction under photoredox conditions using trifluoromethanesulfonyl chloride (triflyl
chloride) as a precursor to the trifluoromethyl radical.!28 The reaction proceeds first via
single-electron reduction of triflyl chloride (238, E; ;"4 = -0.18 V vs SCE) by the
photocatalyst, in this case Ru(phen)32* (phen = phenanthroline, E; ,/* I = —0.87 V vs SCE
for *Ru(phen)32+)!2% (Scheme 51 and Figure 4). Reduction induces fragmentation of triflyl
chloride to give the trifluoromethyl radical, sulfur dioxide, and chloride. Addition of the
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trifluoromethyl radical to the arene 239 gives the dienyl radical 240, which may be oxidized
by Ru(phen);33* to the dienyl cation 241. Deprotonation then delivers trifluoromethylated
product 242. A range of five- and six-membered arenes and heteroarenes may be efficiently
and selectively functionalized using this protocol.

Trifluoromethylation of pyrroles, indoles, furans, and thiophenes proceeds selectively at the
2-position, and a thiazole was shown to react selectively at the 5-position. For the
trifluoromethylation of six-membered rings, the optimal photocatalyst was found to be
Ir(Fppy)s; (Fppy = 2-(2,4-difluorophenyl)pyridine). This catalyst enables the efficient
trifluoromethylation of a range of simple benzene derivatives, as well as nitrogen-containing
heterocycles such as pyridines, pyrazines, and pyrimidines.

A striking feature of this reaction is its amenability to the functionalization of complex
molecules such as pharmaceutical agents. This was demonstrated by exposing the
cholesterol-lowering statin Lipitor to the arene trifluoromethylation conditions; a mixture of
three monotrifluoromethylated Lipitor derivatives is obtained (Scheme 52). This result
highlights the potential utility of this reaction in rapidly diversifying late-stage drug
candidates. Cho and co-workers have additionally reported an analogous photoredox-
catalyzed arene trifluoromethylation using trifluoromethyl iodide as the source of the
trifluoromethyl radical.!3% The reaction was shown to be amenable to the
trifluoromethylation of a range of fivemembered heterocycles.

In a mechanistically distinct contribution, Ye and Sanford have reported the
trifluoromethylation of arylboronic acids by applying their strategy of merging photoredox
catalysis with transition metal catalysis.!3! These authors recognized that copper has been
found to catalyze the trifluoromethylation of boronic acids, with the active “Cu—CF3”
species in these systems being derived from either nucleophilic “CF3~ sources such as the
Ruppert—Prakash reagent!32 or electophilic “CF3*” sources such as S-

133 and Togni's reagent.!34 Postulating that the

(trifluoromethyl)thiophenium salts
trifluoromethyl radical might be used to generate a copper—CF3 complex, they explored
visible light photoredox conditions for the generation of “CFj3 in conjunction with copper
catalyst systems. This approach proved fruitful, with phenylboronic acid (243) undergoing
conversion to trifluoromethylbenzene (244) upon exposure to conditions employing
Ru(bpy);2* as the photo-catalyst, trifluoromethyl iodide (245) as the *CF3 source, copper(I)
acetate, and visible light (Scheme 53). The reaction gives only trace product in the absence
of a copper catalyst or when the conditions for photoredox C—H trifluoromethylation are
employed, demonstrating the intermediacy of a copper—CFj3 species. The reaction is
therefore proposed to proceed first via single-electron oxidation of the copper(l) species 246
(E1p™d = -0.08 V vs SCE for Cu(I)) by *Ru(bpy)s2* to give a copper(II) species 247 and
Ru(bpy)s*. As previously described, Ru(bpy);™* is capable of donating an electron to
trifluoromethyl iodide to generate the trifluoromethyl radical (192) and regenerate ground-
state Ru(bpy)s2*. Addition of "CF; to the copper(II) species 247 oxidizes the metal by a
single electron to give the high-valent trifluoromethyl-copper(IIl) species 248.
Transmetalation of phenylboronic acid (243) may then proceed to give aryl-copper(III)
intermediate 249, which may undergo reductive elimination to forge the aryl-CF3 bond and
regenerate the copper(l) species. The authors alternatively suggest that the order of
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trifluoromethyl radical addition and transmetalation may be reversed, with transmetalation
between 247 and 243 giving rise to a copper(Il)—aryl species, which may be converted to
copper(IIl) species 249 upon addition of the CF3 radical. As in the photoredox- and
palladium-catalyzed C—H arylation using aryldiazonium salts, a key feature of this reaction
is the intermediacy of a high-valent metal species; while the arylation reaction proceeds via
a putative Pd(IV) intermediate, in the trifluoromethylation reaction reductive elimination
proceeds from a high-valent Cu(III) species. Also common to both reactions is the manner in
which these high-valent species are accessed; one single-electron oxidation is performed by
the photocatalyst, while the second single-electron oxidation occurs upon addition of the
radical. In each reaction, the photocatalyst thus serves not only to generate the desired
radical but also plays an integral part in the transition metal catalytic cycle. This dual
catalytic system was found to successfully trifluoromethylate both electron-rich and
electron-deficient arylboronic acids, as well as transform boronic acids derived from
heteroarenes such as pyridine and quinoline.

5.3.4. Oxygenation of Arenes—A final arene functionalization reaction enabled by
photoredox catalysis is the benzoyloxylation of arenes reported by Li, which proceeds via
the intermediacy of benzoyloxy radicals (eq 7).133 In this protocol, single-electron reduction
of benzoyl peroxide (250) induces mesolysis to give 1 equiv of benzoate and 1 equiv of the
benzoyloxy radical ("OBz). Addition of the benzoyloxy radical to the arene followed by
oxidation and rearomatization via deprotonation yields the oxygenated arene product. This
reaction was found to require electron-rich arenes and was successfully applied to the

functionalization of a range of anisole derivatives.!30

OMe o) 2 mol% Ru(bpy)sCl; OMe

)_k o Ph 3 equiv. NaHCO4 OBz
Ph” TO \ﬂ/
O

2 equiv. 250 61%, 3:1 o:p

MeCN, visible light

)

5.4. Radical Additions to Other = Nucleophiles

Electron-deficient radicals have been employed to functionalize a wide range of electron-
rich 7 systems beyond enamines and arene rings. Aryldiazonium salts, for instance, have
been employed to develop a photoredox arylation of styrenes.!37 Upon reductive
fragmentation of the aryldiazonium salt with Ru(bpy);*, the phenyl radical undergoes
addition to the S-position of styrene to provide benzylic radical 251, which is oxidized and
deprotonated to give stilbene (26) as a mixture of olefin isomers (Scheme 54). Aryl radicals
may also add to enol acetates to afford a-aryl ketones.!38 These reactions proceed via the
intermediacy of a-acetoxy radicals such as 252, which upon single-electron oxidation and
loss of acetate yields a-aryl ketone 253 (Scheme 54).139

In a recent contribution from our lab, we described the synthesis of a-trifluoromethyl
ketones, esters, and amides via radical addition to the corresponding enolsilanes, silylketene
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acetals, and silylketene N,O-acetals.!40 Reductive quenching of *Ru(bpy);2* followed by
reduction of trifluoromethyl iodide by Ru(bpy);* generates the trifluoromethyl radical (192),
which adds to the electron-rich enolsilane 254 to provide a-silyloxy radical 255 (Scheme
55). Single-electron oxidation of 255 by *Ru(bpy)s2* generates silyloxocarbenium 256, and
hydrolysis of 256 provides the a-trifluoromethyl carbonyl product 257. The reaction was
found to be applicable to the trifluoromethylation of a range of aromatic and aliphatic
enolsilanes. Surprisingly, when silylketene acetals and N,O-acetals were employed as
substrates in the reaction, good yields of the products were obtained in the absence of a
photocatalyst; these reactions may proceed via a photoinduced charge-transfer complex.!4!
Additionally, it was demonstrated that the direct a-trifluoromethylation of ketones, esters,
and amides could be carried out in a one-pot procedure, in which the enolsilane or
silylketene acetal is generated in situ and exposed without purification to the photoredox
conditions. These conditions were also found to be amenable to the introduction of

perfluoroalkyl groups.

Using styrenes as rr-nucleophilic partners for coupling with trifluoromethyl radicals, Akita
and co-workers have developed an oxytrifluoromethylation reaction proceeding via a
radical—polar crossover mechanism. 42 These authors make use of Umemoto's reagent (258)
as a source of the trifluoromethyl radical; this species (Ej;,"d = -0.37 V vs SCE) is
proposed to undergo single-electron reduction by *Ir(ppy); to yield dibenzothiophene and
the trifluoromethyl radical (Scheme 56). Addition of trifluoromethyl radical to styrene (259)
gives a benzylic radical (260), which may be oxidized by the intermediate Ir'Y (ppy); to the
benzylic carbocation 261. When methanol is employed as a cosolvent, this carbocation is
converted to the product methyl ether 262. In addition to alcohols, water and carboxylic
acids may also be employed as nucleophiles to deliver the products of
hydroxytrifluoromethylation and carboxytrifluoromethylation, respectively. This protocol
was applied to a range of styrenes, with substrates such as trans-stilbene and indene
undergoing oxytrifluoromethylation with moderate to good levels of diastereoselectivity.

Masson has employed a similar radical-polar crossover mechanism to achieve the tandem
alkylation/nucleophilic trapping of enamides and enecarbamates.!*3 In this three-component
coupling, malonyl radical addition to enecarbamate 263 provides an a-amido radical, which
upon oxidation to the N-acyliminium ion and trapping by ethanol provides the adduct 264
(eq 8).144

NHCbz 1 moi% Inppy);(dtbbpy)PFs CbzHN  CO,Et
2 equiv. NEtg, 10 equiv. ethanol
AN 2 equiv. diethyl 2-bromomalonate EtO CO,Et
Me Me
DCM, visible light
263 264, 99%, 1:1d.r.

®

Finally, the copper photocatalyst Cu(dap),* has been employed to achieve the allylation of
a-halocarbonyls with allylstannanes.!% Photoexcitation of Cu(dap),* generates an excited
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species, which reduces the a-chloroketone 265 to give a-carbonyl radical 266 (Scheme 57).
Addition of this radical to allyltributyltin (267), with concurrent release of stannyl radical
268, provides the allylated product 269. Single-electron reduction of the stannyl radical by
Cu(dap),2* then closes the photocatalytic cycle.

5.5. Reactions of Enamine Radical Cations

The electrophilic radicals discussed thus far are typically generated by single-electron
reduction and fragmentation of the corresponding halide. A unique approach to forming an
electrophilic radical, however, is single-electron oxidation of an enamine. The resulting
enamine radical cation possesses significant spin density on the carbon S to nitrogen and
may also be considered as an a-iminium radical.!4> This species thus reacts as an
electrophilic radical at the B-position of the enamine (eq 9).!4¢ While the reactions in this
section are net oxidative, rather than redox neutral, we consider them here to place them in
the context of related chemistry of enamines and similar radical additions to 7z systems.

/RE R1\+./ R2 Hl\+/RE
-~ N Tl
. . ; electrophilic
AN %\ J\ i radical
R? R® R®

©))

Akita and co-workers employed Ru(bpy)s2* to generate this enamine radical cation and
demonstrated that it adds to enolsilanes in a net oxidative transformation to provide 1,4-
diketone products.!4” Duroquinone is employed in this reaction as a stoichiometric oxidant,
and increased yields are observed using lithium tetrafluoroborate as an additive, presumably
because lithium coordination lowers the reduction potential of the quinone. Thus, lithium-
complexed duroquinone (270) is proposed to oxidatively quench *Ru(bpy);2*, giving 271,
which may be reduced by another electron to afford hydroquinone 272 (Scheme 58). The
oxidant Ru(bpy)3>* then removes an electron from morpholine enamine 273, generating the
enamine radical cation 274. Coupling with enolsilane 275 provides the a-silyloxy radical
276, which upon loss of another electron and silyl group cleavage furnishes ketone 277.
Hydrolysis of the iminium ultimately provides the 1,4-diketone product 278. The reaction
tolerates electron-donating and weakly electron-withdrawing substitution on the phenyl ring
of the enolsilane. As both the enamine 273 and the duroquinone quench the photocatalyst,
the photocatalyst may also be engaged in a reductive quenching cycle.

Koike and Akita have also made use of enamine radical cations to perform an a-
oxyamination of aldehydes.!#8 Condensation of hydrocinnamaldehyde (279) with
morpholine (280) generates enamine 281 (Scheme 59). Single-electron oxidation of 281 by
*Ru(bpy)s32* generates the enamine radical cation 282. This species is proposed to undergo
radical-radical coupling with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 283),
providing iminium 284, hydrolysis of which generates a-oxyamination product 285 and
regenerates the amine catalyst. The stoichiometric oxidant operative in this process is likely

adventitious oxygen.!4?
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5.6. [2 + 2] Cycloadditions

As these reactions of enamine radical cations demonstrate, photoredox catalysis may be
employed to access stable radical cations and radical anions that do not undergo
fragmentation to give neutral radicals. Often, these radical ions possess reactivity that is
inherently unique from that of their native oxidation state, and these species may be
harnessed to access exotic transformations.

A prime example of this reaction type is the cycloaddition chemistry developed by Yoon
and co-workers. Inspired by reports indicating that single-electron reduction of certain
bis(enone) substrates initiates [2 + 2] cycloaddition reactions,'>° Yoon demonstrated that
Ru(bpy);Cl, catalyzes the transformation of bis(enone) 286 to cyclobutane-containing
adduct 287 in high yield and with good diastereoselectivity (eq 10).!! Hiinig's base is
required for reactivity, suggesting that the first step in the photocatalytic

5 mol% Ru(bpy)sCl, 0 (o)
o] o 2 equiv. i-Pr,NEt
2 equiv. LiBF, Ph Ph
Ph i
H H
MeCN, visible light
286 287, 89% yield, >10:1 d.r.

10)

cycle is reductive quenching of *Ru(bpy)32* by the amine (Scheme 60). The lithium cation
is also essential, and likely functions as a Lewis acid to activate the enone toward one-
electron reduction by Ru(bpy);*. The resulting lithium-bound radical anion 288 then
undergoes [2 + 2] cycloaddition, resulting in the ketyl radical 289, which is oxidized to give
cyclobutane adduct 287. This oxidation may conceivably be performed by the photoexcited
catalyst *Ru(bpy)s2*, the amine radical cation, or another equivalent of lithium-bound bis-
(enone). The organic substrate thus undergoes no net change in oxidation state: it accepts an
electron, undergoes bond rearrangement, and then donates an electron to an acceptor to
complete the cycle. Various substituted aryl and heteroaryl bis(enone) substrates were found
to perform well in the reaction, but symmetrical aliphatic enones and enoates do not cyclize,
likely because they fail to undergo reduction. As long as one aryl enone is present, however,
unsymmetrical substrates having a tethered aliphatic enone or enoate may be employed.
While the intramolecular cyclizations give rise predominantly to the meso cis-dione
products, the cycloadditions may also be performed in an intermolecular manner to give as
the major product the trans-dione.

Yoon and co-workers subsequently sought to extend this chemistry to crossed
intermolecular [2 + 2] cycloadditions. It was anticipated that the inherent challenge of
homodimerization could be overcome if only one of the two reaction partners were an aryl
enone and thus capable of undergoing reduction. In addition, it was conceived that the enone
radical anion would react less readily with another equivalent of itself than it would with
Michael acceptors lacking substituents at the B-position. In the event, aryl enone 290 was
found to react with 2.5 equiv of methyl vinyl ketone (291) to give the crossed cyclobutane
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product 292 in good yield and diasteroselectivity (Scheme 61).15! Aryl enones having a
variety of alkyl groups at the B-position could be employed, and acrylate esters and
thioesters could also function as the Michael acceptor. A thioester acceptor having a methyl
group at the a-position was even found to give moderate yield in the reaction, providing
access to cyclobutane 293 bearing a quaternary carbon center.

Recognizing that the requirement for an aryl enone coupling partner places limitations on
the scope of available products, Yoon recently introduced a,f-unsaturated 2-imidazolyl
ketones such as 294 as substrates for the photoredox [2 + 2] cycloaddition (Scheme 62).152
The N-methylimidazol-2-yl group functions as an auxiliary that enables reduction of the
enone, allowing such ketones to perform in a range of inter-and intramolecular [2 + 2]
cycloadditions. Following the photoredox reaction, N-alkylation of the product 295 followed
by treatment with a nucleophile provides access to carboxylic acid, ester, thioester, and
amide products. The imidazolyl group, termed a “redox auxiliary”, thus enables access to a
range of cyclobutane adducts that cannot be formed directly in the [2 + 2] reaction.

A key feature of these [2 + 2] cycloadditions is the requirement for a lithium cation to act as
a Lewis acid and lower the reduction potential of the aryl enone substrate. Yoon speculated
that Brgnsted acids could similarly activate these substrates toward reduction by protonating
the enone. When various acids were examined as additives in the reaction, however, very
different reactivity was observed: instead of giving [2 + 2] cycloaddition products, the
products of net reductive cyclization were obtained (Scheme 63).153 In particular, when
dione 286 was treated with Ru(bpy)s2*, Hiinig's base, and 5 equiv of formic acid,
cyclopentane 296 is obtained as the exclusive product. The reaction presumably proceeds
via reduction of protonated dione 297 to give the neutral S-ketoradical 298. In contrast to the
lithium-bound radical anion 288, which undergoes [2 + 2] cycloaddition, this species
undergoes 5-eX0-trig cyclization to give a-carbonyl radical 299 solely as the trans
diastereomer. Abstraction of a hydrogen atom from the amine radical cation then delivers
the product 296.

Using these conditions, a range of aryl enones could be cyclized to give the trans-substituted
cyclopentane products. Heteroatoms could be employed in the tether between the reacting
enones, and the tether length could be extended to give access to six-membered rings.
Interestingly, aliphatic enones, which are unreactive in the lithium-promoted [2 + 2]
cycloadditions, efficiently undergo cycloaddition using the photocatalyst
Ir(ppy),(dtbbpy)PFg. A number of acceptors that are unreactive with aryl enone-derived
radicals, such as styrenes and vinyl nitriles, were additionally found to be reactive with the
aliphatic enone-derived radicals. Similar reductive intramolecular cyclization reactions have
been accomplished using 9,10-dicyanoanthracene as a visible light photocatalyst and
triphenylphosphine as the stoichiometric reductant.!3*

Similarly unanticipated reactivity was uncovered when chalcones were exposed to the
conditions for photoredox cycloaddition. Instead of affording [2 + 2] adducts, trans-
chalcone (300) is converted to cyclopentanol 301 (Scheme 64).!5 Employing samarium(III)
triflate as a Lewis acid, single-electron reduction of 300 proceeds to give samarium-bound
radical anion 302. Competition experiments with methyl vinyl ketone suggest that radical
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anion 302 does not add to a molecule of neutral 300, but rather undergoes radical-radical
coupling with another equivalent of 302 to give dienolate 303. Protonation of one of the
enolates followed by an intra-molecular aldol addition provides the cyclopentanol product
301.

In these reductive cyclization reactions as well as the related [2 + 2] cycloadditions,
reductive quenching of *Ru(bpy)32* serves to generate Ru(bpy)s*, which reduces an
electron-poor organic substrate to initiate the cyclization. In addition to radical anions,
however, radical cations are also known to undergo cycloaddition reactions.!5¢ To engage
electron-rich bis(styrenes) in [2 + 2] cycloadditions, Yoon and co-workers employed an
oxidative quenching cycle to generate Ru-(bpy) 3*+3.157 Specifically, oxidative quenching of
*Ru(bpy)s2* by the electron acceptor methyl viologen (MV2+) generates the strongly
oxidizing Ru(bpy)3>* (Scheme 65). This species is capable of oxidizing the electron-rich
styrene 304 (E; ;"4 = +1.2 V vs SCE for trans-anethole)!?8 to its radical cation 305, which
was found to undergo [2 + 2] cycloaddition followed by single-electron reduction to give
cyclobutane-containing adduct 306. As the reaction is redox neutral with respect to the
substrate, it may be conducted with a substoichiometric amount (15 mol %) of methyl
viologen. The substituted cyclobutane adducts are formed predominantly as the Cis-isomers.
As a requirement for the oxidation step, one of the styrenes on the substrate must bear an
electron-donating group at the para or ortho position. The second styrene partner, however,
may bear electron-donating as well as -withdrawing groups.

Yoon subsequently disclosed an intermolecular variant of this reaction, achieving crossed [2
+ 2] cycloadditions between electron-rich styrenes and a variety of acceptor olefins.!>?
Critical to the success of this reaction was the use of the photocatalyst ruthenium(II)
tris(bipyrimidine), or Ru(bpm)s2* (Scheme 66).10 In initial experiments, Ru(bpy)32* was
found incapable of promoting the dimerization of trans-anethole in the absence of an
oxidative quenching cycle, while the strongly oxidizing tris(bipyrazyl) analogue Ru(bpz)32*
(see section 3.4) was found to give moderate yields of the adduct 307. Unfortunately,
Ru(bpz)32* (E1, W = +1.45 V vs SCE) was also found to oxidize the product 307 (E;;™d =
+1.27 V vs SCE), leading to cycloreversion and preventing the isolation of 307 in high
yields. The photocatalyst Ru(bpm)32* occupies a middle ground between Ru(bpy)s;2* and
Ru(bpz)32*; it is proposed that its photoexcited state (E;,» ™I = +0.99 V vs SCE)!®! may
oxidize trans-anethole but may not remove an electron from the product cyclobutane 307.
Using Ru(bpm);2+, electron-rich styrenes could be engaged in crossed [2 + 2]
cycloadditions in high yield with a range of electronically diverse acceptor styrenes as well
as vinyl ethers and allyl silanes.

5.7.[4 + 2] and [2 + 2 + 2] Cycloadditions

The cycloaddition chemistry of radical anions and radical cations is not limited to [2 + 2]
cycloadditions, and with the proper choice of substrates [4 + 2] cycloadditions may be
induced. Yoon observed [4 + 2] adducts in the course of studies on the bis(enone) [2 + 2]
cycloaddition reaction. While bis(enones) tethered by a three-carbon linker give exclusively
[2 + 2] cycloadducts upon treatment with Ru(bpy);2*, Hiinig's base, and LiBFE, bis(enones)
tethered by a four-carbon linker (as in 308) give dihydropyrans, the products of hetero-
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Diels— Alder cycloaddition (Scheme 67).192 As in the radical anion [2 + 2] cycloaddition,
binding of the Lewis acidic lithium ion to the enone enables this species to accept an
electron to give 309. This initiates radical cyclization to give radical anion 310. This step
proceeds to give the trans-cyclohexane, thus rendering [2 + 2] cycloaddition highly
disfavored as it would require formation of a highly strained trans [4.2.0] ring system.
Instead, formation of a carbon—oxygen bond proceeds to give ketyl radical 311, which is
oxidized to give the dihydropyran 312. Interestingly, high regioselectivity is observed for
the cyclization of unsymmetrical bis(enones), presumably driven by formation of the more
stable ketyl radical.

In addition to this radical anion hetero-Diels—Alder reaction, radical cations generated via
photoredox catalysis have been found to react with dienes to give Diels—Alder adducts.
Specifically, upon oxidation of trans-anethole (313), radical cation 314 was found to react
with isoprene (315) in a [4 + 2] cycloaddition to provide cyclohexene Diels—Alder adduct
316 (Scheme 68).163 Although Ru(bpy);2* is a competent catalyst for this reaction, Yoon
and co-workers observed higher efficiencies for the [4 + 2] cycloaddition using the more
oxidizing analog Ru(bpz)32*. In contrast to Ru(bpy);2*, which must be oxidized to its
Ru(bpy)3>* oxidation state before it can oxidize electron-rich styrenes such as trans-anethole
(E12"9 = +1.2 V vs SCE), 138 Ru(bpz)32+ is capable of performing this oxidation directly
from its photoexcited state (Ej» W = +1.45 V vs SCE>? for *Ru(bpz) 2*3 as compared to

E» W = +0.77 vs SCE?! for *Ru(bpy)s2*). Following oxidation, radical cation 314 reacts
with isoprene to give radical cation adduct 317, which must be reduced, either by Ru(bpz);*
or by another equivalent of styrene 313. It was found that the highest yields were obtained
when the reaction was run under air, presumably because oxygen helps to turn over the
photoredox catalyst and regenerate Ru(bpz);Z*. As in the related radical cation [2 + 2]
cycloaddition, electron-donating groups are required on the styrene. A variety of substituted
dienes are tolerated in the reaction, and when the potential exists for endo and exo
diastereomers, the endo product is preferred. Cyclic styrenes can also be employed,
providing access to bicyclic products. Yoon and co-workers have subsequently reported an
intra-molecular variant of this reaction.!64

Strikingly, these radical ion Diels—Alder reactions are orthogonal in scope to classic thermal
Diels—Alder reactions, in which one component (typically the diene) is electron-rich and the
other component (typically the dienophile) is electron-poor. In the radical anion Diels—
Alder, two electronically mismatched enones are induced to react via reduction of one enone
to an electron-rich radical anion. Similarly, in the radical cation Diels—Alder, single-electron
oxidation of the dienophile renders this component electron-poor, enabling a [4 + 2] reaction
between two substrates that in their native oxidation states are electronically mismatched.

Yoon and co-workers demonstrated the utility of their photoredox radical cation Diels—Alder
cycloaddition in a total synthesis of the natural product heitziamide A.103 Exposure of
styrene 318 and myrcene (319) to the photoredox conditions afforded cyclohexene 320 in
80% yield (Scheme 69). Deprotection of the silyl group, oxidation, and amide coupling
completed the rapid synthesis of heitziamide A. Along with Stephenson's synthesis of
gliocladin C, this represents one of the first applications of photoredox catalysis with
transition metal complexes toward the synthesis of a natural product.
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The strongly oxidizing Ru(bpz);2* catalyst was also found to be uniquely effective at
catalyzing the [2 + 2 + 2] cycloaddition of bis(styrenes) with molecular oxygen to give
endoperoxide products (Scheme 70). 165 When the reaction of bis(styrene) 321 with
Ru(bpz);2* is performed under four atmospheres of oxygen, generation of radical cation 322
is followed by reaction with triplet oxygen to give the six-membered radical cation 323.
Reduction of this radical cation, either by Ru(bpz)s* or another equivalent of styrene 321,
affords endoperoxide 324. A pathway involving reaction of singlet oxygen with the
bis(styrene) is disfavored due to the failure of tetraphenylporphyrin, a known photosensitizer
for the generation of singlet oxygen, to provide any endoperoxide product. As in the [2 + 2]
bis(styrene) cycloaddition, one of the styrenes must bear an electron-donating group, but a
variety of substitution is tolerated on the second styrene ring.

5.8. [3 + 2] Cycloadditions: Cyclopropane Ring-Opening

Photoredox catalysis has also been applied to the development of [3 + 2] cycloadditions by
making use of the radical ring-opening of cyclopropanes. As is well-known from studies on
cyclopropanes as radical clocks,!%° the generation of a cyclopropylcarbinyl radical induces
homolytic cleavage of a carbon—carbon bond in the ring; in this way, a cyclopropane ring
may serve as a surrogate for a reactive three-carbon fragment.

Yoon and co-workers employed this strategy to add the three-carbon unit of a cyclopropyl
ketone across olefins in an intramolecular [3 + 2] cycloaddition.!67 Cyclopropyl ketone 325
was found to undergo reduction by Ru(bpy)s* (generated by reductive quenching of
*Ru(bpy)s2*+), and fragmentation of the resulting cyclopropyl ketyl radical 326 gives
distonic radical anion 327 (Scheme 71).168 This key intermediate undergoes sequential
radical additions to the tethered enoate to afford ketyl radical 328. Oxidation provides the
bicyclic product 329. Interestingly, the lithium Lewis acids employed in the [2 + 2]
cycloaddition chemistry were not competent at promoting the reduction of 325, and the
stronger Lewis acid La(OTf); was required. Tetramethylenediamine (TMEDA) was
additionally found to be superior to Hiinig's base as a reductive quencher of *Ru(bpy)32*. In
addition to enoates, tethered enones and styrenes may be employed in the [3 + 2]
cycloaddition. Remarkably, a cyclic aliphatic olefin may be employed to give tricyclic
adduct 330, and addition across tethered alkynes may be carried out to provide products
such as 331. An intermolecular reaction of cyclopropyl phenyl ketone with methacrylonitrile
was possible, affording cyclopentane 332.

A similar approach has been used to engage cyclopropylamines in cycloaddition reactions.
Zheng and co-workers found that Ru(bpz)32+ mediates the intermolecular [3 + 2] cyclo-
addition of secondary and tertiary cyclopropylamines with styrenes (Scheme 72).169 Upon
single-electron oxidation of cyclopropylamine 333, the cylopropyl ring fragments to give the
distonic radical cation 334. Addition of this radical to the B-position of styrene produces a
benzylic radical, which adds to the iminium ion to afford radical cation 335. Single-electron
reduction by Ru(bpz);* generates the cyclopentane product 336 as a 1:1 mixture of
diastereomers and completes the photocatalytic cycle. The reaction requires an aryl group on
the amine, but substitution on the aryl ring is well tolerated, with even very electron-
deficient 4-trifluoromethylphenyl and 3-pyridyl groups tolerated. Styrenes bearing electron-
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donating and electron-withdrawing groups may be employed, and tertiary amines may be
used to provide bicyclic adducts.

These cycloaddition reactions highlight the simplicity of redox neutral transformations: in
this case, one electron is added to the substrate, it undergoes a transformation, and then the
electron is removed. The “native state” substrates are unreactive with each other, but simply
adjusting their oxidation level by one electron enables a reaction to proceed.

5.9. Radical Conjugate Addition Reactions

Zheng's [3 + 2] cycloaddition makes use of the inherent propensity of the cyclopropylamine
radical cation to undergo fragmentation. As described in section 4.4, a more general
reactivity mode of amine radical cations is deprotonation at the a-position to give a-amino
radicals (eq 11).179 Although these species often serve as intermediates on the path to
iminium ions, they may also be employed as reactive intermediates in their own right to
perform unique transformations. Strikingly, while iminium ions are potent electrophiles, a-
amino radicals are potent nucleophiles. The inherent reactivity at the amine a-position may
thus be reversed simply by adjusting the oxidation state. As highly nucleophilic radicals, a-
amino radicals will

-~ -H*
A~ e .
RN R —— RN R — RN R
amine amine radical cation a-amino radical

an

undergo conjugate addition to a variety of Michael acceptors. Pandey and Reiser have
shown that N-phenyltetrahydroquino-line (124) reductively quenches the photoexcited
species *Ir(ppy),(dtbbpy)* to give Ir'l(ppy),(dtbbpy) and the amine radical cation 125
(Scheme 73).17! Deprotonation at the benzylic position of 125 provides a-amino radical
337, which adds to methyl vinyl ketone to give a-carbonyl radical 338. Reduction of this
species by Irfl(ppy)(dtbbpy) completes the photocatalytic cycle and upon protonation
provides the conjugate addition product 339. In addition to methyl vinyl ketone, a variety of
a,B-unsaturated aldehydes, ketones, and esters may be employed. Nishibayashi and co-
workers have additionally reported the conjugate addition of a-amino radicals generated by
photoredox catalysis to alkylidene malonates.!72

Conjugate additions of a-amino radicals have also been performed using a-silylamines,
which upon single-electron oxidation undergo a-desilylation in preference to a-deproto-
nation.!”3 The a-amino radicals thus generated were found to add to a range of enones (eq
12). The organic photocatalyst 9,10-dicyanoanthracene has also been extensively employed

to promote conjugate addition reactions of a-amino radicals.!74
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(12)

Analogous to a-amino radicals, carbon-centered a-alkoxy radicals possess a singly
occupied molecular orbital (SOMO) adjacent to an oxygen atom, and are similarly stabilized
by donation into the SOMO from an adjacent filled p orbital. However, whereas a-amino
radicals are commonly generated by single-electron oxidation of the heteroatom followed by
a-deprotonation, a-alkoxy radicals are difficult to generate in this way due to the high
oxidation potential of ethers (E; /™4 = +3.1 V for dimethylether).!7> Taking an alternative
approach, Gagné and co-workers employed photoredox catalysis to generate a-alkoxy
radicals via the single-electron reduction of a-glycosyl bromides, and they demonstrated
that these species may undergo conjugate addition reactions.!7%:177 Under their conditions,
reductive quenching of *Ru(bpy);%* by Hiinig's base generates Ru(bpy)s*, which is
sufficiently reducing to donate an electron to a-glucosyl bromide 340 (E; ;™4 =-1.27 V vs
SCE),!78 thereby generating a-alkoxy radical 341 (Scheme 74). Addition of this
nucleophilic radical to methyl acrylate provides a-carbonyl radical 342, which must accept
an electron and a proton to give the conjugate addition product 343. In the course of studies
on this reaction, Gagné and co-workers observed a significant amount of double addition
product, arising from addition of 342 to another equivalent of methyl acrylate. They found
that generation of this product could be suppressed, and yields of the desired C-glycoside
adduct 343 improved, by adding Hantzsch ester as a hydrogen atom source. Thus, radical
342 may be converted to product 343 either by abstracting a hydrogen atom from Hantzsch
ester, abstracting a hydrogen atom from the Hiinig's base radical cation, or undergoing
reduction followed by protonation. In addition to methyl acrylate, a range of enones, enals,
styrenes, and vinyl nitriles are all suitable Michael acceptors. Galactosyl and mannosyl
bromides were also suitable substrates, providing access to C-glycosides 344 and 345,

respectively.

In all of these reactions, the product C-glycosides are formed exclusively as the a-anomers.
This very high diastereoselectivity has been explained as arising from an anomeric effect.
The pyramidal glycosyl radical may orient itself in one of two ways, shown as 346 and 347
(eq 13). In 346, the lone pair on the endocyclic oxygen is in plane with the SOMO on the
adjacent carbon and stabilizes this orientation via donation into the half-empty orbital.!”® In
347, the SOMO is oriented out of plane of the lone pair on oxygen, and no such donation
may occur, resulting in 346 being favored. Furthermore, donation into the SOMO renders
glycosyl radical 346 more nucleophilic than 347.180 This combination of greater stability
and nucleophilicity likely accounts for the excellent selectivities observed.
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Photoredox radical conjugate addition reactions have found use in complex settings, with
Overman employing such a reaction as a key step in the total synthesis of (-)-
aplyviolene.181 Instead of an a-amino or a-alkoxy radical, however, the reactive species is a
tertiary carbon-centered radical generated via single-electron reduction of an N-
(acyloxy)phthalimide (see section 3). Under conditions similar to those employed by Gagne,
“ the intermediate Ru(bpy)s* reduces N-(acyloxyl)-phthalimide 348, initiating fragmentation
to yield tertiary radical 349 (Scheme 75). Conjugate addition of 349 to a-
chlorocyclopentenone 350 proceeds to give an adduct a-carbonyl radical, which accepts a
proton and an electron to give conjugate addition product 351 as a single diastereomer.
Subsequent steps convert this a-chloroketone to the target (—)-aplyviolene. Notable in this
example is the success of a radical strategy in forging the highly congested bond between
adjacent quaternary and tertiary carbon stereocenters. Because glycosyl bromides and N-
(acyloxy)phthalimides must undergo single-electron reduction to generate the reactive
radicals, these reactions are net reductive, unlike the redox neutral conjugate addition
reactions of a-amino radicals.

5.10. a-Arylation of Amines

In addition to their use as nucleophiles in conjugate addition reactions, a-amino radicals
have also been exploited to perform the direct a-arylation of amines. We have recently
reported that upon exposure to the photocatalyst Ir(ppy)3 and visible light, simple amines
such as N-phenylpyrrolidine (352) react with benzonitriles such as 1,4-dicyanobenzene
(353) to give benzylic amine products, where the a-position of the amine has undergone C—
C bond formation with the ipso position of the benzonitrile, displacing cyanide as a leaving
group (Scheme 76).182:183 The iridium photocatalyst Ir(ppy)s undergoes photoexcitation to
generate the strongly reducing *Ir(ppy)3 (E; 2"V I = —1.73 V vs SCE).3® This species is
capable of reducing 1,4-dicyanobenzene (E;»"4 = —1.6 V vs SCE)!84 to its radical anion
(354) and in the process is oxidized to Ir!V(ppy)s. This species acts as an oxidant (E; !/
=+0.77 V vs SCE) to accept an electron from N-phenylpyrrolidine, completing the
photocatalytic cycle and generating the amine radical cation 355. Deprotonation of the
radical cation by a base provides the a-amino radical 356. At this point, it is postulated that
the arene radical anion and the a-amino radical undergo radical-radical coupling to forge
the C—C bond and generate adduct 357. Aromatization via expulsion of cyanide then
provides the benzylic amine product 358.

This reaction was found to be applicable to the functionalization of a wide range of N-aryl
amine substrates (Scheme 77A). In addition to N-phenylpyrrolidine, heterocyclic amines
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such as N-phenylmorpholine and acyclic amines such as N,N-diethylaniline may be
employed. Substitution on the aryl ring is tolerated, and an amine bearing the common para-
methoxyphenyl (PMP) protecting group reacts in high yield. In examining the arene scope, it
was found that benzonitriles bearing a second electron-withdrawing group are required,
presumably so that the arene is sufficiently electron-deficient to undergo single-electron
reduction. Thus, benzonitriles bearing esters and amides at the para position were found to
be suitable substrates (Scheme 77B). Heteroaromatics such as 4-cyanopyridine, which are
inherently electron-deficient, may also be employed. For certain five-membered
heterocycles, a chloride substituent may function as the leaving group, enabling the
installation of benzoxazole, N-Boc benzimidazole, and caffeine at the a-position of amines
in good yield (Scheme 77C).

5.11. Hydrothiolation

Yoon has employed photoredox catalysis to achieve the anti-Markovnikov hydrothiolation
of alkenes (or thiol-ene reaction).!83 The strongly oxidizing catalyst Ru(bpz)32* is required
for the success of this reaction and is proposed to oxidize the thiol 359 (E; ;™4 = +0.83 V vs
SCE for benzyl mercaptan) to give the thiol radical cation 360 (Scheme 78).180 Single-
electron oxidation strongly acidifies the S—H bond (pK, = 2.4 for the benzyl mercaptan
radical cation), and deprotonation generates the electrophilic thiyl radical 361. Addition of
this species to the alkene proceeds in an anti-Markovnikov manner to give the more stable
radical 362. This adduct may abstract a hydrogen atom from another equivalent of thiol,
providing the product thioether 363 and generating another molecule of thiyl radical 361.
Using this protocol, the hydrothiolation of a variety of styrenes, simple alkenes, and alkynes
could be performed.!87

5.12. Generation of the Vilsmeier-Haack Reagent

A final application of redox-neutral photoredox catalysis is the generation of the Vilsmeier—
Haack reagent (364), a species commonly used to perform formylation and nucleophilic
displacement reactions. Stephenson and co-workers found that when tetrabromomethane
was employed as a stoichio-metric oxidant for Ru(bpy);2* in N,N-dimethylformamide
(DMF), alcohols are efficiently transformed into their corresponding bromides.!88 The
reaction is believed to proceed first via single-electron reduction of tetrabromomethane to
the tribromomethyl radical (365) (Scheme 79). Addition of this radical to a molecule of
DMF furnishes stabilized radical 366, which may be oxidized by Ru(bpy)s3* to give
imidinium ion 367. Attack of bromide ion on this species generates the Vilsmeier—Haack
reagent (364) as well as COBr», itself a reagent that reacts with DMF to give 364. When an
alcohol such as 368 is present, it may add either to the Vilsmeier— Haack reagent 364 or to
its precursor 367. The resulting imidinium 369 is then attacked by bromide in an SN2
fashion, displacing DMF as a leaving group and generating alkyl bromide product 370. This
approach has subsequently been extended to the synthesis of symmetric anhydrides from the

corresponding carboxylic acids.!8?
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6. ENERGY TRANSFER REACTIONS

The photoredox chemistry presented thus far relies on the ability of photoexcited catalysts
(either organic or metal-based) to engage in electron transfer with organic molecules. A
second, fundamental pathway for decay of photoexcited states, however, is energy transfer.
Using Ru(bpy)3Z* as an example, irradiation of this species excites the complex from its
ground singlet state (Sp) to its lowest singlet excited state (S1) (Scheme 80). Intersystem
crossing (ISC) generates the long-lived lowest- energy triplet state (T1). This triplet excited
state of Ru(bpy);2* may engage in electron transfer, but it may also engage in a process
termed triplet—triplet energy transfer (TTET). In this process, decay of *Ru(bpy)s;Z* from its
triplet state to its ground singlet state promotes another molecule A from its ground singlet
state Sy to its lowest-energy triplet state T.

Triplet—triplet energy transfer from visible light photo-catalysts such as Ru(bpy)s;%* has thus
far been employed to achieve only a handful of organic transformations. In an early
example, this pathway has been used to convert the substituted norbornadiene 371 to
quadricyclene 372 (eq 14).190 Triplet—triplet energy transfer from *Ru(bpy)s2* to the
norbornadiene 371 promotes this species to its triplet state, which then undergoes bond
rearrangement to give 372. Electron-transfer pathways are not possible in this
transformation, as the oxidation (E;;,*!/0 = +1.82 V vs SCE) and reduction potentials
(E1x%1 =-1.39 V vs SCE) of 371 indicate that reductive or oxidative quenching of
*Ru(bpy)s2* would both be severely disfavored. Furthermore, direct photoexcitation of 371
with UV light promotes the isomerization, suggesting that generation of an excited state, and
not a different oxidation state, is the key to achieving reactivity. Similar reactions
accomplished via triplet—triplet energy transfer from Ru(bpy)s;2* and its analogues include

the isomerization of trans-stilbene to cis-stilbene!%! and the dimerization of anthracene.!92
Me Ru(bpy),Cl. Me
3wi2
e CN . e CN
4
MeCN, visible light Me
CN CN
37 372, 56%

(14)

Recently, Yoon has exploited triplet—triplet energy transfer to perform the [2 + 2] styrene
cycloadditions that are a focus of work in his laboratory.!93 As discussed in section 5.6,
these reactions have been accomplished under an electron-transfer manifold, but require that
the styrene be sufficiently electron-rich (typically methoxy-substituted) to undergo single-
electron oxidation to the corresponding radical cation. This limitation stimulated an attempt
to perform these [2 + 2] cycloadditions via an energy transfer manifold. Toward this end, the
iridium photocatalyst Ir[dF(CF3)ppy],(dtbbpy)* (see section 4.2) was identified as a
potential energy transfer catalyst. This complex possesses an excited-state triplet energy of
61 kcal/mol,”” suggesting that it may be capable of energy transfer to styrenes, which have
triplet energies of approximately 60 kcal/mol.!?* Indeed, this catalyst was found to promote
the [2 + 2] cycloaddition of electron-neutral styrene 373 to give cyclo-butane 374 in high

Chem Rev. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Prier et al.

Page 42

yield (Scheme 81). This reaction is not thought to proceed via electron transfer, as the
iridium catalyst (E;,, /1 = +1.21 V vs SCE)”” is not sufficiently oxidizing to remove an
electron from 373 (E; "4 = +1.42 V vs SCE). Also consistent with an energy transfer
mechanism, catalysts that are more strongly oxidizing than Ir[dF(CF3)ppy](dtbbpy)*, but
that possess lower triplet state energies (Et), such as Ru(bpy)32* (Et = 46.8 kcal/mol) and
Ru(bpz)32* (E = 47.4 kcal/mol),2 do not catalyze the formation of 374. In striking contrast
with the electron-transfer-mediated [2 + 2] styrene cycloadditions, even highly electron-
deficient systems such as a 4-nitrostyrene and a 2-pyridylstyrene efficiently undergo
cycloaddition. Nonconjugated alkenes, however, are inert under these conditions, which
may be rationalized on the basis of their higher triplet state energies. The cyclization of
electron-rich styrene 375 additionally illustrates how electron and energy transfer pathways
may provide access to orthogonal reactivity. When an electron-transfer pathway is
employed, styrene 375 reacts via its radical cation to give the [4 + 2] adduct 376. In contrast,
Ir[dF(CF3)ppylo(dtbbpy)* promotes cyclization of 375 via an energy transfer pathway and
provides cyclobutane 377 as the exclusive product.!9’

Other approaches to utilizing energy transfer pathways have merged photocatalysis with
transition metal catalysis.!?® Osawa and co-workers have introduced the ruthenium
polypyridyl complex 378 as a “light-harvesting” ligand for transition metal catalysis
(Scheme 82).197 The Ru(bpy);2* analogue, which they term Pru, bears a phenanthroline
ligand with a diphenylphosphine group at the 3-position. This phosphine may then act as a
ligand for transition metals, effectively forming a bridge between the photoactive ruthenium
complex and the nonphotoactive transition metal. Osawa prepared a bimetallic ensemble by
reacting Pru(PFg), with the ruthenium complex [CpRu(CH3CN),(CO)]PFg (Cp =
cyclopentadiene). The phosphine ligand displaces a molecule of acetonitrile, providing the
bimetallic complex [CpRu(CH3CN)(CO)(Pru)](PFg)3 (379). It was found that this complex
is capable of catalyzing the trans to cis isomerization of 4-cyanostilbene, which is proposed
to proceed via an intermediate complex 380 in which the nitrile of the stilbene substrate has
replaced acetonitrile as a ligand on the metal. At this point, triplet—triplet energy transfer
from the Pru ligand to the stilbene substrate (via the bridging ruthenium complex) is
postulated to promote the isomerization event. High concentrations of acetonitrile strongly
suppress trans to cis isomerization, presumably by occupying the coordination site at
ruthenium where the substrate must bind; this suggests that the isomerization is promoted
intramolecularly via complex 380 and not via intermolecular energy transfer from Pru to
trans-4-cyano-stilbene.

Rather than link the photocatalyst to a metal center via a chelating phosphine ligand, Inagaki
and co-workers have introduced bimetallic complexes in which a 2,2 -bipyrimidine ligand
coordinates both a photoactive ruthenium center and a catalytically active palladium
center.!98 Crucially, the presence of a second metal does not dramatically alter the
photophysical properties of the ruthenium complex; like the mononuclear Ru(bpy)s2*, these
bimetallic species possess a MLCT band in the visible region. Remarkably, the binuclear
Ru-Pd complex 381 has been identified as an efficient catalyst for the selective dimerization
of a-methylstyrene (382, Scheme 83). In the presence of 2 mol % of the binuclear
photocatalyst and visible light, the product 2,4-diphenyl-4-methyl-1-pentene (383) is

Chem Rev. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Prier et al.

Page 43

produced in high yield, and the formation of oligomerization and polymerization products is
suppressed. The reaction does not proceed when the mononuclear compounds Ru(bpy);2*
and [(bpy)PdMe(MeCN)]* are used (either alone or as an equimolar mixture); combination
of the two metal centers into a single complex is thus critical for reactivity.

The transformation is proposed to proceed first via migratory insertion of a-methylstyrene
into the palladium—methyl bond of bimetallic complex 381 (Scheme 84). The
alkylpalladium adduct 384 then undergoes B-hydride elimination to expel (E)-2-phenyl-2-
butene (385) and furnish palladium hydride 386. Migratory insertion of a-methylstyrene
into this intermediate provides alkyl palladium species 387. In support of this mechanism,
Inagaki and co-workers were able to isolate the intermediate 387 by treating complex 381
with a large excess of a-methylstyrene. Critically, this intermediate could be formed in the
dark, but could only be induced to react further and provide the product 383 upon irradiation
with light. It is therefore postulated that photoexcitation at the ruthenium center of 387
promotes migratory insertion of a second equivalent of a-methylstyrene to give
alkylpalladium 388, presumably via energy transfer from the ruthenium center to the
palladium center. Subsequent B-hydride elimination generates the product 383 and returns
palladium hydride 386, thus closing the catalytic cycle.!%° Together, these reports suggest
that merging photoredox catalysis with the action of transition metal catalysts may provide
access to unprecedented reactivity.

7. CONCLUSIONS

Although photoredox catalysis with transition metal complexes has only recently received
widespread attention as a tool for synthetic organic chemists, it has already been applied to
the development of a wide range of new carbon—carbon bond-forming reactions. The utility
of photoredox catalysis arises not from its ability to promote any one kind of bond
formation, but rather from its ability to generate a diverse array of reactive intermediates via
single-electron transfer. As we have shown, these species include electrophilic a-carbonyl
radicals, trifluoromethyl radicals, arene radical cations, iminium ions, and enone radical
anions, among others. These intermediates have been used to develop reactions as varied as
atom transfer radical additions, arene C—H functionalizations, amine a-functionalizations,
and [2 + 2] cycloadditions. Furthermore, photoredox catalysis has been merged with other
modes of catalytic activation, such as enamine catalysis and N-heterocyclic carbene
catalysis, to achieve enantioselective transformations, and has been merged with transition
metal catalysis to achieve previously elusive bond constructions.

Photoredox catalysis has also proven to be a valuable tool for the construction of complex
molecules, as demonstrated by its application in the total syntheses of gliocladin C,
heitziamide A, and aplyviolene, among others. In each of these syntheses, simple, typically
inert functionalities in the starting materials are transformed into reactive intermediates upon
single-electron oxidation or reduction. Particularly remarkable is the use of radical
intermediates to forge congested quaternary carbon centers in the syntheses of gliocladin C
and aplyviolene. Additionally, the challenges of performing photoredox catalysis efficiently
on large scales have recently been addressed using continuous flow chemistry.2% The
diverse applications of this chemistry, as well as the tremendous outpouring of work in the
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area that has appeared since 2008, demonstrate that visible light photoredox catalysis has
emerged as a powerful tool for the development of new and valuable transformations of
organic molecules.
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ABBREVIATIONS

bpm
bpy

bpz

dap
dF(CF3)ppy
dtbbpy
Fppy
ISC
menbpy
MLCT
phen

ppy

2,2 -bipyrimidine

2,2 -bipyridine

2,2’ -bipyrazine
2,9-bis(p-anisyl)-1,10-phenanthroline
2-(2,4-difluorophenyl)-5-trifluoromethylpyridine
4,4-di-tert-butyl-2,2"-bipyridine
2-(2,4-difluorophenyl)pyridine
intersystem crossing
4,4”-dimenthoxycarbonyl-2,2”-bipyridine
metal to ligand charge transfer
phenanthroline

2-phenylpyridine
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Figure 1.
Ruthenium polypyridyl complexes: versatile visible light photocatalysts.
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Scheme 5.
Reductive Dimerization of Benzyl Bromide
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Oxidative Deprotection of para-Methoxybenzyl Ethers

Chem Rev. Author manuscript; available in PMC 2014 May 21.

Page 80



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Prier et al.

Figure 3.
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Scheme 48.
Merger of Palladium and Photoredox Catalysis in C—H Arylation with Aryldiazonium Salts
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Scheme 49.
Malonyl Radical Additions to Electron-Rich Heterocycles
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Scheme 50.
Photoredox Catalysis in the Total Synthesis of Gliocladin C
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Scheme 51.
Photoredox Arene and Heteroarene Trifluoromethylation
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Figure 4.
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Scheme 52.
Photoredox Trifluoromethylation of Lipitor
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Scheme 53.

Merger of Photoredox and High-Valent Copper Catalysis: Trifluoromethylation of
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L NO;

Scheme 54.
Arylation Reactions of Styrenes and Enol Acetates
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Scheme 55.
a-Trifluoromethylation of Ketones, Esters, and Amides
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Scheme 56.
Photoredox Oxytrifluoromethylation of Styrenes
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Scheme 57.
Photoredox a-Allylation of a-Halocarbonyls
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Scheme 58.
Oxidative Coupling of Enamines with Enolsilanes
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Scheme 59.
a-Oxyamination of Aldehydes with TEMPO
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Scheme 60.
Yoon's Photoredox Enone [2 + 2] Cycloaddition
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Scheme 61.
Crossed Intermolecular [2 + 2] Cycloadditions
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Scheme 63.
Photoredox Reductive Cyclization of Bis(enones)
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Scheme 64.
Reductive Cyclization of Chalcones to Cyclopentanols
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Scheme 65.
[2 + 2] Cycloaddition of Electron-Rich Bis(styrenes)
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Scheme 67.
Radical Anion Hetero-Diels—Alder Reaction of Bis(enones)
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Scheme 68.
Radical Cation Diels—Alder Reaction
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Scheme 69.
Total Synthesis of Heitziamide A via Photoredox Cycloaddition
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Scheme 70.
Synthesis of Endoperoxides via [2 + 2 + 2] Cycloaddition
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Scheme 71.
Intramolecular [3 + 2] Cycloaddition of Cyclopropyl Ketones
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Scheme 72.
Intermolecular [3 + 2] Cycloaddition of Cyclopropylamines
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Scheme 73.
a-Amino Radical Conjugate Addition to Michael Acceptors
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Scheme 74.
Addition of Glycosyl Radicals to Electron-Deficient Olefins
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Scheme 76.
Photoredox a-Arylation of Amines with 1,4-Dicyanobenzene
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(A) Amine scope  Conditions: 0.5-1.0 mol% Ir(ppy)s, 2 equiv. NaOAc, DMA, visible light
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Scheme 77.
Scope of the Photoredox Amine a-Arylation Reaction
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Photoredox Generation of the Vilsmeier—Haack Reagent

Chem Rev. Author manuscript; available in PMC 2014 May 21.

Page 135



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuel Joyiny vd-HIN

Prier et al.

I
*Ru(bpy)s?* A (Sg) b ¥ s¢

Ru(bpy)s2* *A (T4) By
Ru(bpy);**

Scheme 80.
Triplet-Triplet Energy Transfer from *Ru(bpy)s2* to Acceptor A
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Scheme 81.
[2 + 2] Styrene Cycloadditions Enabled via Energy Transfer
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Isomerization of trans-4-Cyanostilbene via Energy Transfer from a Ru(bpy)32*-type Ligand
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Styrene Dimerization Catalyzed by a Bimetallic Ru/Pd Complex
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a-Methylstyrene Dimerization by a Bimetallic Ru/Pd Complex
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Redox Potentials and Selected Photophysical Properties of Commonly Utilized Visible Light Photocatalystsa

entry photocatalyst Eqa (M*/M*)
1 Ru(bpm);2* -0.21
2 Ru(bpz)3>* -0.26
3 Ru(bpy)s>* -0.81
4 Ru(phen);?* -0.87
5 Ir[dF(CF3) ppyla(dtbbpy)* -0.89
6 Ir(ppy)o(dibbpy)* -0.96
7 Cu(dap),* -1.43
8 fac-Ir(ppy)s -1.73

Ey2 (M*/M")

+0.99

+1.45

+0.77

+0.82

+1.21

+0.66

+0.31

Eyp (M*/M)

+1.69

+1.86

+1.29

+1.26

+1.69
+1.21

+0.62

+0.77

Ey (M/M)

-0.91

—-0.80

-1.33

-1.36

-1.37

-1.51

-2.19

excited-
state
lifetime,
7 (ns)

131b

740
1100

500

2300
557

270

1900

excitation A, (nm)

454

443
452

422

380

375

emission A, (nm)

639
591

615

610
470

ref

161

55

1,129
77
58,77

33

a . . . . o
All potentials are given in volts versus the saturated calomel electrode (SCE). Measurements were performed in acetonitrile at room temperature

unless otherwise noted.
b, L
Determined in propylene carbonate.
C . . .
Determined in aqueous solution.
d e
Determined in dichloromethane.

e
Determined in 1:1 ethanol/methanol glass at 77 K.
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