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ABSTRACT: The merger of photoredox catalysis with transition metal catalysis, termed o o O)Q'
metallaphotoredox catalysis, has become a mainstay in synthetic methodology over the past Q/ "t .
decade. Metallaphotoredox catalysis has combined the unparalleled capacity of transition |
metal catalysis for bond formation with the broad utility of photoinduced electron- and -
energy-transfer processes. Photocatalytic substrate activation has allowed the engagement of =~ () | #reeeswss | | ™
simple starting materials in metal-mediated bond-forming processes. Moreover, electron or 1
energy transfer directly with key organometallic intermediates has provided novel activation . -
modes entirely complementary to traditional catalytic platforms. This Review details and [ o } O . {M_M;‘% }
contextualizes the advancements in molecule construction brought forth by metal- ’ (&
laphotocatalysis.
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1. INTRODUCTION

1.1. Transition Metal Catalysis

Transition metal catalysis has long been recognized as a
reliable and modular way to construct complex molecules from
simple, readily accessible starting materials." Since the turn of
the century, three Nobel Prizes have been awarded in the
diverse arena of transition metal catalysis, with developments
in stereoselective catalysis,z_4 olefin metathesis,"~’ and
palladium-catalyzed cross-coupling®™'® all garnering the
prestigious prize. Of the myriad reasons transition metal
catalysis has been so broadly adopted, perhaps most
compelling is the capacity for novel activation modes of
abundant, often feedstock chemicals. Metal-mediated bond-
breaking and forming mechanisms have allowed for the
incorporation of simple chemical fragments into synthesis,
broadening the pool of available precursors to chemical
complexity, thereby dramatically shortening synthetic sequen-
ces.

Although the field of transition metal catalysis encompasses
an extensive swath of chemical reactivity, the strategies
employed to manipulate the reactivity of a given metal have
remained somewhat constant since the inception of the field
two centuries ago. Specifically, modulation of either the metal’s
ligand field or oxidation state have represented a majority of
the strategies employed to enable a desired transformation
(Scheme 1a). In the context of ligand design, perhaps no
example of this strategy has proven more fruitful than the
Buchwald-Hartwig amination. Nearly 30 years of ligand
development for Pd-catalyzed C—N couplings has resulted in
a spectrum of robust Buchwald-Hartwig amination reactions,
capable of constructing pharmaceutically relevant anilines of
nearly any type, substitution pattern, or pendant function-
ality."'

However, while the oxidation state of metal catalysts has
likewise represented an important design element in the
development of novel catalytic platforms, the adjustment of
this property has not been as operationally straightforward.
Whereas coordinating ligands can be highly selective in the
binding of metal centers, modification of oxidation state by
either addition of stoichiometric oxidants or reductants will
inherently affect the overall reaction mixture. Nevertheless,
pioneering work first by Kochi'> and later by Hillhouse'*~"*
conclusively illustrated the effect that metal center oxidation
has in forging challenging bonds by inducing reductive
elimination. Copper-catalyzed C—N couplings reported by
Chan, Evans, and Lam demonstrated the propensity for high-
valent Cu(Ill), generated via nucleophile coordination
followed by aerobic oxidation, to provide valuable C—N
linkaﬁes, likewise via oxidant-promoted reductive elimination
step. °~'® Yu and Sanford went on to demonstrate this
principle similarly applies to palladium catalysis, with a number
of Pd(IV)-mediated transformations forging previously cata-
lytically inaccessible bonds, once again via the assistance of a
strong chemical oxidant."”~*' In the wake of these remarkable
advancements in oxidant-mediated transition metal catalysis,
the potential value of a catalytic electron shuttle, capable of
precisely modifying the electronic structure of transition metal
centers for catalytic applications, is clear.

1.2. Photoredox Catalysis

Despite the countless transformations enabled by photo-
chemistry over the past century, until recently, light-mediated
chemistries have not seen the same broad adoption across all
fields of the science. The use of high-energy light, coupled with
the disparate set of absorption properties of organic molecules
as a whole, has hampered the development of general
photochemical reactions. Nevertheless, from the -earliest
reports detailing the [2+2] cycloaddition of natural products
by exposure to sunlight,”” the conversion of photonic energy
into chemical energy has captivated the synthetic community.
More recent discoveries of absorptive organometallic com-
plexes and organic dyes (with early applications in materials
and inorganic chemistry)*~>° have enabled photochemistry
on an extensive range of organic and organometallic substrates,
without regard to substrate photophysical properties. This
field—termed photoredox catalysis—has enabled a renaissance
of photochemical reactions enabled by single-electron-transfer
(SET) and energy-transfer (ET) processes.”*™*

The widespread adoption and growth of the field can, in
part, be owed to the well-established photophysical properties
of photoredox catalysts. These complexes, often polypyridyl
complexes of ruthenium or iridium, can be excited by low-
energy visible light, with this photonic energy selectively
targeting the catalyst over any number of organic and
organometallic substrates in solution. Thereafter, a metal-to-
ligand charge-transfer event (MLCT) followed by intersystem
crossing provides a long-lived triplet excited state (Scheme
1b). This reactive species possesses both a metal-centered
vacancy, capable of oxidizing a suitable electron donor, and a
m*-centered unpaired spin, capable of reducing an adequate
acceptor. After this initial photoinduced SET, the correspond-
ing redox-modified ground state can perform the opposite
downstream SET event, rendering the complex a catalyst in
both the oxidation and reduction of substrates.”” This well-
defined relationship between catalyst structure and reactivity
has enabled rapid developments in the rational design of novel
catalysts.*

While photoredox catalysis has seen broad adoption for the
activation and transformation of organic substrates, the
platform has more recently garnered attention in the context
of dual catalysis with transition metals.”’ ~** The productive
interfacing of transition metal-mediated substrate activation
with the excited-state chemistry of photoredox -catalysis
represents a unique opportunity to merge two powerful
platforms in pursuit of novel disconnections and unprece-
dented reactivity. Moreover, the application of photoinduced
SET and ET in the modification of metal catalyst electronic
structure expands opportunities for high-valent and excited-
state catalysis, notably in the absence of stoichiometric strong
oxidants or high-energy light irradiation (Scheme 1c). This
Review will detail the merger of transition metal catalysis with
photoredox catalysis—termed metallaphotoredox catalysis—
from seminal studies to the most recent applications in
synthetic contexts.

2. NICKEL METALLAPHOTOCATALYSIS

2.1. Carbon—Carbon Bond Formation

Over the last half century, the advent and development of
palladium-catalyzed cross-coupling has revolutionized the
means by which chemists synthesize new molecules.
Groundbreaking work from Heck, Negishi, and Suzuki,*®
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Scheme 1. Merger of Photoredox and Transition Metal Catalysis
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among many others,”® has allowed for the construction of
unprecedented molecular complexity from simple, abundant
starting materials. However, despite the widespread success of
palladium-catalyzed cross-couplings in the forging of bonds to
sp>-hybridized carbon centers, significant limitations remain
with respect to the coupling of sp’-hybridized fragments.
Substantial progress toward this challenging objective has been
made in the area of nickel catalysis, which, when compared to
palladium, undergoes a more rapid oxidative addition into alkyl
electrophiles and suffers less from deleterious A-hydride
elimination with aliphatic ligands.”” While these developments
have broadened the spectrum of strategies at the disposal of
the modern chemist, the desire to expand the scope of
coupling partners to simpler, cheaper, and more abundant
starting materials has pushed the frontiers of catalysis. In this
context, photoredox catalysis has played an integral role
incorporating native functional groups in novel bond
disconnections.

2.1.1. Carboxylic Acids as Nucleophiles. Given our
laboratory’s experience in the use of carboxylic acids as radical
precursors,”® "’ and the well-established role of radical
intermediates in nickel-mediated cross-couplings,”” we hy-
pothesized that abundant carboxylic acids could function as
latent nucleophiles in cooperative photoredox and nickel
catalytic cycles. In collaboration with the Doyle group, we
successfully realized this merger of catalytic manifolds in an
C(sp*)—C(sp’) decarboxylative cross-coupling of carboxylic
acids with aryl halide electrophiles."" A mechanistic picture of
this transformation is shown in Scheme 2. Upon excitation and
intersystem crossing of photocatalyst 1, the highly oxidizing
and long-lived triplet excited state 2 can interface with
carboxylate nucleophile 3 in an SET event. Subsequent
decarboxylation affords alkyl-centered radical 4. Concurrently,
nickel(0) species S, presumably generated via two sequential
electron-transfer events from a nickel(II) precatalyst, can
undergo oxidative addition with the aryl halide electrophile (6)
to afford nickel-aryl species 7. Oxidative radical capture by this
intermediate affords Ni(IlI)-aryl-alkyl complex 8, which
undergoes rapid reductive elimination to afford the desired

C(sp*)—C(sp’) coupled product (9). Finally, the resultant
nickel(I) species 10 and the reduced photocatalyst 11 can
undergo SET to regenerate both active catalysts simulta-
neously.

While this initial report provided an efficient method for the
decarboxylative arylation of simple and abundant a@-heter-
oatom carboxylic acids with (hetero)aryl halides, it has since
been expanded to a number of mechanistically related
transformations (Scheme 3). In collaboration with the Fu
group, the decarboxylative arylation was rendered asymmetric
through optimization of the bis(oxazoline) ligand, with the
joint venture affording an efficient protocol for the
enantioselective arylation of amino acids.*” Furthermore,
Flanagan and co-workers employed electron-deficient pyridyl
carboxamidine ligands to develop a water-compatible platform
for the arylation of a-amino acids with DNA-tagged aryl
halides.”” Mild and DNA-compatible reaction conditions
underscore potential bio-relevant applications, particularly
toward the construction of DNA-encoded libraries. The
decarboxylative coupling protocol was later expanded to
include new classes of nucleophiles, with a-ketoacids
functioning effectively as sp’-hybridized nucleophilic radical
precursors to ketones in the dual-catalytic platform.**
Exploration of the electrophile scope revealed that vinyl
halides could also serve as productive coupling partners,
affording the corresponding alkenes in good yields through an
analogous mechanism.” A second decarboxylative vinylation,
disclosed thereafter, made use of simple alkynes as coupling
partners, and was proposed to operate via a migratory-
insertion—protodemetalation mechanism.*® Mixed carboxylic
acid anhydrides (formed in situ from the corresponding acid
chlorides and free carboxylates) were demonstrated to provide
access to aryl and alkyl ketones via a CO,-extrusion—
recombination mechanism,*” expanding the scope CO,-
extrusion methods for the synthesis of ketones beyond
traditional palladium-catalyzed methods limited to activated
benzylic and allylic ester starting materials.***’

While many early advancements in metallaphotoredox-
catalyzed C—C bond formation involved an sp’—hybridized
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electrophile, metal-catalyzed C(sp®)—C(sp’) bond formations
remain one of the most attractive strategies for complex
molecule synthesis, and thus have remained a longstanding
goal. On the basis of the well-established activation of alkyl
electrophiles by nickel catalysts,””*>>' we brought forth a
decarboxylative alkylation protocol, wherein primary and
secondary alkyl bromide electrophiles were coupled in good
efficiencies to a number of carboxylic acid pronucleophiles.>”
This complementary photocatalyzed protocol obviated the
need for organometallic nucleophiles, which are traditionally
used in challenging alkyl—alkyl cross-couplings.>®

2.1.2. Alkylboron Derivatives as Nucleophiles. Con-
currently with the initial collaboration between our lab and the
Doyle lab,*' a nickel- and photoredox-catalyzed cross-coupling
using alkylboron nucleophiles was described by Molander and
co-workers.”* This report detailed the use of benzyltrifluor-
oborate salts as benzylic radical precursors, likewise in a
C(sp*)—C(sp’) cross-coupling with aryl bromides. Analogous
to the oxidative radical generation from alkyl carboxylates
described by our lab and others, Molander and co-workers
found that alkyltrifluoroborates can be expediently converted
to carbon-centered radicals upon SET with an excited
photocatalyst. The proposed single-electron pathway by
which the alkyl—nickel species is formed circumvents a
traditionally sluggish transmetalation by alkylboron reagents,>*
a key insight which has enabled numerous challenging bond
formations via reductive elimination from a high-valent Ni(III)
intermediate. In the same report, the authors found that by
employing a chiral ligand on nickel, racemic alkylborate
nucleophiles could give moderately enantioenriched arene-
containing products. In a collaborative effort between the labs
of Molander and Kozlowski, DFT calculations provided
evidence supporting the proposed mechanism of the C-
(sp>)—C(sp®) cross-coupling, while suggesting the origin of
stereoinduction in the asymmetric protocol lies in the
reversible capture of the stabilized, prochiral radical by the
nickel complex prior to reductive elimination.”> The original
and revised mechanisms are detailed in Scheme 4. Photo-

Scheme 2. Nickel-Catalyzed Decarboxylative Arylation
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excitation of iridium photocatalyst 12 affords excited-state
species 13, which can readily undergo SET with benzylic
trifluoroborate salt 14 to furnish the corresponding benzylic
radical 15 and reduced photocatalyst 16. Here, the original and
revised mechanisms diverge. Molander and co-workers’
original report postulated that Ni(0) precatalyst 17 would
undergo oxidative addition into aryl electrophile 18, and the
subsequent nickel oxidative addition complex (19) could
capture carbon-centered radical 15. The revised mechanism
proposes a lower energy pathway by which nickel species 17
first captures the benzylic radical to afford nickel(I)-alkyl
species 20. Oxidative addition then affords key Ni(III)
intermediate 21, from which radical 15 can reversibly
dissociate. Both proposed mechanisms then converge, where
reductive elimination from intermediate 21 yields the desired
product and Ni(I) species 22. A final electron-transfer between
the metal catalyst and reduced photocatalyst 16 closes both
catalytic cycles. This general strategy for bond formation has
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since been extended to the coupling of both a-amino®® and a-
oxy alkyltrifluoroborates,”” as well as unstabilized secondary
alkylboron nucleophiles.”® Additionally, Ley and co-workers
were able to translate this reaction platform to a homogeneous
high-throughput continuous-flow process by modifying the
radical precursor from alkyltrifluoroborate salts to more soluble
Lewis-base-activated boronic esters.”” Methods for the syn-
thesis of a-branched alcohols, both protected60 and
unprotected,”’ have been disclosed by Molander and co-
workers, and variation of the electrophilic coupling partner to
acyl chlorides® or imides® has given rise to valuable methods
for the construction of carbonyl-containing compounds. With
an analogous goal, Doyle and Rovis reported the use of a chiral
nickel catalyst in combination with a photoredox catalyst in the
desymmetrization of meso-anhydride electrophiles with alkyl-
trifluoroborates in the synthesis of chiral ketones.”* The chiral
catalyst performed an enantioselective oxidative addition,
followed by capture of a trifluoroborate-derived radical, and
reductive elimination to forge the enantioenriched ketone in
good yields and moderate selectivities. Compellingly, Mo-
lander and co-workers achieved expedient assembly of
challenging quaternary carbon centers utilizing tertiary
alkyltrifluoroborate salts.”> Recent quantum mechanical
calculations attributed the reaction’s success to the critical
role of the anionic diketonate ligand in the conventionally
challenging coupling, suggesting an outer-sphere reductive
elimination was operative in the bond-forming step.*®

2.1.3. Other Carbon Nucleophiles. Photoredox-catalysis-
triggered adoption of carboxylic acids and alkyltrifluoroborates
in metal-catalyzed couplings represents a large body of
foundational work in the area of metallaphotoredox catalysis.
Still, interest in extending this powerful mode of activation
toward the incorporation of ever-simpler starting materials in
metal-mediated cross-couplings has driven innovation toward
novel strategies for radical generation. In 2015, a collaboration
with the Overman group established that oxalate esters, formed
from the corresponding alcohol in a single step without
purification, were able to undergo the sequential loss of two
molecules of CO, upon oxidation to afford carbon-centered
radicals in a novel means of C(sp®)—O bond activation.”” We
speculated that this strategy could be incorporated into a
metallaphotoredox dual-catalytic platform, bringing alcohols,
one of the most abundant functional groups in synthetic
chemistry, into the fold of nucleophiles available for cross-
coupling. This transformation was realized under a familiar
mechanistic picture, with the doubly decarboxylative strategy
affording novel C(sp®)—aryl linkages in good yield from a
broad range of alcohol starting materials and (hetero)aryl
halides (Scheme 5a).°* In a complementary report, Molander
and co-workers successfully employed benzylic alcohols,
prefunctionalized as well-established xanthate ester radical
precursors” via C—O bond fragmentation upon reaction of an
alkyl radical activator derived from an alkyltrifluoroborate
additive with the thiocarbonyl of a xanthate pronucleophile, in
a deoxygenative C(sp?)-arylation protocol (Scheme 5b).”° In a
mechanistically distinct effort to engage alcohols in selective
distal functionalization of pendant carbon chains, Rueping and
co-workers developed a metallaphotocatalytic ring-opening
arylation to afford linear ketones from cyclic benzylic alcohols
(Scheme 5c¢),”" a radical generation strategy akin to the work
of Knowles and co-workers.”” Martin and co-workers
recognized the utility of engaging unactivated aliphatic alcohols
as sp’ synthons and developed a dual nickel/photoredox

Scheme 5. Deoxygenative Cross-Couplings

(a) MacMillan — Deoxygenative C(sp®)-arylation

o)
OH 5 mol% NiBr,-dtbbpy R
o . Q 1 mol% Ir(dFppy),(dtbbpy)PFg
[¢]
ﬁj 5:1 dioxane:DMSO
X

x Br CsHCOs, 70°C, 4 h, blue LEDs

oxalate from aryl
parent alcohol bromide

37-91% yield
34 examples

(b) Molander — Deoxygenative C(sp®)-arylation

M \/k
0" SsMe R © BFK R
Ar) 5 mol% Ni(dtbbpy)(H,0),Cl,
Br 2 mol% Ir[dF(CF3)ppyla(bpy)PFe Ar
xanthate from aryl EtOAc, r.t,, 48 h, blue LEDs 24-90% yield

parent alcohol bromide 19 examples

(c) Rueping — Ring opening C(sp®)-arylation

Ar_ OH 10 mol% (Acr-Mes)CIO,
R 20 mol% NiCly-glyme Q q
25 mol% dtbbpy A
r 5
Br collidine
47-96% yiel
eyclic alcohol ay! DCE, rt., 48-72 h, blue LEDs 96% yield
bromide 56 examples

catalytic method to forge sp>—sp® and sp*—sp* carbon bonds
with aryl and alkyl halides via f-scission of N-phthalimide
ethers derived from aliphatic alcohol.”® Soon after, Zuo and co-
workers disclosed the cerium ligand-to-metal charge transfer
(LMCT) activation of easily accessible free alcohols toward a
photcatalytic dehydroxymethylative arylation protocol with
aryl halides to furnish sp*—sp’> carbon bonds.”*

Alkylsilicates have emerged as reliable sources of unstabi-
lized carbon-centered radicals, and the relatively mild oxidation
potential of these silicate salts has provided opportunities for
the exploration of less oxidizing photocatalysts in metal-
laphotocatalytic manifolds. Based on foundational work by
Nishigaichi and co-workers,”* Fensterbank et al. successfully
engaged alkylbis(catecholo)silicates as coupling partners in a
dual-catalytic strategy for the cross-coupling of aryl bromides
with transiently generated primary alkyl radicals (Scheme
6a).”®’” In a related study, Molander and co-workers
developed a base-free arylation reaction from these silicate
radical precursors and aryl halides, utilizing Ru(bpy),CL, in lieu
of a more expensive iridium photocatalyst.”® Notably, the
absence of base enabled C(sp?)—C(sp®) bond formation in the
presence of unprotected amines (as zwitterionic ammonium
silicate salts) and successfully engaged a number of tradition-
ally challenging N-heterocyclic aryl halide electrophiles. This
platform was extended to alkenyl halides’” and thereafter to
bifunctional bromoarenes bearing orthogonal boronic ester
functional handles.*® Ollivier and Fensterbank later incorpo-
rated sp’-hybridized electrophiles in a contribution to the
challenging area of C(sp®)—C(sp’) bond formation.”’ In a
separate report, alkyl sulfinates also proved to be competent
coupling partners with a comparably low oxidation potential.**
Sulfinates were engaged as radical precursors in a cross-
coupling with a variety of druglike aryl and heteroaryl
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Scheme 6. Other Radical Precursors

(a) Fensterbank — bis(catecholo)silicates

2 mol% Ir[dF(CF3)ppyla(bpy)PFe

X
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[Si(cat),] X o Ni )2 L
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Z
DMF, r.t., 24 h, blue LEDs
Cl Br
Cl
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(b) Nishibayashi — 1,4-dihydropyridines
Ph CN ON
Et0,C COLEt X 2 mol% Ir(ppy)s T
2 2 i R—+
| L 2 mol% NaOAc »
Me' N Me
H CN DMI, r.t., 18 h, blue LEDs Ph

26-97% yield

1,4-dihydropyridine  cyanoarene
9 examples

bromides, notably with a substantially less-oxidizing ruthenium
catalyst.

Nishibayashi and co-workers hypothesized that 4-substituted
1,4-dihydropyridines (DHPs) could serve as latent alkyl radical
sources, reasoning that after SET, the formation of the
aromatic pyridine derivative could provide sufficient driving
force for the generation of a high-energy carbon-centered
radical. These unconventional reagents, derivatives of which
have historically served as reductants in hydrogenation
reactions,”® successfully provided access to stabilized alkyl
radicals under photoredox conditions (Scheme 6b).** In a
follow-up report, the group demonstrated the use of these
reagents in a dual nickel- and photoredox-catalyzed coupling of
benzylic nucleophiles with (hetero)aryl iodides.”> Meanwhile,
the Melchiorre group reports direct photoexcitation of 4-alkyl
DHDPs, generating a highly reducing excited state that generates
C(sp®)-centered radicals upon oxidation and homolytic
cleavage. The dual-reactivity of DHPs was leveraged in
nickel-catalyzed arylation®® and asymmetric acylation using
chiral box ligands®” of the alkyl radicals. Concurrently,
Molander and co-workers recognized that these dearomatized
pyridines could be synthesized in a single high-yielding step
from aldehydes and questioned whether these reagents could
further expand the scope of available coupling partners to
feedstock aldehyde starting materials for metallaphotoredox
reactions. These efforts were once again met with success, and
a range of aldehydes were converted to DHP congeners and
ultimately coupled to a range of (hetero)arenes.*® Thereafter,
Molander and co-workers disclosed a novel strategy for C—C
bond formation in a metallaphotoredox-catalyzed Tsuji—Trost
allylation. DHP derivatives, as well as the more-familiar alkyl
trifluoroborate salts, were employed in a dual-catalyzed
reaction with allylic electrophiles.*” While the authors did
employ traditional allylic halides as electrophiles, a majority of
the electrophilic coupling partners were vinyl epoxide
derivatives. Quantum mechanical calculations suggested a
nickel(0)-mediated coordination and subsequent Sy2-like ring
opening of the vinyl epoxide, followed by radical capture and
inner-sphere reductive elimination. Notably, this Ni(0)—
Ni(II)—Ni(III) mechanistic picture represents a departure
from previous work suggesting radical capture precedes
oxidative addition,” which serves to highlight the sensitivity
of metallaphotocatalysis mechanisms to the specific identities

of both coupling partners present in the reaction mixture.
Additionally, Melchiorre and co-workers extended the use of
DHPs toward the generation of carbamoyl radicals for the
synthesis of benzamides from (hetero)aryl halides, likewise in a
nickel- and photoredox-catalyzed cross-coupling.”

2.1.4. C—H Bonds as Nucleophiles. Yet another
longstanding challenge in the area of transition metal catalysis
is the direct functionalization of C—H bonds in cross-coupling.
Engaging the simplest organic moiety, the C—H bond, in
fragment coupling reactions remains among the most sought-
after transformations in synthetic chemistry. Photoredox
catalysis, given its many robust methods for SET-mediated
radical generation, has moved to the forefront of C—H
functionalization strategies in recent years.”' By merging light-
enabled strategies for homolytic C—H cleavage with nickel
catalysis, innumerable feedstock chemicals have become viable
reagents for cross-coupling, without necessitating a stoichio-
metric prefunctionalization step. The first example of this
powerful strategy stemmed from the serendipitous discovery of
an oxidation—deprotonation mechanism of @-amino radical
generation. It was discovered that upon exposure of an aniline
substrate bearing a-amino C—H bonds to photoredox
conditions, an SET event would afford an amine radical
cation. Subsequent deprotonation of the now acidic adjacent
C—H bond by a suitable base would then furnish a stabilized
a-amino radical.”> Our lab, in collaboration with the Doyle lab,
hypothesized that this species, when generated under metal-
laphotoredox conditions, should act as a competent open-shell
nucleophile in a dual-catalytic cross-coupling. As predicted,
N,N-dimethylaniline served as a suitable precursor to benzylic
amines derived from (hetero)aryl bromides and iodides
(Scheme 7a).*' This strategy was developed further by
Doyle and co-workers to include a range of biorelevant cyclic

Scheme 7. Oxidation Deprotonation C—H Cross-Coupling

(a) Doyle & MacMillan — Direct C(sp®)-H coupling
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and acyclic amines, and a number of complex, pharmaceuti-
cally important aryl halides,” along with work by Yu and co-
workers to include phenols as electrophiles, activated in situ as
aryl tosylates (Scheme 7b).”* Additionally, this open-shell C—
H functionalization manifold was extended to carbonyl-based
electrophiles (both anhydrides and thioesters) in the first
metallaphotoredox C—H acylation (Scheme 7c¢).”

Radical generation via oxidation—deprotonation has proved
a valuable method for the functionalization of redox-active
amine substrates. Yet, in an effort to separate the redox
properties of the substrate from the mode of activation, our lab
and others have recently become interested in hydrogen atom
transfer (HAT) as an approach to directly activate a broader
range of C—H bonds. In this context, it was discovered that
electron-deficient heteroatom-centered radicals could perform
polarity-matched HAT events with suitable hydridic C—H
bond-bearing substrates.”*~® With these principles in mind,
we developed a triple catalytic C(sp®)—H arylation reaction
enabled by photoredox, nickel, and HAT catalysis.”” The
proposed mechanism, shown in Scheme 8, relies on a favorable
SET between excited photocatalyst 23 and electron-rich
bridgehead amine 24, followed by a polarity-matched hydro-
gen atom abstraction by amine radical cation 25 from the
anomerically activated, electron-rich @-amino C—H bond of
protected amine 26. While the mechanism may be distinct
from single-step, SET-mediated radical generations, the
remaining components of the mechanism retain the same
underlying elementary steps of earlier nickel metallaphotoca-
talysis publications. Namely, oxidative addition of nickel
catalyst 27 into the aryl halide electrophile affords nickel(1I)
complex 28, which, following oxidative radical capture of
HAT-derived alkyl radical 29, furnishes the key Ni(III)-aryl—
alkyl intermediate 30. Reductive elimination and SET between
Ni(I) species 31 and the reduced photocatalyst affords the
product and regenerates the active catalysts, respectively. This
triply catalytic strategy provided access to a broad range of
valuable benzylic amine products (32—34, 66%—79% vyield).
This quinuclidine-mediated HAT protocol has since been
applied to an @-amino C(sp*)—H alkylation protocol with alkyl
bromide electrophiles, another significant advancement in the
field of alkyl—alkyl coupling.'”® A computational investigation
into the triple catalytic arylation and alkylation mechanisms
provided support for the radical generation step, yet called into
question the role of Ni(0) in the reaction mechanisms.'”" A
lower energy pathway was proposed, wherein Ni(I) partic-
ipates first in radical capture followed by SET, with the
resulting electron-rich Ni(I)-alkyl complex undergoing oxida-
tive addition to afford the penultimate Ni(IIl) species. Later,
the synthesis of aromatic and aliphatic ketones via amine
radical cation-mediated C—H abstraction from aldehydes was
achieved in a mechanistically analogous fashion.'”> The
regioselective a-arylation of unprotected alcohols was achieved
in a likewise manner, enabled by the introduction of a Lewis
acid additive.'”® The formation of the Lewis acid-alkoxide
complex was found to be crucial in achieving the desired a-
selectivity in the presence of otherwise more hydridic C—H
bonds.

In addition to electrophilic nitrogen-centered radicals,
halogen radicals have also been shown to engage productively
in C—H abstraction events. In simultaneous reports, the
laboratories of Molander and Doyle described the first halogen
atom-mediated C—H arylations. Both reports detailed the
C(sp®)—H cross-coupling of ethereal solvents via a dual-

Scheme 8. Triple Catalytic C—H Arylation
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catalytic strategy. Molander and co-workers found that
nickel(II) oxidative addition complexes of aryl bromides,
upon triplet energy transfer from an excited iridium or
benzophenone photocatalyst, could eject a bromine atom
(Scheme 9a)."”* In the presence of the hydridic C—H bonds of
ethereal solvents, this bromine radical could undergo an
endothermic yet polarity-matched (and statistically favored)
HAT event to generate an a-oxy radical, which could rebound
onto the nickel center, ultimately affording a range of a-
(hetero)aryl ethers (35—37, $56%—86% vyield). Given the
proposed energy-transfer mechanism, Molander and co-
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Scheme 9. Halogen Atom C—H Arylation
a) Molander — Br- mediated a-heteroatom C(sp®)-H arylation
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b) Rueping — Br- mediated allylic C(sp3)-H arylation and vinylation
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c) Doyle — CI- mediated a-heteroatom C(sp®)-H arylation
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workers invoked bond-forming reductive elimination from a
Ni(II) species, a deviation from the familiar Ni(IIl)-mediated
bond formation traditionally proposed in metallaphotoredox
cross-couplings. Thereafter, Rueping and co-workers applied
this strategy toward a metallaphotocatalytic arylation and
vinylation of allylic C—H bonds (Scheme 9b, 38—40, 59%—
72% yield).'” Coinciding with the Molander lab’s report,
Doyle and co-workers disclosed a chlorine-radical-mediated
C(sp3)—H arylation (Scheme 9c). The proposed mechanism
calls upon precedent by Nocera and co-workers,'® wherein a
Ni(IlI)-Cl complex was shown to undergo visible-light
excitation, followed by metal—halogen bond homolysis in the
charge-transfer excited state. Doyle and co-workers suggested

an analogous step, wherein the aryl chloride Ni(II) oxidative
addition complex first undergoes SET with the excited
photocatalyst to afford the corresponding Ni(IIl) complex,
followed by direct excitation to generate a highly oxidizing
chlorine atom. Hydrogen atom abstraction by this species from
a number of ether solvents was demonstrated, coupling an
array of aryl chlorides with the C—H-bearing chemical
feedstocks (41—43, 66%—78% yield)."”” Stoichiometric
studies and emission-quenching experiments provided evi-
dence for the halogen photoelimination step from the Ni(III)-
aryl chloride complex. Reducing the nucleophile loading from
solvent quantity to merely 10 equiv in benzene solvent was
well tolerated, affording tetrahydrofuran and toluene-derived
products in good yields. While the strategy did provide
synthetically useful yields for arylation of the strong,
unactivated C—H bonds in cyclohexane, competitive con-
sumption of the chlorine radical by the resultant weakened
tertiary benzylic C—H bond of the product was postulated to
reduce reaction efficiency. To circumvent this issue, Doyle and
co-workers next employed chloroformates as electrophiles in a
complementary transformation.'’® The electron-deficient
nature of the a-carbonyl C—H bond disfavors abstraction by
the polarity-mismatched chlorine radical, which prevents
deleterious product inhibition. Under optimized conditions, a
broad scope of alkanes were functionalized in good yields with
predictable site-selectivity by the principle of polarity-
matching.”® Doyle and co-workers employed this HAT
mechanism in the formylation of aryl chlorides via chlorine-
radical-mediated HAT from the weak 2-substituted a-oxy C—
H bond of dioxolane.'” In a subsequent work, the group
reported the methylation of chloroarenes, a reaction of
significant interest to the pharmaceutical sector.''’ The
authors proposed that a similar chlorine-radical-mediated
HAT from the weak C—H bond of the trimethyl orthoformate
solvent could provide, through a f-scission mechanism, high-
energy methyl radicals. This key insight enabled the
methylation of a broad scope of biorelevant arenes and
heteroarenes in a regioselective fashion.''" Additionally, the
Wu group invoked a chlorine radical photoelimination
mechanism in the hydroalkylation of alkynes with C(sp*)—H
nucleophiles.' "

Until recently, the predominant strategy for engaging
C(sp®)—H bonds in metallaphotoredox catalysis relied on the
photocatalytic generation of an electrophilic, open-shell species
to act as a transiently formed HAT reagent.gg’l%107 However,
there exist a variety of well-established photocatalysts which,
upon excitation, develop electrophilic heteroatom-centered
radical character and can themselves be productively employed
in direct C—H cleavage reactions to afford versatile radical
intermediates.'"* Our laboratory recently questioned if a HAT
catalyst could be employed in a dual-catalytic C—H cross-
coupling strategy, substituting the intermediacy of a transiently
generated reagent for a light-activated catalyst capable of
hydrogen atom abstraction. The polyoxometalate photocatalyst
tetrabutylammonium decatungstate (TBADT) was selected for
its highly oxidizing excited state,''* well studied selectivity
parameters,''> and suitable potentials for the electron-transfer
steps necessary for metal catalyst turnover.'* This selection
proved fruitful, and the use of TBADT and nickel in a dual-
catalytic C—H cross-coupling reaction productively engaged a
broad array of strong C—H bond-bearing carbon frameworks
as coupling partners, albeit in moderate excess (5 equiv,
Scheme 10a).''® A variety of aryl and heteroaryl bromides
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Scheme 10. HAT Catalyst-Mediated C—H Cross-Coupling

a) MacMillan — C(sp®)-H arylation via decatungstate photocatalysis
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were engaged in the C(sp’)—C(sp’) bond formation, and the
reaction was applied to the functionalization of several
abundant feedstocks as commonly available sources of
chemical complexity (44—46, 61%—71% yield). A mechanis-

tically related transformation from Wang and co-workers
extended this platform to the intramolecular acyl-carbamoyla-
tion of tethered alkenes to furnish enantioenriched oxindole
scaffolds (Scheme 10b, 47—49, 64%—91% yield, 90%—95%
ee).""” Martin and co-workers later detailed the use of triplet
aryl ketones, another class of commonly employed HAT
photocatalyst,""* in a light-mediated nickel cross-coupling.'"®
Importantly, both arylation and alkylation of C—H nucleo-
philes were reported, demonstrating a range of different
bromide electrophiles for the functionalization of ethereal C—
H bonds (Scheme 10c, 50—52, 83%—87% yield). The value of
diaryl ketones as metallaphotoredox-compatible HAT catalysts
was also recognized by RuePing and co-workers in a benzylic
C—H arylation, vinylation, "’ and acylation,"”’ though the
capacity for such ketones to undergo energy transfer with
nickel complexes could not be disregarded.”"'*> Moreover,
the Marukami group has applied this HAT platform to the
carboxylation of benzylic and aliphatic C(sp*)—H bonds with
CO,, providing direct access from readily available hydro-
carbons to the corresponding carboxylic acids with one-carbon
extensions.'”' Benzaldehyde has also been employed as an
HAT catalyst in the presence of UVA light for metal-
laphotocatalytic C—H arylation and alkylation.'**

Targeting the regiocontrolled functionalization of C—H
bonds in an aliphatic chain, independent reports from the
Knowles and Rovis lab detailed C(sp’)—H functionalizations
through an intramolecular 1,5-HAT event mediated by a
photocatalytically generated amidyl radical.'*>'** Rovis and
co-workers were able to apply this powerful platform for
selective activation of C—H bonds toward the coupling of
primary alkyl bromide electrophiles with a number of
trifluoroacetamide-tethered frameworks in a dual-catalytic
protocol.'**

2.1.5. Cross-Electrophile Couplings. Halide and pseu-
dohalide electrophiles are among the most commonly
employed reagents in synthetic organic chemistry. The
commercial availability of these electrophiles coupled with
their bench stability and ease of synthesis has resulted in their
widespread adoption throughout organic chemistry, partic-
ularly within the realm of cross-coupling. Cross-electrophile
couplings, the metal-mediated forging of a bond between two
electrophiles, have thus emerged as a strategy to exploit the
abundance of alkyl, aryl, and vinyl halides and pseudoha-
lides.'”~"*® Despite the privileged role afforded to halide and
pseudohalide coupling partners, limitations remain in the
selective activation of one class of halide electrophiles in the
presence of another, a necessity for cross-selectivity.'>” Our lab
recently postulated that an open-shell mechanism enabled by
photoredox catalysis could provide a unique solution to this
longstanding challenge.'”" We targeted a cross-electrophile
coupling between aryl bromides and alkyl bromides, wherein
cross-selectivity arises from the inverse relationship between
rates of oxidative addition of low-valent metal catalysts and
rates of halide abstraction by main group radicals across
hybridizations of bromide electrophiles.””’ To this end, we
sought to employ a photocatalytically generated silicon-
centered radical, well known to abstract halogen atoms from
organic halides, as a key reactive intermediate,.'*” Our
proposed mechanism, shown in Scheme 11, begins with
photoexcitation and intersystem crossing of photocatalyst 53
to afford long-lived triplet excited state 54. Upon reductive
quenching with exogenous bromide anion, bromine radical
(55) and reduced photocatalyst 56 are generated. We

4,

https://doi.org/10.1021/acs.chemrev.1c00383
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch10&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

Scheme 11. Mechanism of Silyl-Radical-Mediated Cross-
Electrophile Coupling
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anticipated that bromine radical can activate the halogen atom
abstractor, tris(trimethylsilyl)silane (57), via HAT. The
resultant silyl radical species 58 can rapidly abstract a bromine
atom from a suitable C(sp®)—Br electrophile, irreversibly
generating alkyl radical 59 driven by coincident formation of
the thermodynamically favored silyl halide byproduct.'** The
catalytic cycle continues via familiar C(sp*)—Br activation of
the aryl halide coupling partner via oxidative addition, alkyl
radical capture of §9, and reductive elimination from the high-
valent Ni(III)-aryl-alkyl species 60. As previously reported,
SET between the reduced photocatalyst 56 and the post-
reductive elimination Ni(I) species regenerates both catalysts.
Under these mild reaction conditions, a broad range of alkyl
bromides were coupled to aryl bromides in good yields and
excellent cross-selectivity, including several traditionally
challenging five-membered heteroaryl bromide substrates
(61—64, 60%—80% yield). This heterogeneous reaction was
subsequently translated to gram-scale synthesis in a continuous
stirred-tank reactor by Jensen and co-workers.'** Furthermore,

Flanagan and co-workers have adapted this mode of activation
toward bio-relevant applications by employing the use of a
pyridyl bis(carboxamidine) ligand that has enabled the water-
compatible nickel-catalyzed coupling of alkyl bromides and
DNA- tag%ed aryl iodides for the preparation of DNA-encoded
libraries."

This mode of activation was then applied toward the
difluoromethylation of bromoarenes by our laboratory,"** a
transformation of substantial interest to the medicinal
chemistry community (Scheme 12a). Bromodifluoromethane,

Scheme 12. Silyl Radical-Mediated Nickel
Metallaphotoredox Transformations

(a) MacMillan, 2018 — difluoromethylation of aryl bromides
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(d) MacMillan, 2020 — cross-electrophile coupling of unactivated alkyl chlorides
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used as a solution in DME, was readily converted to
difluoromethyl radical via silyl-radical activation and coupled
to a variety of aryl bromides to afford pharmaceutically relevant
difluoromethylarenes. Thereafter, a silyl-radical-enabled C-
(sp*)—C(sp®) cross-electrophile coupling for the derivatization
of complex, druglike alkyl bromides with a variety of small alkyl
electrophiles was developed (Scheme 12b)."*” When run with
an excess of the small alkyl fragment, good yields of cross-
coupled product were observed, with competing heterodime-
rization leading to volatile byproducts easily removed during
workup. Silyl radical activation was also successfully employed
in the cross-electrophile a-arylation of a-chloro carbonyls with
aryl bromides in a dual-catalytic manifold (Scheme 12¢)."**
Notably, the strategy afforded a variety of valuable a-aryl
carbonyls in the absence of strong base, and provided a
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method for the @-arylation of amides, ketones, esters, and even
unprotected carboxylic acids. Under a related set of conditions,
this transformation was rendered asymmetric by Mao, Walsh,
and co-workers,"*” a longstanding challenge enabled by the
mild photoredox conditions. A milestone achievement in the
activation of alkyl chlorides was likewise born from silyl radical
activation. We postulated that the principles of polarity
matching should apply to halogen abstraction events.
Specifically, we expected that a more electron-rich silyl radical
species should be able to engage kinetically inert alkyl chlorides
in this exothermic halide-abstraction event via transition-state
charge stabilization.”® By incorporating a nitrogen atom
adjacent to the silyl radical center, a number of primary and
secondary alkyl chlorides were successfully activated, and the
corresponding radicals were coupled in good efliciency to a
variety of (hetero)aryl chlorides (Scheme 12d).1*

Concurrent with the disclosure of our initial silyl-radical-
mediated coupling, Lei and co-workers demonstrated the use
of simple tertiary amines as sacrificial reductants in a
photoredox catalysis-promoted cross-electrophile coupling of
alkyl bromides with aryl bromides.'*' While no mechanism
was explicitly proposed, a number of potential pathways could
be operative.'*”'** The cross-coupling of vinyl bromides with
alkyl bromides was later achieved under a similar set of
conditions by Fu.'** In a separate report, Chu and co-workers
demonstrated the coupling of allylic carbonate electrophiles
with vinyl triflates, enabled by a Hantzsch ester reductant to
provide access to traditionally elusory skipped dienes.'* The
stereoselectivity of the resultant products was found to be
determined by photocatalyst triplet energy, and divergent
conditions to access either E or Z isomeric products in good
selectivities were developed.

In an effort to incorporate amines, another native
functionality widely available to the modern chemist, as veiled
carbon fragments, Katritzky salts have recently been employed
in a number of contexts.'**"'*® Given the propensity of these
reagents for photoinduced electron transfer, coupled with their
established utility as electrophiles in cross-coupling reactions,
Molander and co-workers targeted a metallaphotocatalytic
cross-electrophile coupling.'*’ SET-mediated activation of the
alkyl amine-derived electrophiles provided versatile carbon-
centered radical intermediates, which were subsequently
integrated into a familiar nickel-based catalytic platform and
coupled to a variety of aryl bromide electrophiles. Concom-
itant reports from the Pan and Rueping groups disclose a
similar protocol for the nickel-catalyzed activation of C—N
bonds toward deaminative cross-electrophile coupling and
reductive cross-coupling with aryl halides, respectively.>”'*"

The introduction of a carboxylic acid functionality onto
aromatic and aliphatic bromides and triflates using K,COj; as
the source of CO, has been demonstrated by Konig and co-
workers.'”” The reaction is compatible with a variety of
functional groups including unactivated cyclic alkyl bromides,
and was applied to the synthesis and derivatization of
biologically active molecules. Spectroscopic investigations
indicate the mechanism proceeds via ligand substitution of
neocuproine followed by reduction to generate the active
Ni(0) catalyst. In a subsequent study, the group reported the
ligand-controlled Markovnikov and anti-Markovnikov hydro-
carboxylation of styrenes, in which neocuproine forms the
Markovnikov product exclusively, while 1,4-bis-
(diphenylphosphino)butane (dppb) favors formation of the
anti-Markovnikov product.'>® Preliminary mechanistic inves-

tigation indicates the irreversible addition of a Ni(Il)-H
intermediate, generated in situ, into the styrene.

Recently, Zhang, Niu, and co-workers reported the nickel
photoredox-catalyzed cross-electrophile coupling of glycosyl
chlorides with aryl bromides for the highly stereoselective
synthesis of C-aryl glycosides.">*

2.2. Carbon—Heteroatom Bond Formation

Transition metal catalysis has dramatically reshaped the
landscape of chemical synthesis not only in the construction
of all-carbon frameworks, but in the forging of carbon—
heteroatom bonds as well. Given the competence of photo-
redox catalysis to enable nickel to forge historically challenging
carbon—carbon bonds through energy-transfer and/or elec-
tron-transfer mechanisms, similar elementary steps have been
shown to enable otherwise elusive carbon—heteroatom bond
formations.

2.2.1. C-0O Bond Formation. The construction of C—O
bonds by both palladium and copper catalysis represents a
well-established class of methods for the synthesis of
ethers.'>>~"” However, the assembly of this valuable linkage
by nickel catalysis has remained an unrealized goal. Founda-
tional studies by Hillhouse and co-workers have demonstrated
the recalcitrant nature of reductive elimination from nickel(II)-
alkyl-alkoxide metallacycles.'*'>® However, the key finding
that exposure of this species to molecular oxygen results in
desired product formation'® suggests that a higher-valent
nickel species can perform the otherwise sluggish bond-
forming step. Given the well-documented capacity for
photoredox catalysts to directly oxidize Ni(II) species to
Ni(IIl) intermediates,"”” and the demonstrated capacity for
related Ni(III) complexes to undergo productive C(sp®)—O
bond formation,">” we hypothesized that photoredox catalysis
could enable the use of nickel catalysis in ether synthesis.
Indeed, a broad array of alcohols underwent successful
coupling with a number of (hetero)aryl bromides by the
action of a simple nickel(II) bipyridyl precatalyst and a
photocatalyst under blue light irradiation.'® The proposed
mechanism for this transformation is shown in Scheme 13.
Activation of the nickel(II) chloride precatalyst 65 to the active
Ni(I) species proceeds via reduction by the iridium(II)
photocatalyst. Quinuclidine is hypothesized to serve as a
sacrificial reductant of the excited-state iridium(III) to generate
the active iridium(II) species, turning over the photocatalyst.
Oxidative addition with aryl bromide produces a high-valent
aryl Ni(III) complex 66 that undergoes ligand exchange with
an alcohol coupling partner to form the resultant Ni(III) aryl
alkoxide intermediate 67. An exothermic reductive elimination
step forges the desired bond (68—70, 75%—88% yield). This
Ni(I)/Ni(IlI) self-sustained cycle is operative to achieve
reactivity in the absence of photocatalysis.'®' Lee and co-
workers applied this platform to the C(sp*)—O coupling of
peptides, including both alcohol- and bromo-containing
residues, achieving intermolecular etherification and side-
chain-to-tail macrocyclization.'®*

Given that electron transfer to yield a high-valent organo-
metallic species prone to reductive elimination represents an
effective strategy for challenging bond formations, we
questioned whether other photocatalytic modes of activation
could likewise enable novel chemistry at nickel centers.
Inspired by numerous instances of direct excitation of
organometallics to afford excited-state metal centers with
unprecedented reactivity,'°>'*”'°*!* we questioned if an
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Scheme 13. Nickel- and Photoredox-Catalyzed
Etherification
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energy-transfer mechanism could access similar high-energy
organometallic intermediates without relying on the individual
species’ spectrochemical properties. In collaboration with
McCusker and co-workers, we targeted the formation of aryl
esters by energy-transfer-induced reductive elimination from
nickel(I1)-aryl-carboxylate complexes (Scheme 14).'® Utiliz-
ing a photocatalyst of suitable triplet energy, a broad range of
aryl and alkyl carboxylates were coupled with aryl and
heteroaryl bromides in good efficiencies (71—74, 62%—83%
yield). Importantly, stoichiometric experiments provided
evidence for the suggested energy-transfer pathway, and
calculations indicated that an electron-transfer-mediated path-
way (oxidation to a Ni(Il) aryl carboxylate) was nearly 15
kcal/mol higher in energy than the proposed mechanism.
Subsequent transient absorption spectroscopic studies in
collaboration with Scholes and co-workers confirmed the
energy-transfer pathway, demonstrating the mechanism of the
reductive elimination is a unimolecular process that occurs on

Scheme 14. Energy-Transfer C—O Coupling
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the long-lived excited state of the Ni(II) complex via diffusion-
controlled energy transfer from the photocatalyst.'*®

2.2.2. C—N Bond Formation. As metallaphotoredox
catalysis has developed as an enabling platform for molecular
construction, the concept of utilizing this powerful technique
to circumvent traditional, often laborious strategies for reaction
design and optimization has gained traction. Given that the
evolution of C—N coupling has largely been confined to
developments in palladium catalysis, with ligand design
remaining the dominant variable in the advancement of new
methodologies,'' we envisioned that photoredox could provide
a unique approach to unlock new C—N coupling reactions. In
collaboration with the Buchwald lab, we hypothesized that dual
nickel and photoredox catalysis could enable a C(sp*)—N
coupling without the need for complex ancillary ligands,
permitted by simple oxidation-state-modulation at the nickel
center.'®” This objective was successfully realized, wherein a
simple nickel precatalyst and a photoredox catalyst together
enabled the union of aryl and heteroaryl halides with aliphatic
amines in good yields under blue light irradiation, notably in
the complete absence of added ligand (Scheme 15a, 75—79,
37%—91% yield). Low photocatalyst loading (0.02 mol %) was
sufficient for optimal reactivity, and hits were generated for the
amination of 14 of the 18 members of the chemistry informer
aryl halide library, a benchmark for reaction generality
developed by Krska and Dreher.'®® The reaction has since
been adapted to flow for the large-scale synthesis of
arylamines.'®”'”° Subsequent mechanistic studies, carried out
by our lab in collaboration with the Scholes lab, painted a
complex mechanistic picture."”" Transient absorption spec-
troscopy, combined with kinetic and stoichiometric experi-
ments elucidated several key features of the reaction. Namely,
(i) formation of reduced iridium photocatalyst proceeds via
reductive quenching of the excited state by the 1,4-
diazabicyclo[2.2.2]octane base (DABCO), (ii) reduction of
the resting Ni(II) catalyst to a catalytically active Ni(I) species
by this reduced Ir(II) complex is rate determining, and (iii) a
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Scheme 15. Early Developments in Metallaphotoredox
Amination
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majority of product formation occurs in a dark Ni(I)—Ni(III)
cycle,'*" with many deactivation pathways operative for the
catalytically active Ni(I) species. With these key insights in
mind, a more efficient photocatalyst was designed, synthesized,
and tested. The new photocatalyst was found to outperform
the originally published catalyst in both quantum yield and rate
of product formation, and the improved conditions also
generated more robust hits in the aryl halide informer library
than those of the original publication."®’”

In a milestone advancement for the synthesis of cyclic
amines, Jamison and co-workers developed a facile synthesis of
indolines proceeding via a metallaphotoredox-mediated C—N
bond formation (Scheme 15b)."”* It was proposed that in the
presence of 2-iodoaniline derivatives and simple alkene
coupling partners, a Ni(0) species would undergo an oxidative
addition to the halide electrophile, migratory insertion to first
form the aryl—alkyl bond. Thereafter, the nickel alkyl species
would coordinate the pendant aniline, undergo SET with an
excited photocatalyst, and perform the product-forming
reductive elimination from the high-valent Ni(III) metalla-
cycle. The group recognized the importance of a dual nickel-
and photoredox-catalyzed approach for two key steps in the
proposed mechanism. Particularly, the nickel alkyl species
invoked should be significantly more stable to deleterious f-
hydride elimination than the corresponding palladium alkyl
species invoked as an intermediate in Heck-type cross-
couplings.?ﬂ’]73 Moreover, the intramolecular C(sp®)—N
reductive elimination must outcompete f-hydride elimination,
an inherently challenging step'”* which would benefit from a
photochemically oxidized, high-valent nickel center. This
approach to indoline synthesis afforded a broad scope of N-
acyl protected products with a variety of substitution tolerated
on the aromatic ring. Moreover, a variety of terminal olefins
served as adequate coupling partners, affording indoline
products in good yields (80—82, 65—97% yield). Another
SET-mediated strategy for nickel- and photoredox-catalyzed
C—N coupling emerged from the Vannucci laboratory. While
most approaches for high-valent nickel-mediated C—N bond
formation involve oxidation of a Ni(Il) amido complex to the
corresponding Ni(III) adduct, Vannucci and co-workers
recognized that oxidative radical capture of a transient aminyl
radical by a Ni(II) oxidative addition complex should afford
the same key Ni(III) amido complex (Scheme 15¢)."”* With
this strategy, a number of disubstituted amines were
synthesized from simple anilines and aryl iodides (83—8S,
65%—78% yield), where the catalytically generated aminyl
radicals act to modulate the oxidation state at nickel directly
via oxidative radical capture. On the other hand, Johannes and
co-workers invoke a reductive pathway in the C—N coupling of
(hetero)aryl electrophiles such as iodides, bromides, chlorides
and triflates with aryl azides.'”® Photoreduction of the aryl
azide is proposed to proceed via an arylnickel—azide complex,
which upon SET and loss of nitrogen, generates a Ni(III)
species. Facile reductive elimination affords the desired
medicinally relevant biarylamine products.

While SET-mediated generation of a critical Ni(III)
intermediate has enabled a majority of nickel metallaphotoca-
talytic C—N bond formation, our laboratory next questioned if
an energy-transfer mechanism could also be effective in forging
these valuable bonds. We targeted the synthesis of N-aryl
sulfonamides, a prevalent functionality in the pharmaceutical
industry, by means of an energy-transfer mechanism.'””
Indeed, a broad scope of aryl and heteroaryl sulfonamides
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was found to be accessible from their corresponding halide
congeners (Scheme 16, 86—88, 72%—98% yield), which was

Scheme 16. Energy Transfer in Metallaphotocatalytic C—N
Cross-Coupling
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C-N bond formation is chemoselective for sulfonamide NH,

highlighted in a C—N fragment-coupling approach to the B-Raf
kinase inhibitor dabrafenib (89, 57% yield). Notably, the
transformation can proceed in low levels of efficiency in the
absence of a photocatalyst, demonstrating that a direct
excitation pathway is also possible for nickel-catalyzed C—N
coupling, a result that has since been showcased in an
independent report by Miyake and co-workers.'”® In a
subsequent spectroscopic study, the group reported the
Forster-type energy transfer from excited-state photocatalysts
to Ni(Il)-amine complexes.'”” Application of this knowledge
toward the selection of an organic phenoxazine photocatalyst
enabled the efficient C—N coupling of a diverse selection of
amines and aryl halides. Finally, the transformation was applied
toward the expedient synthesis N-(hetero)aryl sulfamides by
Roizen and co-workers.'®

2.2.3. Other Heteroatomic Nucleophiles. The advance-
ment of metallaphotocatalysis has brought numerous break-
throughs in the construction of carbon—carbon, carbon—
oxygen, and carbon—nitrogen bonds. The single-electron-
transfer and energy-transfer mechanisms which enable these
conventionally challenging bond formations at nickel can
likewise be applied to other classes of heteroatomic
nucleophiles (Scheme 17). Lu and Xiao recognized that the
photocatalytic oxidation of diarylphosphine oxides to the
corresponding P-centered radical could enable a facile C—P
bond formation in combination with nickel catalysis."®" In the
presence of suitable nickel and photocatalysts, a number of
triarylphosphine oxides were generated from corresponding
diarylphosphine oxides and aryl iodides (90—92, 83%—90%

Scheme 17. Other Heteroatomic Nucleophiles in Nickel
Metallaphotocatalysis
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yield). Mechanistically, the groups hypothesized that the
oxidative radical generation at phosphorus could substitute for
the corresponding steps for carbon-centered radical generation
disclosed by our lab (from carboxylic acids) and the Molander
lab (from trifluoroborate salts). This general strategy for C—P
bond formation was later elaborated to a protocol for the
phosphorylation of aryl and vinyl tosylates through a similar
mechanistic approach.'®

Molander later demonstrated the cross-coupling of alkyl
thiols enabled by dual catalysis."®> Though traditionally
catalyst poisons, thiols were productively engaged in cross-
coupling through an unexpected mechanism. While exploring
the scope of their base-free silicate chemistry,”® Molander and
co-workers found that the presence of an unprotected thiol on
an alkyl silicate nucleophile resulted in a complete switch in
reactivity, affording the desilylated thioether instead of the
C(sp?)-linked product. It was proposed that upon oxidative
decomposition of the alkyl silicate to the carbon-centered
radical, a polarity-matched HAT event between the thiol and
the open-shell carbon nucleophile afforded the thiyl radical,”
which then engaged productively with the nickel catalytic
manifold. A broad range of thiols and (hetero)aryl bromides
were tolerated as coupling partners in this transformation
(93-95, 85%—92% yield), including substrates bearing
unprotected alcohols and amines. In a contemporaneous
report, Oderinde and Johannes likewise demonstrated the
coupling of aryl iodides with alkyl and aryl thiols.'** Access to
the critical thiyl radical intermediate was proposed to take
place via an electron-transfer/proton-transfer mechanism. This
work by Oderinde, Johannes, and Molander was subsequently
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examined in a heterogeneous setting.'®> Lin and co-workers
developed a nickel- and photocatalyst-doped metal—organic
framework (MOF), and under reaction conditions similar to
those reported previously, a significant improvement in
catalytic activity was demonstrated. The group suggested that
the proximity of the catalysts enforced by the MOF
dramatically accelerated necessary SET and thiyl radical-
transfer steps, improving the turnover number nearly 10-fold
from the homogeneous conditions.

2.2.4. Multicomponent Reactions and 1,2-Difunction-
alization. As the number of disconnections available to the
modern synthetic chemist continues to grow, so does the
interest and capability for accelerating the synthesis of
molecular complexity through multicomponent reactions
(MCRs). In this regard, photoredox catalysis has become
indispensable in the forging of multiple bonds to simple
feedstock chemicals in a single step. Broadly, nickel and
photoredox-mediated MCRs can be conceptualized as simple
two-component cross-coupling reactions interrupted by
addition across a suitable SOMOphilic z-unsaturate."*®

To this end, Molander and co-workers explored the
application of electron-deficient alkenes in an MCR with
alkyl trifluoroborate radical precursors and aryl halide electro-
philes."®” A mechanism is shown in Scheme 18. Addition of
the borate-derived radical 96 to a vinyl boronic ester (97)
affords the electron-deficient open-shell intermediate 98.
Thereafter, capture by a low-valent nickel species, followed
by oxidative addition and reductive elimination forges the
complex, sp’-rich product. An extensive range of alkyl
trifluoroborates and heteroaryl halides were joined across the
unsaturated boronic ester, and a small selection of additional
electron-deficient alkenes were explored as viable radical
acceptors (99—102, 40%—76% yield). A similar strategy was
disclosed by Martin and co-workers, with alkyl bromides
instead serving as alkyl precursors, activated by ghotocatalysis
in combination with an organic reductant."*® Analogous
reports of carbofunctionalization of olefins emerged from a
number of other laboratories under a similar mechanistic
paradigm, with oxalate esters,"® alkyl bis(catecholo)-
silicates,'”” and a-(trimethylsilyl)amines'”" each serving as
radical precursors in separate three-component coupling
protocols with (hetero)aryl halides and electronically activated
alkenes. Recently, the dual-catalytic MCR of electronically
biased alkenes has been rendered asymmetric by Chu and
Gutierrez.'”” Capitalizing on key mechanistic insights from
previous work,>® an enantioselective carboarylation of alkenes
was demonstrated, forging complex, enantioenriched products
in a single, high-yielding step. Recently, Molander and co-
workers disclosed the diaryl ketone HAT-catalyzed chemo-
selective activation of native C—H bonds toward the nickel
metallaphotoredox-catalyzed multicomponent dicarbofunc-
tionalization of alkenes.'”> This mode of HAT circumvents
the necessity for prefunctionalized radical precursors, an
inherent limitation to achieve chemoselectivity in multi-
component reactions.

Several reports on the intramolecular 1,2-difunctionalization
of olefins have recently been disclosed (Scheme 19).''”'7*
Oxidative generation of a radical distal to a pendant olefin
followed by cyclization, radical capture at nickel, and
subsequent coupling has been shown to afford a number of
complex, often polycyclic products from accessible starting
materials. Specifically, Molander and co-workers engaged
amidyl radicals for the intramolecular amidoarylation of

Scheme 18. Three-Component Coupling via Nickel
Metallaphotoredox Catalysis
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Scheme 19. Intramolecular Olefin Difunctionalization
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alkenes to afford a range of heterocycles joined with
(hetero)arenes.'”* Starting from oxalate-protected allylic
alcohols, Overman demonstrated a facile dual-catalytic
approach to spirolactones via monodecarboxylation to the
formyl radical, 5-exo cyclization, and interception by a suitable
nickel catalyst."””

Nickel metallaphotocatalytic MCRs are not strictly limited
to alkenes. Chu and co-workers have likewise explored alkyne
SOMOphiles, detailing an efficient protocol for the synthesis of
sterically encumbered trisubstituted alkenes from heteroaryl
electrophiles, alkynes, and tertiary oxalate esters.””® In a
complementary report, Rueping and Cavallo explored the 1,2-
difunctionalization of aryl acetylenes with aryl halides and an
extensive array of radical precursors.'”” Alkyl radical precursors
such as Katritzky salts, carboxylic acids,'”® and a-amino C—H
bonds were all suitable coupling partners in this dual-catalytic
MCR. Moreover, the reaction was not restricted to
carbofunctionalization; sulfinate salts were also found to
smoothly provide the corresponding sulfone products in a
regioselective fashion.

3. COPPER METALLAPHOTOCATALYSIS

The use of copper as a catalyst in an organic transformation
predates the employment of any other metal in the same
context.'”” The low toxicity of copper, coupled with its
abundance in the Earth’s crust, makes copper an especially
attractive candidate for catalyzing organic transformations.””’
As such, advancements in copper-mediated reactions comprise
a considerable fraction of developments in the arena of
chemical methodology.201 Nevertheless, limitations remain
with respect to the mechanism of substrate activation in the
realm of copper catalysis. Namely, high temperatures are often
required for activation of traditional electrophiles, and
nucleophiles are limited to those which can easily coordinate
or transmetalate onto the metal center.””" Given the efficacy of
photoredox catalysis in generating highly reactive radical
intermediates, and the well-established capability of copper
catalysts to interact with radicals,”** a growing body of work in
the merging of copper and photoredox catalysis has brought
forth a number of novel applications in carbon—carbon and
carbon—heteroatom bond-forming reactions.

3.1. C—C Bond Formation: Fluoroalkylation

Copper-mediated C—C bond formations represent a well-
studied class of reactions, with a multitude of coupling partners
and innumerable conditions emerging over the past 150
years.”” In particular, in the forging of bonds to challenging
perfluoroalkyl groups, copper has served a privileged role.””***
Recently, as photoredox catalysis has become indispensable in
the mild conversion of common functional groups into highly
reactive open-shell intermediates, a number of reports have
detailed the merger of photoredox with copper catalysis in an
endeavor to reap the benefits of both catalytic manifolds.
Given the prominence of fluoroalkyl groups in medicinal
chemistry,” and the importance of copper intermediates in
facilitating traditionally challenging reductive eliminations,**®
Sanford and co-workers targeted the photoredox- and copper-
catalyzed trifluoromethylation of arylboronic acids to synthe-
size valuable trifluoromethylarenes.””” A proposed mechanism
(Scheme 20) wherein reduction of trifluoroiodomethane to
trifluoromethyl radical (103) by a photoredox catalyst would
circumvent traditional two-electron pathways invoked for
generation of the catalytically relevant Cu-CFj species.”"*'°

Scheme 20. Copper- and Photoredox-Catalyzed
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The mechanism continues via addition of this reductively
generated trifluoromethyl radical to a suitable Cu(II) species,
followed by transmetalation with an arylboronic acid
nucleophile to generate a key Cu(III)-aryl-CF; species 104.
Reductive elimination from this high-valent copper complex
forges the desired product, and SET between the excited
photocatalyst and reduced Cu(I) complex 105 regenerates
both active catalysts. Under this mechanistic paradigm, the
authors demonstrated the trifluoromethylation of a number of
diverse (hetero)arylboronic acids, including substrates bearing
free phenols, unprotected aldehydes, and aryl iodides.
Moreover, the protocol was extended to other perfluoroalkyl
iodide electrophiles in similar efficiencies (106—108, 61%—
71% yield).

Several additional contributions to copper-catalyzed fluo-
roalkylation have been developed in recent years. Liu and co-
workers reported the decarboxylative difluoroacetylation of
cinnamic acid derivatives promoted by dual copper and
photoredox catalysis.”'" The authors proposed the reductive
generation of the difluoroacetyl radical from the corresponding
iodide starting material, and a copper-mediated oxidative
decarboxylation to generate the desired difluoromethylene-
homologated product. A range of a,f-unsaturated acids were
expediently converted to the desired difluoroalkyl-bearing
alkenes in good yields with moderate to excellent E/Z
selectivity.

In our laboratory’s initial foray into dual copper and
photoredox catalysis, we likewise targeted decarboxylative
fluoroalkylation of carboxylic acids. Namely, we sought to
develop a metallaphotoredox-catalyzed decarboxylative tri-
fluoromethylation of native aliphatic carboxylic acids (Scheme
21a).”"* Indeed, utilizing commercially available Togni reagent
I in combination with a bathophenanthroline-ligated copper
species and an iridium photocatalyst, a diverse range of
primary and secondary carboxylic acids were trifluoromethy-
lated in moderate to good efficiencies. Moreover, a small
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Scheme 21. Photoredox Trifluoromethylation
(a) Decarboxylative trifluoromethylation of aliphatic carboxylic acids
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selection of strained tertiary carboxylic acids were found to be
viable substrates, and the transformation was extended to a
collection of natural products and pharmaceutical agents
(109—114, 30%—93% yield). Our group thereafter reported

the first copper-catalyzed trifluoromethylation of bromoarenes
(Scheme 21b).>"* In an effort to circumvent oxidative addition
at the copper center, a recalcitrant step often rate-limiting in
copper-catalyzed haloarene functionalizations,”**'> we em-
ployed silyl radical-mediated halogen atom abstraction to
separate electrophile activation from the specific electronic
properties of the catalyst. With this strategy, a broad range of
aryl and heteroaryl bromides were trifluoromethylated in good
efficiencies, with a number of five-membered heterocycles and
other highly nitrogenous aromatic bromides performing
adequately as coupling partners (115—118, 61%—96% yield).
The method was extended to the trifluoromethylation of
pharmaceutical analogues, and initial mechanistic studies
indicated the silyl-radical activation step proceeded through a
radical mechanism independent of the copper catalytic cycle.
This platform was later elaborated to the trifluoromethylation
of alkyl bromides (Scheme 21¢).”'° A spectrum of alkyl
bromide electrophiles, including multiple pharmaceutical
derivatives, were expediently converted to trifluoromethyl
analogues in good yields with this silyl-radical-mediated
strategy to overcome copper’s sluggish oxidative addition
step (119—124, 47%—90% vyield).

Our laboratory has recently disclosed the merger of
decatungstate catalysis with copper catalysis to enable the
trifluoromethylation of unactivated aliphatic C(sp’)—H
bonds.”"” By combining the powerful C—H cleavage capability
of the highly oxidizing excited state of decatungstate''* with
copper catalysis, our laboratory was able to append
trifluoromethyl groups to a number of pharmaceutically
important aliphatic amines, which were notably the limiting
reagent in the reaction mixture. No protecting groups at
nitrogen were employed, with the aqueous acidic conditions
acting both to mask the free amines from deleterious SET
events as well as influence HAT selectivity toward distal
positions by virtue of polarity matching.”® A range of benzylic
C—H bonds were likewise trifluoromethylated in good
efficiencies, in addition to a variety of pharmaceutical
compounds. Studies were undertaken to elucidate the
mechanism of this novel transformation, and shed light on
copper-catalyzed trifluoromethylation reactions as a whole. '°F
NMR experiments suggested a catalytically relevant Cu(III)—
CF; intermediate was formed upon exposure of a copper(I)
salt to the electrophilic trifluoromethyl source Togni reagent
I, while electron paramagnetic resonance (EPR) studies
revealed a signal consistent with a Cu(II)—CF; intermediate.
Moreover, it was shown that coordination of the copper
species (either by chloride anion or diamine ligand) could
affect both the diastereo- and enantioselectivity of the reaction,
supporting the critical role of copper in the bond-forming step.

3.2. C(sp)—C Bond Formation

The intermediacy of copper acetylides (formed from copper
salts and terminal alkynes) as catalytically relevant species has
been invoked in cross-coupling mechanisms for over four
decades.”"® The propensity for these transient species to act as
nucleophilic organometallics has recently been exploited in a
variety of light-promoted contexts.

The first dual photoredox- and copper-catalyzed alkynyla-
tions targeted the C—H functionalization of 1,2,3,4-tetrahy-
droisoquinoline (THIQ) derivatives, a well-studied system
which proceeds through the iminium cation upon two-electron
oxidation, mediated either by an exogenous strong oxidant”'”
or via photocatalysis220 followed by 1,2-addition of a suitable
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Scheme 22. C—H Alkynylation via Copper Metallaphotoredox Catalysis
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nucleophile. In light of pioneering work by Li and co-
workers,”"” Rueping targeted the dual-catalytic alkynylation of
THIQ analogues under mild photoredox conditions.”*' The
authors were able to induce copper-mediated nucleophilic
addition of a range of aryl and alkyl acetylenes into
photocatalytically generated iminium intermediates in moder-
ate to excellent yields. Notably, modulation of the THIQ
scaffold was well tolerated, and both N-aryl and N-alkyl
substitution did not impede product formation. The authors
made note of the delicate balance required for all catalytic
cycles to cooperate productively, and as such, changing from
high-intensity blue LEDs to a 5 W lamp resulted in vastly
improved reaction efficiencies. Studies by the Li laboratory
built upon the work disclosed by Rueping and co-workers, and
ultimately an asymmetric C—H alkynylation was disclosed.”**
Li and co-workers described the use of a chirally ligated copper
complex in the asymmetric cross-dehydrogenative coupling of
terminal alkynes with THIQs. The authors propose a
mechanism detailed in Scheme 22. Iridium photocatalyst
125, upon excitation by visible light and intersystem crossing,
arrives at excited state 126. Subsequent SET between the
excited photocatalyst and THIQ_ substrate 127 is proposed to
generate an amine radical cation (128) and reduced photo-
catalyst 129, which could undergo SET with the benzoylper-
oxide oxidant. The resultant benzoyl radical is proposed to
undergo a second electron-transfer event with amine radical
cation 128, generating the key iminium intermediate (130).
Simultaneously, chirally ligated copper species 131, formed in
situ from the isoquinoline ligand and CuBr, can coordinate the
terminal alkyne substrate, and upon loss of HBr, generate
copper acetylide species 132. At this point, asymmetric 1,2-
addition of the organometallic intermediate into the iminium
could generate the desired enantioenriched product (133).
Operating under this mechanistic proposal, Li and co-workers
were able to generate a library of products varied at both the

acetylene partner and at the N-aryl substitution of the THIQ
fragment in moderate to excellent efficiencies and enantiose-
lectivities.

A decarboxylative alkynylation was disclosed thereafter by
Fu and co-workers.””> While related mechanistically to
previous copper metallaphotocatalytic C(sp®)—C(sp) cou-
plings, the authors instead elected to utilize a-amino carboxylic
acids, prefunctionalized as N-hydroxyphthalimide (NHPI)
redox-active esters, as electrophiles in lieu of an added
chemical oxidant. Despite these differences, 1,2-addition of
the copper acetylide intermediate into a photocatalytically
generated iminium cation remained a key feature of this
alkynylation protocol. A number of tertiary a-amino NHPI
esters were productively engaged as coupling partners with a
range of aryl and alkyl acetylene derivatives (134—139, 70%—
93% yield). EPR studies demonstrated the presence of radical
intermediates generated under the reaction conditions, and a
mechanism was proposed involving initiation by reductive
quenching of excited photocatalyst 140 by a sacrificial
equivalent of the tertiary amine substrate. The reduced
photocatalyst 141 was then postulated to unveil a carbon-
centered radical (142) by reductive decomposition of the
NHPI redox-active ester, which could be oxidized to the
electrophilic iminium intermediate by the excited photo-
catalyst. Subsequent copper-mediated 1,2-addition would
complete the catalytic cycle as before (Scheme 23).

In a recent report, Pan and co-workers demonstrated a
related copper-catalyzed decarboxylative cross-coupling meth-
od to access alkyl substituted alkynes, without the use of noble
metal photocatalysts.”** Direct photoexcitation of copper(I)
acetylide with electron-rich NEt; ligands provided access to
alkyl radicals from NHPI esters of carboxylic acids via SET.
The alkyl radicals readily coupled with aromatic alkynes, as
well as aliphatic alkynes and alkynyl silanes upon the addition
of catalytic amounts of preformed copper-phenylacetylide.
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Scheme 23. Copper Metallaphotoredox Decarboxylative
Alkynylation
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DFT calculations revealed the importance of NEt; and
acetylacetonate ligands in inhibiting homocoupling of the
alkyne.

Hwang and co-workers capitalized on LMCT enabled by the
direct photoexcitation of copper to develop a copper-catalyzed
Sonogashira cross-coupling of aryl halides and alkyl- or aryl-
substituted terminal alkynes.””> The key light-absorbing
copper acetylide species is formed upon deprotonation and
coordination of the alkyne. Subsequent photoinduced ligand-
to-metal charge transfer generates an electron-deficient
acetylene moiety, favoring nucleophilic attack of electron-rich
aryl halides, followed by dissociation to afford the C—-C
coupled products.

The highly reducing nature of a photoexcited copper
acetylide species to generate copper(Il)-phenylacetylide and
superoxide in situ under aerobic conditions has since been
leveraged in the denitrogenative oxidative coupling of
hydrazinylpyridines with terminal alkynes,”*® oxidative C—N
coupling of anilines with terminal alkynes for the synthesis of
a-ketoamides,””” oxidative C—N coupling of 2—amino§)yridine
with terminal alkynes via C—C triple bond cleavage,”* direct
oxidative couplings of phenols and terminal alkynes to generate

aromatic ketones,””” and oxidative C(sp)—C(sp) homo- and
cross-couplings of terminal alkynes.”*"**"

In addition to molecular oxygen, benzoquinones can also
serve as efficient external oxidants to transform photoexcited
copper(I)—alkyne complexes into their copper(Il) counter-
parts with the formation of benzoquinone radical anions.
Hwang and co-workers applied this strategy to two three-
component coupling protocols, the C—H annulation of
anilines with terminal alkynes and benzoquinones for the
synthesis of multisubstituted indoles,”*” as well as the
construction of propargylic amines via the A3’ coupling of
anilines, terminal alkynes, and alcohols.”*?

Lalic and co-workers reported a light-mediated dehalogena-
tive alkynylation, with aryl and alkyl acetylenes coupling
efficiently to a range of primary, secondary, and bridged-
bicyclic tertiary alkyl iodides in moderate to excellent yields.”**
Given no photocatalyst is present in the reaction mixture, the
authors proposed a photoexcited copper acetylide species as
the key reducing catalyst in the reaction mixture, capable of
reducing a broad range of alkyl iodides to the corresponding
radical intermediate, and copper is subsequently invoked in the
bond-forming step.

Copper metallaphotocatalyzed cross-coupling to sp-hybri-
dized carbon centers is not exclusive to alkynylation. Liu and
Lin developed a decarboxylative, enantioselective cyanation of
benzylic carboxylic acids, prefunctionalized as NHPI redox-
active esters.”””> The group suggested a mechanism by which
photocatalytic reduction of the redox-active ester generates a
stabilized benzylic radical species. Thereafter, capture of this
radical by a chirally ligated copper-cyanide species (generated
in situ from trimethylsilylcyanide and a copper(Il) inter-
mediate) generates the key high-valent Cu(III) alkyl cyanide
complex prone to product-forming reductive elimination. SET
between the reduced metal catalyst and oxidized photocatalyst
closes both catalytic cycles simultaneously, without the need
for exogenous oxidants or reductants. The authors were able to
provide an array of enantioenriched tertiary benzylic nitriles
from the corresponding racemic esters in good yields and
enantioselectivities. Notably, due to the prevalence of the
benzylic carboxylic acid motif throughout the pharmaceutical
sector, six commercial pharmaceuticals were functionalized to
the enantioenriched nitrile adducts, with three of these
pharmaceutical compounds shown to be proficient coupling
partners in a one pot procedure (condensation followed by
coupling) directly from the free acid.

Wang and co-workers leveraged a similar mechanistic regime
for the asymmetric ring-opening cyanation of four- and five-
membered cycloketone oxime esters.”** C—C bond cleavage of
less strained five-membered cyclopentanones required dual
photoredox/copper catalysis, while bond cleavage of strained
four-membered cyclobutanone was realized with single copper
catalysis. Radical capture of the in situ-generated benzylic
cyanoalkyl radicals by chiral copper catalysts, and subsequent
stereoselective reductive elimination afforded chiral 1,5- and
1,6-dinitriles. Further derivatization furnished optically active
diamides and diamines. Recently, Yu and co-workers merged
copper-catalyzed cyanation with photoinduced and nitrogen-
centered radical-mediated intermolecular 1,5-HAT for the
enantioselective C(sp®)—H cyanation of carboxamides to
furnish enantioenriched cyanated amides.”*’

https://doi.org/10.1021/acs.chemrev.1c00383
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch23&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

3.3. 1,2-Difunctionalization of z-Unsaturates

Early reports of copper- and photoredox-catalyzed olefin
difunctionalization emerged from the Reiser laboratory in
2015. Using an established copper-based photocatalyst,
Cu(dap), (dap = 2,9—bis(pam—anisyl)—1,10—phenanthroline),238
the group engaged triflyl chloride in a trifluoromethyl-
chlorosulfonylation of alkenes.”* If not for key observations
by Reiser and co-workers, this reaction easily could have been
erroneously proposed to operate through an atom-transfer
radical addition (ATRA) mechanism.”** However, the authors
recognized that traditional photoredox ATRA reactions
employin§ triflyl chloride afford trifluoromethylchlorinated
products.”*" This omission of SO, from the final product is a
consequence of outer-sphere SET from a traditional excited-
state ruthenium- or iridium-based photocatalyst followed by
the facile decomposition of [SO,Cl]™ to chloride anion and
sulfur dioxide.”*” In contrast, Reiser and co-workers propose
the incorporation of SO, in the product suggests an inner-
sphere mechanism of triflyl chloride decomposition (Scheme
24). This essential insight implies that the copper catalyst plays

Scheme 24. Evidence for Inner-Sphere Electrophile
Activation by Reiser and Co-workers
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a dual-role in the reaction, both activating the electrophile as
well as participating in critical ligand-stabilizing interactions
prior to C—S bond formation. Moreover, the choice of copper
photocatalyst was demonstrated to affect selectivity between
the desired trifluoromethylchlorosulfonylation product and the
undesired chlorinated adduct. The Reiser laboratory extended
this concept to another longstanding challen§e in ATRA
catalysis, perfluoroalkyliodination of styrenes.”*’ Using [Cu-
(dap),]Cl, the authors found success, performing the reaction
with a small collection of perfluoroalkyl iodides and a broad
range of substituted styrenes and phenylacetylenes. The
reaction was extended to other alkenes including enamines
and unprotected allylic alcohols (Scheme 25, 143—148, 69%—
85% yield). Mechanistic experiments ruled out the possibility
for a radical chain mechanism by which the benzylic radical
would abstract an iodine atom in the propagation step, a result
consistent with previous failures by ruthenium- and iridium-
based photocatalysts.”*’ Reiser and co-workers propose two
possible mechanisms for the formation of the previously
elusive benzylic C—I bond. Specifically, (i) oxidation of the
secondary benzylic radical to the benzylic cation by the
[Cu(dap),]** species, followed by capture of iodide anion, or
(ii) inner-sphere reductive elimination from a Cu(III) alkyl

Scheme 25. Iodoperfluoroalkylation of Olefins and Alkynes
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iodide complex. Both mechanisms serve to highlight the dual
role of the transition metal catalyst in both electrophile
reduction and bond formation.

Recently, Yu and co-workers have reported a series of
azidation/difunctionalization protocols to furnish a variety of
amido-azidation, benzyloxy-azidation, and diaziation products
from styrene starting materials.”** The success of these
transformations hinge on the highly reducing nature of
[Cu(dap),]PF4 that enables the SET to azidobenzodoxole
generating an azidyl radical.

In addition to homoleptic copper complexes, heteroleptic
copper-based photocatalysts have also been applied to the
difunctionalization of alkenes and alkynes. Hu and co-workers
recently described the preparation, characterization, and
synthetic utilities of two heteroleptic [Cu(NAN)(PAP)][PF]
complexes, where NAN represents a 4,6-disubstituted 2,2’-
bipyridine ligand and PAP represents a bisphosphine ligand.
Compared to the commonly employed [Cu(dap),]Cl catalyst,
these newly designed complexes exhibit longer excited-state
lifetimes and lower reduction potentials. These copper
photocatalysts have been utilized for a variety of difunction-
alizations, including chlorotrifluoromethylation of terminal
olefins®*® and chlorosulfonation of both alkenes and
alkynes.”*°

Qing and co-workers reported a related copper- and
photoredox-catalyzed bromodifluoromethylation of terminal
olefins using a difluoromethyltriphenylphosphonium bromide
electrophile.”*” The authors found that in the absence of a
copper salt additive, a mixture of bromo- and hydro-
difluoromethylation was observed, but addition of catalytic
quantities of CuBr, provided the bromodifluoromethylated
alkenes in good yields. This improvement in product
distribution was attributed again to a role of copper in the
bond-forming step. It was postulated that copper could be
facilitating oxidation of the secondary radical formed after
addition of the open-shell fluoroalkyl intermediate to the
terminal olefin, or promoting a reductive elimination from a
Cu(11I) alkyl bromide intermediate. Qing and co-workers were
able to apply the bromodifluoromethylation to a diverse set of
terminal olefins with good functional group tolerance, and the
laboratory developed a one-pot elimination procedure to afford
difluoromethyl alkenes in a formal C(sp®)—H difluoromethy-
lation protocol. Additional olefin difunctionalization reactions

https://doi.org/10.1021/acs.chemrev.1c00383
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00383?fig=sch25&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

have since been reported by Li and Yu for the fluorotri-
fluoromethylation of unactivated olefins, wherein a bimetallic
copper fluoride species is proposed to act as a fluorine-atom-
transfer reagent.”"® An example from Fu and Peters describes
the trifluoromethylthioalkylation of olefins.”** A range of
electron-deficient alkyl bromides and iodides capable of
photoreduction were engaged as coupling partners, and the
reaction was demonstrated on other (pseudo)halogen
nucleophiles, including bromide, cyanide, and azide. These
contributions from Li, Yu, Fu, and Peters notably operate in
the presence of visible light but without an added photo-
catalyst, yet again suggesting a dual role for the copper species
in these three-component reactions.

Nicewicz and co-workers employed a dual copper and
photoredox strategy in the intramolecular halofunctionalization
of olefins.”” A reversal of the traditionally observed
Markovnikov selectivity for electrophilic halogenation of
olefins was achieved by exploiting a strongly oxidizing
acridinium photocatalyst. As shown in Scheme 26, the authors

Scheme 26. Intramolecular Halofunctionalization of Olefins
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proposed a mechanism wherein olefin substrate 149 is oxidized
to the corresponding radical cation. Thereafter, a pendant
nucleophile can cyclize onto the carbocation, affording a five-
or six-membered open-shell intermediate (150). The resultant
radical is halogenated by a copper(II) halide complex 151, via
an inner-sphere Cu(IIl)-mediated mechanism or an outer-
sphere atom-transfer reaction. The resultant reduced copper
species 152, together with an electrophilic halogenating
reagent 153, can serve to turn over the photocatalytic cycle
and regenerate the active copper(II) species. Nicewicz and co-
workers detailed efficient intramolecular vicinal functionaliza-
tion of a number of styrenes, as well as unactivated olefins
bearing pendant acid nucleophiles. Both bromination and
chlorination were demonstrated, and a number of other
nucleophiles including alcohols and amines were found to be
effective in the trapping of the radical cation species, in both an
intra- and intermolecular capacity.

Mei and Han extended the enantioselective cyanation
reported by Liu and Lin* into the realm of three component
couplings.”" The authors described a 1,2-difunctionalization
of styrenes utilizing redox-active esters as unstabilized radical
precursors, which were proposed to add into the olefin

coupling partner. Capture of the resultant secondary benzylic
radical by a copper cyanide species and subsequent reductive
elimination is proposed to furnish the desired three-
component coupling product. The authors engaged a variety
of redox-active esters and styrene derivatives in this MCR, with
a range of complex nitrile products provided in a single step in
good efficiencies and enantioselectivities.

Three-component radical cross-coupling reactions to achieve
olefin difunctionalization with two consecutive C—C bond
formation events are valuable tools for the connection of small
building blocks to build molecular complexity. Xiao and co-
workers have realized this strategy in developing a redox-active
oxime ester, styrene, and boronic acid three-component
coupling protocol.”® Under photoredox conditions, oxime
esters can undergo SET followed by C—C bond cleavage to
generate an alkyl radical, which is rapidly trapped by styrene.
The resulting benzylic radical from this C—C bond formation
event, can be efficiently captured by an aryl copper(II) species,
derived from the transmetalation of aryl boronic acids with a
copper (1) catalyst. The high-energy copper(IIl) complex can
undergo facile reductive elimination to form a second C—C
bond and regenerate the copper(I) catalyst. The overall result
is the formation of two C—C bonds with the olefin double
bond. Following this success, the same researchers extended
this system to a new three-component coupling protocol, in
which boronic acid is replaced with a terminal alkyne, enabling
the formation of a C(sp*)—C(sp) bond.**

Olefin difunctionalization reactions are not strictly limited to
C—C bond formation, however. Rehbein and Reiser
demonstrated the conversion of vinyl arenes to a-azidoke-
tones.”* Using [Cu(dap),]Cl and trimethylsilyl azide under
green light irradiation and aerobic conditions, a range of
styrenes were capable substrates for this 1,2-functionalization,
and sensitive functionalities such as an unprotected terminal
olefin and a benzylic chloride were preserved under the
reaction conditions. The authors characterized a photoactive
copper(Il) azide dimer found to be present in the reaction
mixture, which, upon absorption of 530 nm light, would
undergo homolytic dissociation of an azide radical. Thereafter,
addition of this open-shell species into an activated olefin,
followed by capture with molecular oxygen (or TEMPO, in a
mechanistic probe), ultimately affords the ketone product.

Copper has likewise been implicated in the difunctionaliza-
tion of alkynes. The earliest work in this arena comes from Xia
and co-workers, wherein an oxidative cyclization of alkynes
with pendant enamines provides differentially substituted
quinoline derivatives.”>> The authors postulate a radical
cascade mechanism shown in Scheme 27a. Excitation of
acridinium photocatalyst 154 provides highly oxidizing excited
state 155. SET followed by deprotonation of substrate 156
affords enaminyl radical 157, which can readily undergo a 6-
exo-dig radical cyclization into a pendant alkyne. The copper
catalyst, in concert with molecular oxygen, is postulated to
oxidize the resulting vinyl radical (158) to the ketone product
159, simultaneously regenerating a copper(II) species. Finally,
the active acridinium photocatalyst is reformed by action of a
terminal oxidant. Xia and co-workers also adapted this reaction
to an intermolecular setting, constructing quinoline derivatives
bearing 2,3-diester substitution from electron-deficient alkynes
and 2-amino-phenylacetylenes (Scheme 27b, 160—165, 34%—
60% yield).
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Scheme 27. Dual-Catalytic Alkyne Difunctionalization by
Xia and Co-workers
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3.4. Copper as a Lewis Acid

While the merger of photoredox catalysis and copper catalysis
has mainly relied on the well-established redox reactivity of
copper with radicals and in bond-forming reductive elimi-
nation, copper also has a rich history of Lewis acid catalysis
which has recently been exploited in a number of photoredox
contexts. The first of these reports, detailed by Guo, involves
the photoredox-assisted Lewis-acid activation of alkynes as
electrophiles for remarkably weak nucleophiles.”*® Guo and co-
workers proposed that upon coordination of Cu(I) to an
alkyne, SET with an excited photocatalyst would generate a

three-center one-electron cation capable of reacting with weak
nucleophiles. Indeed, the authors demonstrated that a number
of phenanthrene derivatives could be synthesized in a single
step from biarylacetylene substrates, mediated by organic
photocatalyst Eosin Y.

Tao and co-workers then demonstrated dual Lewis acid- and
photoredox-mediated aerobic oxidation of primary alkylamines
to nitriles.”>” The reaction proceeds through Lewis acid
activation of the amine nucleophile by copper and sequential
oxidation by the excited photocatalyst and molecular oxygen to
the nitrile proceeding through the copper imido complex.
Under these mild aerobic conditions, a number of benzylic
amines were oxidized to the corresponding cyanoarenes in
good yield, and aliphatic amines were likewise shown to be
competent substrates to afford alkyl nitriles.

Copper-based Lewis acid catalysis has likewise enabled the
C—H sulfonylation of 1-naphthylamides in concert with
photocatalysis.”>® Wu, Wu, and Fang demonstrated the copper
and photocatalyzed oxidative sulfonylation of naphthyl
derivatives bearing chelating functionality, and proposed a
copper coordination, oxidation, and intramolecular SET event
to generate a key aryl radical cation species capable of trapping
a sulfinate nucleophile (Scheme 28). The authors observed
exquisite selectivity for 4-sulfonyl products, and a number of
arylsulfinates functioned well as sulfur-centered nucleophiles.

Fan, Wu, and co-workers later reported the three-
component coupling of potassium alkyltrifluoroborates, sulfur
dioxide and alkynes for the synthesis of (E)-vinyl sulfones with
excellent regio- and stereoselectivity via a dual photoredox/
copper-catalyzed platform.”” The presence of the copper
catalyst is reported to assist in the addition of the alkylsulfonyl
radical generated in situ to the alkyne.

3.5. Other Nucleophiles

While copper catalysis has seen a variety of methods for the
construction of C—C bonds enabled by photoredox catalysis,
milestone advancements in the synthesis of C—O and C—N
bonds have likewise been enabled by developments in light-
driven processes. The earliest demonstration in this regard
comes from Fu and Peters, who disclosed a report detailing an
ultraviolet light-induced Ullman coupling.'®® This landmark
publication demonstrated the viability of an SET pathway for
oxidative addition of copper into aryl halide electrophiles. A
preformed copper(I)—carbazolide complex was found to
facilitate bond formation between the N-ligand and an aryl
iodide electrophile under irradiation by a 100 W Hg lamp.
Evidence for an aryl radical intermediate was obtained by
conducting the reaction on an aryl iodide with a pendant olefin
(Scheme 29). Upon SET and loss of iodide anion, aryl radical
species 166 can undergo a S-exo-trig cyclization. The
subsequent radical (167) can be captured by copper(I)-
carbazolide species 168, and C—N bond formation takes place
without diastereoselectivity, ruling out a metal-mediated syn-
insertion step facilitating ring-closure. While the authors did
not suggest an SET mechanism for oxidative addition was
operative across all Ullman couplings, they did remark on the
significance of copper facilitating the critical C—N bond-
forming step from an aryl radical intermediate generated under
such mild conditions. Fu and Peters went on to accurately
predict that copper may play an integral role in the formation
of new bonds to nitrogen and other nucleophiles as methods
for radical generation become increasingly abundant. The joint
effort between the laboratories of Fu and Peters continued as
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Scheme 28. Dual-Catalytic Oxidative Sulfonylation of
Naphthalenes
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the group extended this method to alkyl iodides, relying agam
on radical generation by a carbazole-ligated copper complex.**’
A small scope of carbazole nucleophiles were alkylated in good
efficiencies with primary and secondary alkyl iodides. The
laboratories later disclosed an asymmetric amination of
tertiary, racemic a-chloroamides.'® Under visible light
irradiation and ligated by a chiral monophosphine ligand,
copper facilitated the bond formation between a range of
tertiary alkyl chlorides and conjugated amine nucleophiles in
good to excellent yields and selectivities.

Fu and Peters have likewise developed protocols for C—S
and C—O bond formation. Under similar conditions to
previous work, the authors found that biaryl thioethers can
be expeditiously generated from the corresponding (hetero)-
aryl iodides and thiophenol derivatives. A diverse range of aryl
and heteroaryl thiols were found to be suitable coupling
partners.”®’ Despite their lower reduction potential, aryl
bromides were also competent electrophiles for the trans-
formation. Given the absence of both photocatalyst and highly
conjugated ligand, the authors were interested in identifying
the photoactive species in the reaction mixture. Intriguingly, a
polymetallic copper thiolate species was characterized and
found to be catalytically active in the transformation. Fu and
Peters later demonstrated C—O bond formation between

Scheme 29. Evidence for a Radical Mechanism in
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phenols and aryl iodides.”*> However, 254 nm light was found

to be necessary to provoke SET events between the
monometallic copper catalyst and the aryl halide electrophiles.

The aforementioned work by the laboratories of Fu and
Peters operates in the absence of a photocatalyst, and the
mechanism proposed throughout is shown in Scheme 30. The
copper precatalyst associates with a deprotonated nucleophile,
generating the photoactive species 169. Upon excitation (by
UV or visible light), the copper(I) species reduces the halide
electrophile (170) via an SET event. Loss of halide anion and
association with the resultant radical affords radical pair 171.

Scheme 30. Mechanism of the Photoinduced Ullman
Coupling
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Thereafter, bond formation provides the desired coupled
product 172, simultaneously regenerating the starting Cu(I)
species (173). A broad range of both alkyl and aryl
electrophiles and conjugated nucleophiles have been explored
in this context (Scheme 30, 174—177, 65%—80% yield).

Under this mechanistic regime, choice of nucleophile often
remains restricted to highly conjugated systems or nucleophiles
which facilitate aggregation into absorptive polymetallic
structures. Fu and Peters recognized that judicious choice of
ligand on copper should provide an organometallic complex
which absorbs visible light, and can act as a potent
photoreductant, even in the absence of nucleophiles with
large extinction coeflicients. The first report on this concept
targeted the alkylation of primary, aliphatic amines by alkyl
iodides.”> The authors remarked on the inefficiency of the
traditional Sy2 approach to alkylation, with overalkylation and
elimination often competing with formation of the desired
product. A number of secondary alkyl iodides underwent facile
product formation with a range of primary alkylamines in good
yields without overalkylation. A preliminary mechanistic
proposal deemed the BINOL-ligated copper complex the
light-absorbing species, with the more conjugated bis-
(phenolate) capable of absorbing lower energy light than Fu
and Peter’s J)reviously described UV-active copper phenolate
complexes.”*”

Fu and Peters sought to further expand the scope of
available nucleophiles by separating the roles of photocatalyst
from bond-forming catalyst. To this end, a novel, highly
conjugated Cu(I)-based photocatalyst was developed to act as
a powerful electron donor, while a secondary copper species
could facilitate the critical steps of nucleophile ligation, radical
capture, and reductive elimination.”** The laboratories arrived
at a carbazole-based PNP pincer-type ligand, which upon
complexation with excess Cu(I), afforded novel photocatalyst
178 (Scheme 31). This in situ-generated photocatalyst was

Scheme 31. Carbamate Alkylation with Dual Copper
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competent in the facile reduction of secondary alkyl bromides
to carbon-centered radicals, irrespective of nucleophile
structure or conjugation. A number of carbamates were
competent nucleophiles, providing the corresponding pro-
tected amines from alkyl bromides in good yields (179—181,
72%—81% yield). The transformation was proposed to operate
in an analogous manner to previous transformations, with the
remaining unligated copper serving to facilitate bond formation
between nucleophile and radicals generated via SET from
complex 178 in a dual-copper catalyst system. The estimated
excited-state reduction potential of photocatalyst 178 (—2.5 V
vs SCE) is similar to that of the copper(I)-carbazolide species
168 (—2.6 V vs SCE), suggesting that quenching is likely due
to single electron transfer from its excited state to the alkyl
bromide coupling partner.

In an effort to expand the electrophile scope beyond alkyl
halides, Fu and Peters next explored NHPI redox-active esters
as electrophiles in a decarboxylative amination.”*> A ligated
copper(I) complex served as a capable photoreductant and
catalyst for converting redox-active esters into alkylated
phthalimides in good efficiencies. The reaction demonstrated
broad functional group tolerance, with other redox-sensitive
functionalities such as sp®~ and sp’-hybridized organohalides
undergoing selective decarboxylative coupling without un-
desired dehalogenation. Both primary and secondary redox-
active esters were capable alkylating agents for the in situ-
generated phthalimide nucleophile. The authors also examined
the effect of various additives on reaction efficiency and found
no deleterious effects to the reaction nor recovery of the
additive across a variety of traditionally problematic functional
groups including aldehydes, nitroalkanes, aryl sulfonates, and
thioethers.

Expanding the scope of decarboxylative amination nucleo-
philes to benzophenone imines, Hu and co-workers employed
redox-active esters with copper catalysis and an independent
photocatalyst to facilitate the necessary electron-transfer steps
in lieu of a dual-role photoactive copper species.”*® The
proposed mechanism is detailed in Scheme 32. SET from the
excited-state photocatalyst with redox-active ester substrate
182, followed by fragmentation and loss of CO,, affords alkyl-
centered radical 183 and oxidized photocatalyst 184.
Simultaneously, coordination and deprotonation of benzophe-
none imine substrate 185 to Cu(I), followed by radical
capture, affords Cu(Il) intermediate 186. SET between
photocatalyst 184 and this species provides high-valent
Cu(Ill) alkyl imido complex 187, after which reductive
elimination forges novel amine 188. Primary, secondary, and
tertiary acids, prefunctionalized as NHPI esters, were all
capable coupling partners in this decarboxylative amination
(189—-191, 61%—99% yield) with a small number of
electronically distinct benzophenone imine derivatives. Ad-
vances in ligand development by Hu and co-workers extended
the scope of the dual copper- and photoredox-catalyzed
decarboxylative amination to include anilines.”®” Under the
same mechanistic assumptions as before, primary and
secondary redox-active esters smoothly alkylated anilines by
the action of copper and photoredox catalysis. A range of
primary anilines with a variety of substitution were successful
substrates, and the authors were able to extend the platform to
a small subset of additional nucleophiles including a
benzenesulfonamide, several benzamides, and a urea substrate.
Subsequent work from the same group extends their original
protocol to the decarboxylative C—N coupling with imines,**®
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Scheme 32. Synthesis of Protected Primary Amines by
Decarboxylative Amination
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as well as the replacement of iridium photocatalysts with more
economlcally efficient and abundant organic photoredox
catalysts.”®® Hu and co-workers later incorporated phenolic
nucleophiles, with alkyl NHPI redox-active esters undergoing
decarboxylatlve C—O bond formation to forge a range of aryl
alkyl ethers.”*” Larionov and co-workers have also applied this
decarboxylative strategy to the formation of C—S bonds.””’
They report the amidosulfonation of carboxylic acids to access
N-alkyl and N-aryl sulfonamides, as well as sulfonyl azides via
dual copper/photoredox catalysis.

Copper-catalyzed amination reactions are not restricted to
electrophilic partners such as redox-active esters and organo-
halides. Kobayashi and co-workers developed a photoredox-
assisted Chan—Lam coupling for the mild synthesis of
biarylamines from anilines and arylboronic acids.””" The
authors report an open-to-air procedure, and propose that
photoexcited Ir(ppy); is oxidatively quenched by molecular
oxygen (Scheme 33). The resultant Ir(IV) species then
undergoes SET with Cu(Il) aryl amido complex 192 to
Cu(1Il) intermediate 193. Reductive elimination provides the
desired biarylamine (194), and that catalytically relevant
Cu(Il) intermediate is regenerated by boronic acid trans-
metalation and coordination of aniline nucleophile. This
protocol was successful in the incorporation of electron-
deficient arylboronic acid nucleophiles as coupling partners
(195—197, 71%—100% vyield). The authors attribute the
improvement in efficiency to more robust photocatalyst-
mediated electron-transfer steps providing access to the key
Cu(IIl) intermediate 193 with greater efficiency than relying
on SET with oxygen alone. The same authors later reported a
visible-light-mediated Ullman-type C—N coupling method
using carbazoles as nucleophiles and aryl iodides as
substrates.”’> Although Ir(ppy); was again utilized as the

Scheme 33. Photoredox-Assisted Chan—Lam Coupling
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photocatalyst in this study, these researchers claimed that the
iridium complex is functioning as an energy-transfer catalyst
rather than a photoredox catalyst in this system. Photo-
excitation of a copper carbazolate species is believed to be
achieved via energy transfer from the excited-state iridium
photocatalyst to the ground-state copper carbazolate complex.
The excited-state copper carbazolate can then undergo further
SET with aryl iodides to generate aryl radical intermediates,
which then react to furnish the desired C—N bond.

Our laboratory has recently broadened our copper catalysis
program to include carbon—heteroatom bond formation. Our
initial report detailed the decarboxylative amination of alkyl
carboxylic acids with a broad scope of N-nucleophiles.”” In
liew of traditional NHPI redox-active esters to convert
carboxylates to electrophiles capable of accepting an electron,
we instead utilized hypervalent iodine-activated carboxylates as
alkyl radical precursors. Our proposed mechanism, detailed in
Scheme 34, begins with reduction of iodomesitylene
dicarboxylate electrophile 198, preformed without purification
from commercially available iodomesitylene diacetate, by Ir(II)
species 199. Fragmentation affords a carboxylate anion,
iodomesitylene, CO,, and alkyl radical 200. Capture of this
open-shell species by nucleophile-ligated Cu(II) complex 201
affords Cu(Ill) intermediate 202. Reductive elimination gives
desired N-alkylated heterocyclic product 203, and ligand
exchange generates Cu(l) species 204. Thereafter, SET
between the reduced copper catalyst and excited-state
photocatalyst 205 regenerates iridium species 199 and the
initial copper complex, closing both catalytic cycles simulta-
neously. Ultimately, an extensive collection of acids provided
product in good to excellent yields, and primary, secondary,
and bridged-bicyclic tertiary alkyl fragments were well-
tolerated. Altogether, 15 classes of nitrogen nucleophiles
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Scheme 34. Dual-Catalytic Decarboxylative Amination of N-
Heterocycles
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served as efficient partners in this decarboxylative amination
(206—208, 59%—90% yield). Interestingly, with select classes
of nucleophiles, the corresponding phenanthroline- and
nucleophile-ligated Cu(I) complexes were capable of under-
going SET with iodonium electrophiles directly, and catalysis
could be achieved in the absence of light and photocatalyst. A
recent computational study of this system was disclosed by
Zhang and co-workers, in which the experimental observations
were verified with theoretical studies.”’* These researchers
employed DFT calculations to help explain the excellent
regioselectivity and chemoselectivity observed in the original
report.

A similar strategy was employed by our laboratory for the
synthesis of drug-like [1.1.1]-bicyclopentane (BCP) deriva-
tives.””> We reasoned that interception of reductively
generated radicals by well-established SOMOphile [1.1.1]-
propellane””® would transiently generate a range of substituted
bicyclopentyl radicals, which could undergo further copper-
mediated coupling with a range of nucleophiles as before.””*
This o-bond-interrupted cross-coupling ultimately provided a
broad range of BCP derivatives, a motif that has recently
garnered interest in the pharmaceutical setting,””” from readily
accessible fragments. Iodine(IlI)-activated primary, secondary,
and tertiary carboxylic acids along with activated alkyl
bromides all served as viable electrophilic radical precursors.
Thirteen classes of nitrogenous nucleophilic coupling partners

were demonstrated to provide product in good efficiency,
while phosphorus and sulfur fragments were also employed to
provide the corresponding C—P and C-S coupled BCP
products, respectively. The method’s utility was demonstrated
in the synthesis of several BCP analogues of bioactive
molecules, and a subsequent bioassay revealed marked
improvements in metabolic stability for a Leflunomide BCP
analogue.

Very recently, we disclosed a photoredox-promoted
Ullmann—Goldberg coupling, utilizing silyl radical activation
to bypass traditionally challenging oxidative addition of copper
into aryl bromide electrophiles via a halogen abstraction—
radical capture (HARC) sequence.””® A brief mechanistic
proposal is shown in Scheme 3S. Iridium photocatalyst 209,
upon photoexcitation and intersystem crossing, is expected to
oxidize silyl radical precursor 210, which then undergoes
rearrangement to silicon-centered radical intermediate 211.

Scheme 35. Metallaphotocatalytic Ullman—Goldberg
Coupling Enabled by Halogen Abstraction—Radical Capture
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Thereafter, facile abstraction of a bromine atom from aryl
bromide 212 by the silyl radical provides the corresponding
aryl radical. At the same time, coordination and deprotonation
of an N-heterocycle to Cu(II) affords the copper amido species
213, which intercepts the aryl radical to form key Cu(III)
intermediate 214. Reductive elimination and ligand exchange
forges the desired C—N-coupled product and Cu(I) amido
species 215, respectively. Atmospheric oxygen, delivered to the
reaction mixture through a pierced septum, regenerates both
active photocatalyst 209 and Cu(II) amido species 213 to
close both catalytic cycles. This HARC strategy was successful
in preparing an extensive scope of N-arylated heterocycles in
good yields under mild, room-temperature conditions (216—
220, 66%—87% yield). Moreover, the absence of a sterically
and electronically sensitive oxidative addition step allowed the
amination of numerous ortho-substituted (hetero)aryl bro-
mides, notably including examples of 2,6-disubstituted
bromoarenes (221, 77% yield).

4. PALLADIUM METALLAPHOTOCATALYSIS
4.1. Early Work

Despite recent focus on first row transition metals in
metallaphotoredox catalysis, the first example of transition
metal and photoredox co-catalysis emerged in 2007 from the
Osawa laboratory.””” The authors found that introduction of
[Ru(2,2’-bipyridine);]*" to a copper-free Sonogashira coupling
reaction under irradiative conditions dramatically accelerated
the rate of product formation. While no specific mechanism for
this result was postulated, experiments with traditionally
sluggish aryl chloride electrophiles suggested that the oxidative
addition step was promoted by photocatalysis. Osawa and co-
workers contemplated that reductive quenching of the excited
photocatalyst provided a reduced Ru species capable of
assisting oxidative addition of low-valent palladium into sp’-
hybridized electrophiles. However, the underlying implications
of this finding, and thus the broader development of
metallaphotoredox catalysis, would not be realized for several
years.

4.2. C—H Activation

Sanford and co-workers were perhaps the first to recognize the
potential of merging photoredox catalysis with transition metal
catalysis broadly, and published a room-temperature, directed
C—H arylation reaction promoted by palladium and photo-
redox catalysis.”*” While non-photonic methods for this
transformation have been reported,”®' mechanistic studies
revealed the necessity of high reaction temperatures for
oxidative breakup of an inert Pd dimer.”®” Given this
information, the authors proposed that photoredox catalysis
could assist both in substrate activation and in challenging
electron-transfer steps at the metal, rendering the trans-
formation viable at room temperature with broad substrate
scope and functional group tolerance. Indeed, a number of
substrate classes were efficiently arylated under the dual-
catalytic conditions. The authors propose a mechanism
depicted in Scheme 36. The reaction begins with photo-
excitation of ruthenium photocatalyst 222 to excited species
223. SET between this excited-state complex and an arene
diazonium substrate affords oxidized Ru species 224, and,
upon loss of dinitrogen, aryl radical 225. Concurrently, a
suitable Pd(II) species can undergo concerted metalation—
deprotonation (CMD) into directing group-bearing C—H
substrate 226. Thereafter, capture of aryl radical to forge

AA

Scheme 36. Palladium and Photoredox-catalyzed C—H
Arylation
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Pd(11I) biaryl species 227, followed by SET with 224, provides
the key Pd(IV) complex (228) and regenerates the Ru(Il)
photocatalyst 222. Reductive elimination then reestablishes the
Pd(II) complex and forges the desired biaryl product. Arenes
with pendant directing groups including pyridines, pyrimi-
dines, pyrazoles, amides, and oximes were all functionalized in
good efficiency (229—232, 44%—63% yield). The scope of
electrophilic coupling partners, aryldiazonium tetrafluorobo-
rate salts, was equally broad, with electron-rich and electron-
deficient aryldiazonium salts smoothly undergoing biaryl
formation (233 and 234, 87% and 79% yield, respectively).
The Sanford laboratory’s insight into the role of photocatalysis
both in substrate activation and metal oxidation-state
modulation has laid the groundwork for the field of
metallaphotocatalysis. Sanford and co-workers reported a
C(sp>)—H arylation with diaryliodonium electrophiles.”*
Using a more strongly reducing iridium photocatalyst, the
authors were able to employ iodine(III)-based aryl radical
precursors, and found complementarity with respect to
nucleophile scope when compared to aryl diazonium electro-
philes. In both of these reports, particularly electron-deficient
aryl electrophiles could provide product in the absence of
photocatalyst, suggesting a direct metal-to-substrate SET event
could be operative under some sets of conditions. Guo would
later extend Sanford’s work to include pharmaceutically
important purine nucleosides as suitable C—H substrates.”*"
Additionally, Xu and Balaraman independently adapted
Sanford’s diazonium C(sp?)—H arylation for use with organic
photocatalysts.”*>**® Moreover, Spencer and co-workers
employed Sanford’s conditions to the directed C—H arylation
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of benzodiazepines,”” and Gopinath and co-workers engaged
aryldiazonium electrophiles with N-phenylureas.”®® In a
departure from aryl electrophiles, Chen and Liu employed
redox-active oxime esters as acyl radical precursors for the dual
palladium- and photoredox-catalyzed C—H acylation of 2-
arylpyridines.”® The unique mechanism of radical generation
is depicted in Scheme 37. Photocatalytic reduction of the

Scheme 37. Palladium Metallaphotocatalytic C—H
Acylation
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oxime ester N—O bond initially affords iminyl radical 2385. -
scission and loss of acetonitrile unveils acyl radical 236, which
can then interface with the transition metal catalytic cycle to
provide the C—C linked products (237-239, 64%—75%
yield).

Rueping and co-workers likewise invoked photocatalytic
metal oxidation-state modulation in an intramolecular indole
synthesis from N-aryl enamines.””” A range of vinylogous
amides underwent sequential palladium-mediated CMD events
to provide six-membered palladacycles, from which reductive
elimination forges the desired highly substituted indole
products. Thereafter, the authors propose photocatalytic
oxidation of the Pd(0) species back to the catalytically active
Pd(1I) intermediate, mediated by superoxide anion derived
from atmospheric O,, obviating the use of an added
stoichiometric oxidant. Several additional oxygen-promoted
metallaphotoredox-catalyzed C—H functionalizations emerged
from Wang and co-workers.””"*** The laboratory disclosed the
Pd-catalyzed C—H ortho-acylation of acetanilides or azoben-
zene nucleophiles by photocatalytic decarboxylation of a-
oxocarboxylic acids. The mechanistic proposal suggested by
Wang and co-workers is outlined in Scheme 38. Photo-
excitation of organic photocatalyst Eosin Y (240) affords
excited-state species 241, which can undergo SET with a-
oxocarboxylic acid substrate 242 to provide reduced photo-
catalyst species 243 and, after decarboxylation, acyl radical
intermediate 244. Simultaneously, a Pd(II) complex can
undergo CMD with N-aryl amide substrate 245, providing
organometallic complex 246. Subsequently, acyl radical
capture provides Pd(III) species 247. Oxidation to Pd(IV)
and reductive elimination provides the C—H-functionalized
product 248. Akin to the report by Rueping and co-workers,””’
oxygen and photocatalyst-mediated turnover of the metal
catalyst was suggested, with O, acting as a terminal oxidant in
the regeneration of both the active Pd(1I) species and Eosin Y.
A broad range of aryl ketone products were generated in good
efficiency, and substitution was well-tolerated on both coupling
partners (249—251, 51%—77% yield). An oxidative acylation
of indoles was later reported by Jana and co-workers, with a

AB

Scheme 38. Decarboxylative ortho-Acylation of Acetanilides
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peroxide additive acting both as an oxidant and a C—H
abstractor, activating the aldehyde coupling partner via an
HAT event.””

A metallaphotocatalytic C(sp?)—H amination reported by
You and Cho offers an approach to benzo-fused heterocycles
orthogonal to Rueping’s indole synthesis.”””*”* Starting from
2-amidobiaryls, the authors detailed an expedient dual-catalytic
protocol for the synthesis of carbazoles. A range of electroni-
cally diverse substituents were tolerated on both aromatic
rings, forging single regioisomers of substituted N-sulfonyl or
N-acyl carbazoles in good to excellent yields. Dual palladium-
and photoredox-catalyzed C—O bond formation has also been
demonstrated. Capitalizing on early C—H oxidation work
reported by Sanford and co-workers,”” Singh reported
methods for the directed oxygenation of C—H bonds ortho
to a number of heterocyclic and oxime ester directing
groups. 2

C—H functionalization by palladium metallaphotoredox
catalysis is not strictly limited to sp”-hybridized systems.
Polyzos and co-workers developed an aminoquinoline-directed
C—H arylation of pendant quaternary methyl groups.””® The
proposed mechanism was analogous to Sanford’s earlier work,
with Pd-mediated C—H activation taking place now selectively
at sp>-hybridized methyl groups. Pivalate-protected 8-amino-
quinolines were arylated in moderate yields, generating
mixtures of mono- and diarylated products in moderate
efficiencies. However, substrates bearing a single a-methyl
group were selectively arylated at the sterically demanding
primary site. A range of aryldiazonium salts functioned
effectively as aryl radical precursors, although in stoichiometric
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studies, an electron-deficient aryl iodide was also a viable
coupling partner.

While mechanistically distinct from C—H metalation
approaches, Heck reactions also represent a broadly used
class of C(sp®)—H functionalizations. As such, several develop-
ments in photoredox-assisted Heck-type reactions have
recently been disclosed. The first of these reports comes
from Huang and co-workers, where it was found that the
inclusion of a photocatalyst and visible light irradiation
promoted a room temperature, ligand-free Heck reaction
with dramatic rate enhancements over both dark and non-
photocatalyzed approaches.”” A broad range of aryl iodides
were coupled to activated alkenes in exceptional yields, with
free phenols, anilines, and other halogen functionalities
remaining untouched by the mild conditions. While no specific
mechanism was proposed, the authors did make note of
exclusive (E)-selectivity in all cases except in the use of styrene
nucleophiles, in which case a flip in selectivity to exclusive (Z)-
alkene was observed as a result of stilbene triplet sensitization
by the ruthenium-based photocatalyst. Na and Shang later
expanded on this finding, demonstrating a decarboxylative
vinylation with good levels of cis-selectivity promoted by the
higher triplet energy iridium-based photocatalyst.”” The
unique mechanism of this transformation is shown in Scheme
39. The authors propose that oxidatively generated alkyl
radical 252 interfaces with palladium complex 253 and styrene
substrate 254 to forge PA(III) alkyl complex 255. SET from
the reduced iridium photocatalyst 256 regenerates the
photoactive Ir(III) complex (257) and Pd(II) alkyl inter-

Scheme 39. Cis-Selective Decarboxylative Alkenylation
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mediate 258. At this point, f-hydride elimination provides the
traditionally favored trans-alkene (259), and triplet energy
transfer from excited photocatalyst 260 isomerizes the product
to the observed cis product (261—263, 40%—83% yield).
Notably, this transformation takes place in the absence of an
added oxidant or electrophile, and the active Pd(II) species is
thought to be regenerated via hydropalladation of a sacrificial
equivalent of styrene 254 and subsequent protodemetalation.

4.3. Allylation

Since the first reports on palladium-catalyzed allyla-
tion,"%"3% the reaction has long been recognized for its
remarkable synthetic utility in the synthesis of complex
molecules.”® Naturally, the advent of photoredox catalysis
has provided opportunities for new developments in the arena
of palladium-catalyzed allylation. Early work by Tunge and co-
workers employed photoredox catalysis in palladium-catalyzed
decarboxylative allylations of traditionally recalcitrant electron-
rich carboxylate nucleophiles.’®* Given that decarboxylation of
electron-rich alkanoic acids is often rate-limiting in allylations
as the step trends with pK,,’" the authors sought to employ
photoredox catalysis to generate electron-deficient, open-shell
intermediates, which should undergo facile decarboxylation.
Indeed, a number of amine-bearing allyl esters were
successfully engaged as substrates in the dual-catalytic reaction,
with both benzylic and aliphatic amino esters affording the
desired terminal alkene products in moderate to good
efficiency. Tertiary alkyl and arylamines were well tolerated
under the reaction conditions, and the protocol was extended
to intermolecular couplings between free benzylic carboxylic
acids and allyl methyl carbonate. While the authors conclude
that a variety of reaction mechanisms could be operative, a
general mechanistic proposal is given in Scheme 40.
Coordination and oxidative addition of Pd(0) catalyst into
the allyl ester electrophile affords cationic Pd-z-allyl species
264, and corresponding carboxylate nucleophile 265. Simulta-

Scheme 40. Photoredox-Assisted Decarboxylative Allylation
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neous excitation of the photocatalyst 266 by visible light
provides excited-state iridium species 267, which upon SET
with amine-bearing carboxylate nucleophile 265 unveils
reduced Ir(Il) species 268 and amine radical zwitterion 269.
Decarboxylation and Ir(II)-mediated reduction of the cationic
Pd-allyl species, followed by homolysis, provides the benzyl—
allyl radical pair (270). Thereafter, radical recombination
forges the desired C—C bond. However, Tunge and co-
workers also postulated that benzyl radical capture by
palladium to afford a Pd(1II) bis(alkyl) species could likewise
be an operative pathway, where instead reductive elimination
could lead to product formation. Very recently, Glorius and co-
workers developed a decarboxylative 1,4-aminoalkylation for
the difunctionalization of butadienes, proposed to proceed
through a Pd-z-allyl species generated via Pd(I) allylic radical
capture.’®® A related three-component coupling was reported
by the Glorius group recently, relying on a radical-to-polar
cascade via Pd-z-allyl nucleophilic capture.’®” Very recently,
Breit and co-workers detailed an enantioselective decarbox-
ylative allylation, relying on formation of the key Pd-z-allyl
complex via hydropalladation of the allene electrophile.’*®

Xjao and Lu extended metallaphotoredox allylation to a
number of different allyl electrophiles in the C—H alkylation of
THIQ _derivatives.’” Allylic acetates, carbonates, phosphates,
halides, and even alcohols served as competent electrophiles.
Notably, a-amino ketones and esters were also suitable
nucleophiles for the protocol, affording a-allylated carbonyls
in moderate efficiency. Analogous to Tunge, Xiao and Lu
suggested a radical—radical coupling mechanism, given the
stability of the two open-shell species. In a follow-up
publication, Tunge explored potential divergence in the
mechanism of bond formation, finding that less stabilized
radicals tend lead to products with ﬁreater enantioselectivity
when combined with a chiral ligand.*"” The authors attributed
this to a change in mechanism from homolysis/recombination,
as postulated previously by Tunge, Xiao, and Lu, to metal-
mediated bond formation as a function of reduced free-radical
stability (Scheme 41). Accordingly, a broad scope of a-amino
allyl esters were converted to corresponding homoallylic
amines in good vyields, with the reaction tolerating free
alcohols and unprotected amides and carbamates.

Kleij and co-workers leveraged dual palladium photoredox
catalysis in the decarboxylative asymmetric allylic alkylation of
vinyl cyclic carbonates using Hantzsch-type esters as radical
precursors affording vicinal a,f-tri/tetra- or a,f-tetrasubsti-
tuted homoallylic alcohols.”""

Yu and co-workers developed dual-catalytic conditions for
the enantioselective allylation of stabilized radicals, coupling
racemic allylic acetates and 1,4-DHP radical precursors to
afford the corresponding enantioenriched C—C coupled
products in good yields and high levels of enantioselectivity.’'*
The authors proposed that grecedented radical generation
from 1,4-DHP derivatives®"*>*® could smoothly interface with
a palladium oxidative addition, radical capture, and reductive
elimination mechanism, with enantioselectivity induced by a
chiral diphosphine ligand in the first highly enantioselective
dual palladium- and photoredox-catalyzed coupling. Yu and co-
workers demonstrated the coupling across a range of stabilized
allylic acetates with good efficiency (Scheme 42). Benzylic, a-
heteroatom, as well as unstabilized secondary and tertiary alkyl
radicals all provided product in moderate to good yield and
excellent levels of enantioselectivity (271—275, 44%—72%
yield, 92%—98% ee). Impressively, tertiary allylic acetates

Scheme 41. Mechanism of Decarboxylation of Less
Stabilized Radicals
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Scheme 42. Dual-Catalytic Enantioselective Allylation
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could be engaged to forge challenging enantioenriched

quaternary centers in moderate yield and selectivity (276,

68% yield, 80% ee). Yu extended this enantioselective cross-

couplin§ to include secondary benzylic carbonates as electro-
. 313 .

philes,”” and expanded the scope of radical precursor to

simple anilines bearing @-amino C—H bonds via an oxidation—
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. L 92,314 T
deprotonation mechanism. Murakami likewise advanced a

method for C—H allylation of anilines by dual palladium and
photoredox catalysis, but demonstrated the direct engagement
of unprotected allylic alcohols as feedstock allylic fragments.*"
Targeting the introduction of highly unsaturated carbon
fragments, Chen and Liang developed a racemic yet excep-
tionally regioselective propargylic benzylation of propargylic
carbonates, yet again engaging 1,4-DHP derivatives as radical
precursors.

4.4. Carbonylation and Carboxylation

The incorporation of feedstock gases as coupling partners in
transition metal catalysis represents an ideal approach to the
installation of small fragments in an atom economical manner.
In this regard, Lei and co-workers recognized that aerobic
palladium and photoredox catalysis, previously demonstrated
to be successful in the construction of heterocycles the need
for added chemical oxidants,””*** could provide a platform
for carbonylative ring closure. The authors proposed carbon-
ylation of enamides via the mechanism shown in Scheme
43.°"7 PA(II) catalyst 277 was suggested to undergo

Scheme 43. Oxidative Carbonylation of Enamides by Dual
Palladium and Photoredox Catalysis
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coordination and CMD with enamide substrate 278, forging
vinyl palladium intermediate 279. Subsequent insertion of CO
into 279 affords homologated organometallic species 280,
which upon deprotonation by DABCO provides intermediate
281. Subsequent reductive elimination forges the carbonylated
heterocycle 282, and as with previous reports by Rueping and
co-workers,””” oxidation of the resultant Pd(0) species 283 to
the active catalyst occurs via photocatalyst and oxygen-
mediated SET events. Under balloon pressure of CO and
O,, a library of substituted 1,3-oxazin-6-ones was generated
with carbon substitution at both the 2- and 4-positions
tolerated.

Iwasawa and Martin disclosed a dual palladium- and
photoredox-catalyzed carboxylation of aryl halides.”"® While
traditional methods for carboxylation of aryl electro;)hiles
employ strong organometallic or metal-based reductants,”'”**
the authors recognized the utility of excited-state photo-
catalysts in mediating the challenging electron-transfer steps
necessary in employing carbon dioxide in a synthetic context.
In a one-pot procedure under an atmosphere of CO,, a range

AE

of electronically distinct aryl bromides were converted first to
benzoic acids, then to the corresponding benzoate methyl
esters in good to excellent yields. The reaction performed well
on particularly sterically encumbered aryl bromides, and
likewise on a small selection of aryl chlorides. Iwasawa and
Jana independently extended this strategy to include aryl and
vinyl triflate electrophiles,”"*** and difluoroalkene electro-
philes were later incorporated by Feng and co-workers.**”

5. GOLD METALLAPHOTOCATALYSIS

Over the last five decades, gold catalysis has emerged as a
powerful synthetic platform, predominantly for the function-
alization of unsaturated carbon—carbon bonds, driven by the
carbophilic z-acidity of gold complexes.”** While applications
of this reactivity toward the hydrofunctionalization of olefins
and alkynes has been broadly adopted across the synthetic
community, advancing gold as a catalyst in the context of redox
chemistry has remained largely underdeveloped. Progress has
been slowed by the challenge of accessing high-oxidation-state
Au(IIl) from Au(l) intermediates under catalytically relevant
conditions, with methods often employing strong, stoichio-
metric oxidants.’>>~**" Recently, with the advent of metal-
laphotoredox catalysis enabling oxidation-state-modulation of
transition metal catalysts under mild, irradiative conditions,
speculation began to arise around the possible beneficial role
photoredox catalysis could play in gold chemistry.

5.1. Alkene Functionalization

The first report detailing cooperative gold and photoredox
catalysis emerged from the Glorius group in 2013.”** The
authors reported a dual-catalytic system for the oxy- and
aminoarylation of alkenes (Scheme 44). While the originally

Scheme 44. Early Gold Metallaphotocatalysis Reported by
Glorius and Coworkers
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proposed mechanism begins with a gold(I)-mediated S-exo-trig
cyclization of the olefin substrate, subsequent studies by
Glorius®* support the mechanism shown in Scheme 45. The
transformation begins with photoexcitation of ruthenium
catalyst 284 by visible light, followed by reduction of
aryldiazonium electrophile 285 to furnish aryl radical
intermediate 286 and Ru(III) complex 287. Capture of 286
by phosphine-ligated Au(I) complex 288 provides Au(II)
species 289, which is expected to rapidly reduce the oxidized
photocatalyst 287 to furnish Au(IIl) aryl intermediate 290.
Coordination of this cationic organometallic complex to olefin
substrate 291, followed by cyclization forges gold(IIl) aryl
alkyl species 292. Reductive elimination furnishes the desired
difunctionalized alkene, concurrently regenerating the catalyti-
cally active gold(I) complex. The independent synthesis of
well-defined (C,N)-cyclometalated gold(III) complexes via
photoredox-catalyzed oxidative addition of aryldiazonium salts
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Scheme 45. Proposed Mechanism of the Gold
Metallaphotocatalytic Olefin Oxyarylation
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Scheme 46. Arylative Ring Expansion via Gold
Metallaphotoredox
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to gold(I) complexes provides experimental evidence validat-
ing the key aryl radical-induced oxidation step.”*”**' Glorius
and co-workers were able to access oxyarylation products with
a range of substitution tolerated both on the aromatic
electrophile and the olefin coupling partner. Moreover, several
examples of aminoarylation were reported, starting from the
corresponding tosyl-protected amine bearing a distal olefin.
The authors later reported an intermolecular oxyarylation of
olefins, generating ether products derived from the alcohol
solvent in good efficiencies,”* a transformation which was
later modified to utilize more stable diaryliodonium electro-
philes.**” This reactivity is not restricted to olefins, however. A
study by Shin demonstrated the difunctionalization of allenes
in a mechanistically related approach, providing smooth access
to functionalized butenolide products.”*’

Shortly after Glorius’s initial forays into gold metal-
laphotoredox catalysis, Toste reported an arylative ring
expansion of stralned cychc alcohols enabled by gold and
photoredox catalysis.”** The proposed mechanism bares
resemblance to that proposed by Glorius, with the key
photogenerated Au(III)—aryl electrophile facilitating alkene
functionalization by coordination and, in this case, ring
expansion by alkyl group migration (Scheme 46). This
mechanistic proposal, probed by both time-resolved FT-IR
spectroscopy and labeling experiments, provided access to a
range of a-functionalized ketones derived from allylic cyclo-
propanols and cyclobutanols. Extrapolating on Toste’s results
with strained allenols, Alcaide and Almendros later found that
acyclic, unstrained allenols underwent cyclative arylation under
similar conditions to instead forge 2,5-dihydrofuran products
by nucleophilic capture at oxygen.””’

Toste and co-workers report the independent synthesis of
stable and catalytically active gold(III) complexes in an effort
to better understand the reactivity of high-valent transition-
metal catalysts.**® Insertion of a cationic gold(I) complex into
the strained C—C bond of biphenylene via mild oxidative
addition achieves the desired oxidation and introduction of a

AF

stabilized biphenyl ligand. The stable gold(III) complex
exhibits hard, oxophilic Lewis acidity rendering it capable of
activating a,f-unsaturated and a,f-y,6-diunsaturated aldehydes
for selective conjugate additions, as well as an unsaturated
aldehyde-allene for a [2+2] cycloaddition reaction. The ligand
environment of these gold(III) complexes imposes a sterically
defined binding pocket, dictating the high selectivity of
additions.

While cyclization of pendant nucleophiles into gold-
activated 7-systems represents a powerful strategy for forging
multiple bonds, Patil and co-workers recognized that leaving
groups adjacent to alkenes could afford a novel entry point into
forging bonds to sp’-hybridized scaffolds in gold metal-
laphotocatalysis. The authors found that allyltrimethylsilane
was a competent nucleophile for cross-coupling, with a range
of electron-rich and electron-deficient aryldiazonium salts
undergoing smooth allylation under the dual- catalytlc manifold
delivering allyl arenes in moderate to good yields.*

5.2. Alkyne Functionalization

Glorius and co-workers demonstrated the C(sp)—H arylation
of alkynes by dual gold and photoredox catalysis, once again
relying on a key cationic arylgold(III) species as an in situ-
generated electrophile.”*® An abridged mechanism is shown in
Scheme 47a. Gold(III)—aryl species 293, generated via the
steps previously depicted in Scheme 45, is proposed to
undergo coordination to terminal alkyne substrate 294, after
which loss of a proton generates key Au(IIl) intermediate 295.
At this point, reductive elimination forges the desired C(sp)—
C(sp?) product (296), simultaneously regenerating gold(I)
catalyst 297. However, citing a quantum yield greater than 1,
the authors proposed a secondary pathway by which the
Au(Il) intermediate afforded after radical capture could
directly reduce an aryl electrophile, with the photocatalyst
acting in this case as a radical initiator in a chain pathway. A
range of aryl acetylenes underwent productive bond formation
with diazonium electrophiles in moderate to good yield.
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Scheme 47. Dual Gold- and Photoredox-Catalyzed
Alkynylations
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Simultaneously to this report, Toste and co-workers published
the arylation of TMS-protected alkynes.”*” A range of alkyne
coupling partners underwent smooth arylation with diazonium
electrophiles under the dual-catalytic platform, with sensitive
functionalities including benzylic and propargylic halides
tolerated well under the mild reaction conditions (Scheme
47b, 298—300, 49%—78% yield).

In 2016, three independent reports of dual gold- and
photoredox-catalyzed arylative Meyer—Schuster rearrange-
ments surfaced from the laboratories of Shin,**° Glorius,”*'
and Alcaide and Almandros.*** While all three reports vary in
substrate scope and mechanistic proposal, a key alkenyl—gold
intermediate is conserved across the three publications
(Scheme 48). Shin’s report relies on a hydrogen bond-guided
addition of solvent methanol into the gold(III)-ligated alkyne
to ultimately access key alkenyl—gold intermediate 301
(Scheme 48a); however, the reports from the groups of
Glorius and Alcaide/Almandros suggest a 1,3-hydroxide
transposition to access the same intermediate (48b). While
Shin utilized tertiary propargyl alcohols to access tetrasub-
stituted olefins, Alcaide and Almandros instead demonstrated
the rearrangement’s compatibility with primary propargyl
alcohols to access 1,1-disubstituted terminal olefin products
in good efficiencies (Scheme 48c, 302—304, 55%—77% yield).
In their report, Glorius and co-workers simultaneously
demonstrated an extension of the method to alkyne hydration
(a result that was later published by Hashmi in the absence of
photocatalysis),”* in addition to the intramolecular oxy-
arylation of ortho-alkynylphenols in the same report. Notably,
this latter result was expounded upon by Ollivier and
Fensterbank and independently by Zhu in the expedient
synthesis of benzo-fused heterocycles.”***> Thereafter,
Alcaide, Almendros, and Busto leveraged the domino gold-
photocatalyzed reaction platform in developing a selective
bisarylation protocol of TMS-terminated alkynols to furnish

AG

Scheme 48. Arylative Meyer—Schuster Rearrangements
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dlarzlated a,f-unsaturated ketones and 2,3-diarylbenzofur-

*9 Upon modification of the gold catalyst from Ar;PAuCl
salts to [Ph;PAuNTY,], Almendros and co-workers report the
catalyst-controlled direct alkoxyarylation of alkynes for the
stereoselective synthesis of enol ethers.**’

In a mechanistically distinct transformation, Ollivier,
Fensterbank, and Mouriés-Mansuy reported the alkynylative
cyclization of ortho-alkynylphenols via a unique energy-transfer
mechanism.”** As shown in Scheme 49, the authors propose
triplet-sensitization of Au(I)—aryl species 305, formed via
coordination and cyclization of 2-alkynylphenol substrate 306
with ground-state Au(I) catalyst 307, by excited-state iridium
photocatalyst 308. Thereafter, calculations suggest several
possible mechanisms of activation of iodoalkyne electrophile
309 by excited-state Au(I) complex 310, which ultimately
leads to the desired alkynylated benzofuran. Patil and co-
workers leveraged a similar energy-transfer mechanism in a
dual gold/organophotoredox platform toward the ortho-
oxygenative 1,2-difunctionalization of diarylalkynes to access
highly functionalized 2-(2-hydroxyaryl)-2-alkoxy-1-arylethan-
l-ones, as well a benzofurans.>* Energy transfer from
photoexcited Eosin Y generates a necessary singlet oxygen to
undergo a formal [4+2] cycloaddition with an enol ether
generated in situ via gold-catalyzed hydroalkoxylation.

In addition to heteroatom and strain release-based
quenching of Au(Ill)-coordinated unsaturated molecules,
such electrophilic intermediates have also been quenched
with carbon nucleophiles. Patil and co-workers demonstrated
dearomative carboarylation of alkynes as depicted in Scheme
50.%% Alkynes with a pendant para-methoxybenzene sub-
stituent underwent coordination to a photocatalytically
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Scheme 49. Photosensitizer-Mediated Electrophile
Activation by Gold
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Scheme 50. Carbocyclization by Gold Metallaphotoredox
Catalysis

(a) Photoredox-gold intramolecular ipso-arylative cyclization
o} ArN,BF,

10 mol% [(p-MeO)CgH4l3PAUCI
5 mol% Ru(bpy)s(PFg)>

H,0, MeCN, r.t,, 10 h
32 W CFLs

311 80% yield 312 63% yield

313 74% yield

(b) Photoredox-gold arylative alkoxycyclization of 1,6-enynes

ArN,BF,
— 10 mol% MezPAUCI v
—_— o ° 3
N 5 mol% Ru(bpy)s(PFs), 7
X
\_\>’R2 RYOH, MeCN, ~15 °C, 15 h OR?
1 R1
R visible light R?
irradiation
Ph Ph
MeO,C. 7 TN 4
S
MeO,C o. % OMe OMe
M Me Me  Me

(£)-314 60% yield (£)-315 79% yield (£)-316 75% yield

AH

generated Au(IIl)—aryl complex followed by ipso-spirocycliza-
tion and reductive elimination to forge a diverse range of
spirocyclized products in good efficiency (Scheme 50a, 311—
313, 63%—80% yield). Echavarren and co-workers recently
demonstrated that even simple pendant olefins can serve as
nucleophiles in dual photoredox and gold catalysis, forging
five-membered exocyclic alkene products functionalized by
alcohol solvent in a cascade of bond formations (Scheme 50b,
314316, 60%—79% yield).*”

A range of multicomponent reactions have since been
developed for the polyfunctionalization of alkyne starting
materials. Combining a number of transformations of
functionalized alkynes,”** *** Alcaide and Almandros devel-
oped the arylation/oxyarylation of bifunctional alkyne starting
materials. Thereafter, the authors developed a diarylation of
ortho-heteroatomic phenylacetylenes to afford a broad range of
complex and highly substituted heterocyclic functionality.”"
Ye and co-workers extended this reactivity to chiral
homopropargyl sulfonamides, bringing forth a method for
the construction of bisarylated 2,3-dihydropyrroles in good
yields with excellent retention of starting material stereo-
chemistry.”>

5.3. Biaryl Coupling

While gold catalysis overwhelmingly relies on coordination by
cationic gold(II) complexes to unsaturated carbon—carbon
bonds as a means of substrate activation, several reports on the
use of aryl nucleophiles have been disclosed for the formation
of biaryls. The first two examples, independently generated
from the laboratories of Fouquet, Hermange,‘?’53 and Lee*™*
described the use of arylboronic acids in a novel approach to
biaryl synthesis. Fouquet and Hermange first detailed a
mechanism by which an electrophilic Au(III)—aryl species,
generated via the photoredox chain mechanism previously
described with a phosphine-ligated gold chloride precatalyst,
underwent transmetalation with an arylboronic acid facilitated
by a fluoride additive (Scheme Sla). A range of substituted
biaryls were synthesized with good efliciency from the
corresponding aryl electrophiles and nucleophiles. Interest-
ingly, the authors found that particularly oxidizing electrophiles
such as 4-nitrobenzenediazonium tetrafluoroborate (317)
could facilitate the reaction in the absence of photocatalyst
and light. Moreover, nucleophile electronics were found to
dramatically influence the reaction mechanism, with electron-
rich arylboronic acids leading to more efficient chain
propagation and, accordingly, a higher quantum yield. In
their nearly simultaneous report, Lee and co-workers described
instead the use of a cationic triflimide gold precatalyst, and
proposed a “transmetalation-first” mechanism wherein an
Au(I)—aryl complex was generated from the boronic acid
nucleophile, which then underwent oxidation and performed
the coupling (Scheme 51b). The authors found the necessity
of water as an additive, carefully balancing the transmetalation
to gold(I) against protodeboration. 'H NMR experiments
suggested that the nature of the gold complex (cationic or
chloride-bound) played a significant role in the order of the
transmetalation and photoassisted oxidative addition steps. In a
follow-up report, Fouquet and Hermange conducted mecha-
nistic investigations, and found three possible mechanistic
regimes.”>” Depending on specific substrate electronics,
transmetalation first, oxidation first, and ligand exchange
between Au(I) and Au(IIl) were all possible under a related
set of reaction conditions (Scheme Sic).
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Scheme 51. Gold Metallaphotocatalytic Biaryl Synthesis Scheme 52. Gold and Copper Metallaphotocatalytic Biaryl
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nium-based photocatalyst 322, which can promptly reduce
arene electrophile 323 to the corresponding aryl radical (324).
Capture of this open-shell species by Au(I) complex 325

|_,,/-\L|;”'—A|r2
Ar!

Transmetalation Af=A?  Oxidation ® affords the Au(Il) organometallic 326, which can either reduce
First Cycle First Cycle {LnAT”‘ArZ the oxidized photocatalyst via SET, or propagate a radical
X chain mechanism via direct reduction of the diazonium
LoAu'—X electrophile to afford Au(III)—aryl species 327. At this point,
| Cu(I) is proposed to undergo transmetalation with arylsilane
LAUAT ‘_/4 nucleophile 328 to forge arylcopper complex 329. Trans-
ABOH) metalation with Au(IIl) complex 327, followed by reductive
" 2 . [Ar?)] o . . .
elimination provides biaryl product 330.
5.4. Miscellaneous Transformations
Patil and co-workers, following up their initial work on gold- Toste and co-workers realized the utility of accessing high-
catalyzed desilylative couplings,”” reported a triply catalytic valent gold complexes under mild conditions in the coupling of
system for biaryl formation from trimethylsilylarenes and arenes to H-phosphonates.””’ Taking advantage of the mild,
aryldiazonium salts.>*® The authors recognized the privileged redox-neutral formation of Au(Ill)—aryl complexes from
role of copper catalysis in the activation of arylsilanes to diazonium electrophiles and photoredox catalysis, the authors
transient organometallic complexes, and demonstrated the were able to form valuable C—P linkages for the first time with
copper-, gold-, and photocatalyzed arylation on a range of gold catalysis. The lack of stoichiometric chemical oxidant in
benzofuran, benzothiophene, indole, and arene silyl-based the reaction mixture, traditionally required for gold(I)/(III)
nucleophiles (Scheme 52, 318—321, 65%—75% yield). The redox activity, allowed for use of sensitive phosphonate
proposed mechanism begins with photoexcitation of ruthe- nucleophiles. Notably, the transformation tolerated an aryl
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electrophile bearing an alkyne in good efficiency, further
highlighting the orthogonal reactivity of this system to
traditional gold catalysis.

The laboratory of Xu, likewise interested in exploring
substrates beyond the scope of traditional gold catalysis,
targeted the bifunctionalization of alkenes through a dual-
catalytic atom-transfer reaction. Xu and co-workers targeted
the thiosulfonylation of alkenes in a rare example of gold
metallaphotocatalysis in the absence of arenediazonium
electrophile.”®® A range of styrene coupling partners were
functionalized in a 1,2-fashion by a disulfide electrophile in
tandem with gold and photoredox co-catalysis in moderate to
good yields with good diastereoselectivity.

5.5. Direct Excitation

While outside the scope of this Review, a number of
transformations and mechanistic studies®” have detailed the
direct excitation of gold complexes in the absence of a
photocatalyst. The chain mechanism suggested for many of the
above transformations has led chemists to question the need
for a dedicated photocatalyst, with numerous mechanisms
possible for the direct activation of substrates by photoexcited
gold. Pioneering work by Hashmi®>"*** inspired a computa-
tional investigation into the mechanism of substrate activation
by Zhang and co-workers.*® Since Hashmi’s early reports, a
number of synthetic transformations have been developed
without the aid of photocatalysis, with a primary focus on the
synthesis of biaryls®*'™*** and functionalization of carbon—
carbon multiple bonds.***%>73%

6. COBALT METALLAPHOTOCATALYSIS

The catalytic splitting of water into its constituent elements,
hydrogen and oxygen, represents a Ion§standing challenge in
the field of inorganic photochemistry.””” While a broad range
of systems have been investigated to emulate nature’s
conversion of sunlight into chemical energy, cobalt has
remained at the forefront of these efforts for several decades.’”
In the context of synthetic chemistry, only recently has
attention shifted toward engaging cobalt in light-enabled
transformations of organic molecules. This is due to the surge
in the development of metallaphotoredox catalysis using first-
row transition metals. While a substantial diversity of
transformations have been developed over the past decade,
cobalt’s well-established roots in hydrogen evolution have
guided much of the developments in the area of cobalt and
photoredox co-catalysis.

6.1. Cross-Dehydrogenative Coupling

The first report of cobalt and photoredox dual catalysis
emerged in 2014 from the Wu group.””> The authors reported
a cobalt-catalyzed cross-coupling hydrogen evolution (CCHE)
reaction, building on a previous heterogeneous ruthenium-
based system for the coupling of indoles with tetrahydroiso-
quinolines (THIQs).””* Wu and co-workers reported the use
of Co(dmgH),Cl, (dmgH = dimethylglyoximate) in tandem
with an organic photocatalyst in a noble metal-free C(sp*)—
C(sp?) cross-coupling. As shown in Scheme 53, the proposed
mechanism begins with photoexcitation of eosin Y (240) to
triplet excited state 241. SET with N-aryl-THIQ substrate 331
affords radical cation 332 and reduced catalyst 243. Co(IIl)
species 333 is proposed to readily regenerate the active
photocatalyst, and subsequent oxidation of amine radical
cation 332 by resultant Co(II) complex 334 affords, after loss
of a proton, iminium ion 335 and Co(I) catalyst 336. Addition
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of indole nucleophile 337 into this iminium cation, followed by
rearomatization affords the product. Thereafter, protonation of
Co(I) complex 336 and loss of hydrogen gas would close the
transition metal catalytic cycle. A notable feature of this
mechanism is the propensity for cobalt to oxidize intermediates
in an SET fashion sequentially, followed by proton reduction
to hydrogen to carry out transformations entirely in the
absence of external oxidant. In this initial disclosure, Wu and
co-workers demonstrated the successful application of this
CCHE reaction to a variety of substituted indoles, affording
C—C linked products (and concomitant hydrogen evolution)
in near quantitative yields. In follow-up publications, the Wu
laboratory described the addition of indole and f-ketoester
nucleophiles into transiently generated imine and oxonium
electrophiles, once again reporting good to excellent efficiency
in both formation of coupled products and evolution of
hydrogen (Scheme 53, 338 and 339, 84% and 88% yield,
respectively).””**”> Moreover, Lei and co-workers demon-
strated the quenching of these transiently generated iminium
electrophiles with trialkylphosphites, likewise under oxidant-
free conditions enabled by cobalt and photoredox dual
catalysis.*”®
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In a collaborative effort with the lab of Luo, Wu
demonstrated a triply catalytic system for the asymmetric a-
functionalization of ketones (via enamine catalysis) with
THIQ_derivatives.””” A potential mechanism for the trans-
formation is shown in Scheme 54. Chiral amine catalyst 340 is

Scheme $4. Triply Catalytic Enantioselective Alkylation of
Ketones
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proposed to undergo condensation with ketone substrate 341,
furnishing electron-rich enamine 342. Iminium 3385, generated
as before via photoredox and cobalt catalysis from THIQ
substrate 331, can capture enamine nucleophile 342 in an
enantio- and diastereoselective fashion. Thereafter, hydrolysis
of the resultant iminium (343) provides the product. Notably,
Wu, Luo, and co-workers found that addition of a
substoichiometric nitroarene additive (344) was critical for

AK

useful reaction efficiencies, functioning as a hydrogen acceptor.
A range of cyclic ketones were effective substrates in the cross-
dehydrogenative coupling, providing products with vicinal
tertiary stereocenters in good diastereoselectivity and excellent
enantioselectivity (345—348, 70%—85% yield, >6.1 d.r., 94%—
97% ee).

A photoinduced Heck coupling of activated olefins with
alkyl carboxylic acid radical precursors was reported by Wu
and co-workers.””® The authors found that a broad scope of
primary, secondary, and tertiary acids all underwent facile bond
formation with styrene electrophiles (Scheme S5a, 349—351,

Scheme $5. Photoinduced Heck Alkylation of Olefins by
Cobalt Metallaphotocatalysis
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72%—81% yield). Moreover, a number of vinyl silanes and
boronates were suitable radicophiles, affording the correspond-
ing C(sp®)—C(sp®) coupled products in moderate to good
yields. A plausible mechanism, shown in Scheme 55b, begins
with photoexcitation of acridinium photocatalyst 352 and
subsequent SET-induced decarboxylation of alkyl carboxylate
coupling partner 353. Addition of this unstabilized alkyl radical
into activated olefin coupling partner 354 provides stabilized
open-shell intermediate 35S. Capture of this species by Co(1I)
catalyst 356 is proposed to be reversible, and ultimately
abstraction of the weakened adjacent hydrogen atom provides
the desired olefin product and cobalt—hydride species 357.
Thereafter, proton reduction provides hydrogen, and a Co(III)
intermediate capable of oxidizing reduced acridinium species
358 to close both catalytic cycles at the same moment. A
related strategy was later used to incorporate sulfur
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nucleophiles into activated olefins by Lei and co-workers.””
Independent reports from Ackermann’’ and Li**' later
described the decarboxylative alkylation of heterocycles
mediated by cobalt and photoredox catalysis. Intriguingly,
both groups simultaneously developed these methods pre-
dominantly for the installation of adamantyl fragments into
azole-type heterocycles.

Cross-dehydrogenative coupling is not limited to carbon—
carbon bond formations, and many desirable transformations
have been developed for the construction of carbon—
heteroatom bonds from simple feedstock chemicals enabled
by cooperative photoredox and cobalt catalysis (Scheme 56).

Scheme 56. Benzene Functionalization by Cobalt and
Photoredox Co-catalysis
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Wu and Tung first reported the direct hydroxylation of
benzene with water, invoking cobalt catalysis to render the
transformation redox-neutral alongside evolution of hydro-
gen.”® In the same publication, the groups also reported the
direct C—H amination of benzene and derivatives, with both
transformations taking place under UV light irradiation.
Strongly oxidizing quinolonium photocatalyst was proposed
to oxidize benzene to the corresponding radical cation, which
could capture a nucleophile and rearomatize via the aid of the
cobalt cocatalyst. Thereafter, a range of impressive disconnec-
tions were reported following the general mechanistic outline
of carbon, nitrogen, or phosphorus nucleophile capture by
photocatalytically generated radical cations of arenes and
alkenes.*** 3%

Intramolecular dehydrogenative couplings have likewise
been developed, with the cobalt catalyst mediating key SET
oxidations of the substrate, often relying on rearomatization as
a thermodynamic driving force. The first example of such a
transformation arose in 2015 from the Wu and Lei
laboratories. The authors demonstrated an oxidant-free cobalt-
and photoredox-catalyzed C—H thiolation reaction en route to
the synthesis of benzothiazole products.’”® An abridged
mechanism, shown in Scheme 57, depicts initial photon-
mediated oxidation of thioamide substrate 359, followed by
addition of the corresponding S-centered radical to the
pendant arene and rearomatization by cobalt and base. As
before, proton reduction by cobalt—hydride species 360 closes
the catalytic cycle in the absence of exogenous oxidant. A range
of aromatic substitution was tolerated, affording a broad array
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Scheme 57. Dehydrogenative Dual-Catalytic Heterocycle
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of 2-aryl- and 2-alkylbenzothiazoles in excellent yields.
Thereafter, Xiao and Chen reported a radical cascade
cyclization for the synthesis of heterocycle-fused benzosultams,
similarly mediated by cobalt-catalyzed proton reduction.”’

6.2. Dehydrogenation and Hydrogenation

Cobalt has served a privileged role in the development of
metallaphotoredox-catalyzed cross-dehydrogenative couplings
as a result of its unique capacity to combine the power of
photoinduced electron transfer with proton reduction.
Resultantly, chemists have identified dehydrogenation and
transfer hydrogenation reactions enabled by cobalt metal-
laphotocatalysis as an attractive strategy for introducing and
modifying unsaturation in organic molecules without stoichio-
metric oxidants or reductants.

An early report on the merger of cobalt and light-enabled
catalysis in the acceptorless dehydrogenation of alkanes comes
from the Sorensen laboratory. The authors found that
decatungstate catalysis, well-precedented to engage aliphatic
C—H bonds,""*"" could be merged with cobalt cata1y51s to
provide valuable alkene products from feedstock materials.’”
The proposed mechanism of this endothermic transformation
invokes sequential HAT events, first by the excited-state
polyoxometalate and then by a cobalt species to afford the
alkene product. The cobalt—hydride could then engage with
the protonated, reduced photocatalyst to evolve hydrogen
(Scheme 58a). Notably, neither disproportionation nor radical
coupling could result in catalyst turnover. Sorensen and co-
workers demonstrated the transformation on a small collection
of alkanes and alcohols, affording varying vyields of the
corresponding alkenes and carbonyls, respectively (Scheme
58b, 361—364, 6%—63% yield). This catalytic system has also
been leveraged toward dehydroformylation of aldehydes.**?

Given the thermodynamic challenges of dehydrogenation at
room temperature, several reports have opted to invoke
aromaticity as a driving force for hydrogen loss from saturated
carbo- and heterocycles. Li and co-workers reported the
acceptorless dehydrogenation of five- and six-membered
saturated heterocycles, providing access to the corresponding
aromatic products in near quantitative yields with correipond—
ing efficiency of hydrogen evolution (Scheme 58c).*”* This
transformation has since been shown to function efficiently in
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Scheme 58. Dual-Catalytic Dehydrogenations
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aqueous conditions by the Balaraman laboratory,””> whom
have similarly developed a dehydrogenatlon of diarylhydra-
zines to azobenzene derivatives.””® Leonori and co-workers
have likewise exploited aromaticity as a driving force in the
synthesis of anilines from cyclohexanone-condensed amines via
dual cobalt- and photoredox-catalyzed dehydrogenation.””
Evolution of carbon dioxide has also been leveraged as a means
to impart thermodynamic bias. Tunge and Cartwright first
demonstrated the decarboxylative elimination of a-amino acids
to provide enecarbamates in an acceptorless fashion by dual
photoredox and cobalt catalysis (Scheme 58d).”%*"” Ritter
reported a dehydrogenative decarboxyolefination mediated by
cobalt metallaphotocatalysis, with a broad range of natural
product and pharmaceutically relevant carboxylic acids
expediently converted to olefins in good to excellent yields.*"’
Larionov and co-workers later reported a similar decarbox-
ylative olefination, and demonstrated the direct, triple-catalytic
conversion of triglycerides to olefins via combination with
biocatalysis.*"!

In an isolated report, Lloret-Fillol and co-workers reported
the reduction of aldehydes and ketones by dual cobalt and
photoredox catalysis using water as a hydride source.*’”

AM

6.3. Hydrofunctionalization of Olefins

Given cobalt’s capacity to form catalytically active metal
hydrides under incredibly mild photoredox conditions, interest
in the hydrofunctionalization of unsaturated systems naturally
followed. In this area, Rovis was first to report a hydro-
aminoalkylation of conjugated dienes.*”> The proposed
mechanism for the transformation, shown in Scheme 59,

Scheme §9. Hydroaminoalkylation of 1,3-Dienes
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begins with oxidation and deprotonation of aniline substrate
365 by excited-state photocatalyst 366 to afford a-amino
radical 367, and corresponding reduced photocatalyst 368.
Simultaneously, a cobalt(I) species, generated in situ, could be
protonated by a suitable proton source such as pivalic acid, to
afford Co(III) hydride complex 369. Hydrometalation of diene
substrate 370 forges 7-allylcobalt intermediate 371. Reduction
of this complex by 368, followed by radical capture of radical
367 forges, by way of Co(IlI)-alkyl complex 372, the desired
product. The authors found that a broad scope of 1,3-dienes
were competent coupling partners for the hydrofunctionaliza-
tion, and a number of aniline and tertiary amine substrates
provided desired product in good efficiency (373—375, S0%—
70% yield). Konig and co-workers went on to invoke a similar
catalytically generated cobalt hydride for the dual-catalytic
isomerization of terminal alkenes to internal alkenes.””* Maji
and co-workers anticipated that hydrometalation of electron-
deficient alkenes would afford an organocobalt species capable
of carbometalating alkynes to forge valuable C—C bonds.**
Indeed, a range of internal alkynes underwent formal addition
to conjugate acceptors in excellent yields, mediated by
cooperative photoredox and cobalt catalysis.
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6.4. Miscellaneous Transformations

In addition to the extensive hydrogen evolution and hydro-
metalation chemistry that cobalt has made possible, a number
of additional transformations have been reported capitalizing
on cobalt’s rich history beyond traditional cross-coupling and
hydride transfer. Rovis reported a cobalt-catalyzed [2+2+2]
cycloaddition enabled by visible light for the spatially and
temporally controlled assembly of arenes**® and later the
polymerization of triyne monomers.””” Follow-up studies have
since indicated that a direct excitation mechanism through a
metal acetylide LMCT event is operative for terminal alkyne
substrates.”""

Cobalt metallaphotocatalysis has also found value in the
construction of complex heterocyclic frameworks, including a
divergent synthesis of several oxygen-bearing heterocycles from
feedstock CO,.**” The annulation of benzamides with alkenes
via C—H functionalization was successful in providing a range
of isoquinolone products.*'**!!

Finally, several reports on the dual cobalt- and photoredox-
catalyzed allylation of nucleophiles have recently emerged.
Matsunaga and co-workers reported Tsuji—Trost allylation of
malonates with allyl carbonate electrophiles, providin§ the
branched products in excellent yields and selectivities,”'* now
comparable to the more expensive noble-metal-catalyzed
protocols.”"® Shortly thereafter, Li and co-workers reported
the enantioselective allylic amination of carbonate electro-
philes, providing valuable enantioenriched allylic amines in
near quantitative yields with excellent levels of enantio- and
regioselectivity.*'*

7. OTHER METALLAPHOTOCATALYSIS

In addition to the well-established cooperativity of photoredox
catalysis with the metals described above, there has been great
interest in expanding the scope of metallaphotoredox catalysis
to lesser studied metals in a synthetic context. Given the
capacity for photoredox catalysis to both modulate oxidation
states and transfer energy to metal catalysts, in recent years
chemists have contemplated merging the study of less
traditional catalysts with photoredox catalysis to open new
avenues of chemical reactivity.

7.1. Titanium Metallaphotocatalysis

Titanium has a rich history of light-enabled chemistry, with
titanium dioxide—or titania—the subject of intense research
over the last several decades as a result of its bulk properties as
a catalyst, pigment, and UV light absorber.”'*~*'7 Despite
these advancements in materials and inorganic photochemis-
try, developments in light-enabled titanium catalysis have been
substantially underexplored.

Recently, Shi and co-workers became interested in accessing
low-valent titanium complexes via photoinduced SET rather
than traditional stoichiometric metal reductants or organo-
metallic reagents.*'®*'” The first report in this area emerged in
late 2019 from Shi and co-workers on the reductive
spirocyclization of e})oxide-derived radicals into pendant
alkyne SOMOphiles.*** The proposed mechanism, shown in
Scheme 60, begins with SET reduction of the Ti(IV)
precatalyst (376) by excited-state photocatalyst 377. The
resulting Ti(IlI) intermediate is precedented to undergo SET-
mediated reduction of epoxide substrate 378, providing
Ti(IV)-ligated open-shell species 379. A S-exo-dig radical
cyclization, followed by reduction with Hantzsch ester and
protonation provides the spirocyclized alcohol product, and

AN

Scheme 60. Titanium Metallaphotocatalytic Spirocyclization
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simultaneously regenerates Ti(IV) complex 376. A range of
spirocyclic scaffolds were forged in good to excellent yields,
with both five- and six-membered ring products accessible via
the radical cyclization (380—382, 63%—95% vyield). There-
after, Shi and others reported a number of titanium
metallaphotocatalyzed protocols, relying on the transient
generation of Ti(III) under mild visible light irradiation for
the installation of allyl nucleophiles into carbonyls."*'~***
Doyle and co-workers impressively reported a triple catalytic
system for the cross electrophile couplin% of epoxides with aryl
halides to afford valuable S-aryl alcohols.™** The triple-catalytic
system invokes the familiar oxidative addition/radical capture/
reductive elimination manifold of previous nickel-catalyzed
cross-electrophile couplings,'*”'*>'*” with the necessary open-
shell intermediates derived from Ti(IlI)-mediated reductive
epoxide opening.’

7.2. Chromium Metallaphotocatalysis

A hallmark of organochromium chemistry is the Nozaki—
Hiyama—Kishi or NHK reaction for the allylation of
aldehydes.*”> While early developments relied on stoichio-
metric chromium, a significant concern in terms of both atom
economy and toxicity of the spent reaction mixture, modern
advancements toward the catalytic employment Cr have been
largely successful.**®

Glorius reported the first application of dual chromium and
photoredox catalysis in the form of an aldehyde allylation in
2018.*7 As detailed in Scheme 61, Glorius and co-workers
envisioned a mechanism wherein oxidation/deprotonation of
allylic amines and arenes provided allyl radical 383, upon
which capture by Cr(II) catalyst 384 affords the organo-
metallic intermediate 385. Addition to aldehyde substrate 386
followed by protonation provides the homoallylic alcohol
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Scheme 61. Photoredox Aldehyde Allylation by Dual
Chromium and Photoredox Catalysis
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product in high diastereoselectivity, followed by Cr(III)
reduction by reduced photocatalyst 387 to regenerate both
active catalysts. A broad scope of aryl and alkyl aldehydes were
successfully allylated under the reaction conditions, with a
range of electron-rich allylbenzene and N-allylaniline deriva-
tives serving as competent radical precursors (388—390, 76%—
86% vyield). Later, Kanai and co-workers developed an
asymmetric allylation of aldehydes via unstabilized allyl
radicals, again via oxidation deprotonation.”** Judicious choice
of bis(oxazoline) ligand and cationic additives provided
smooth access to homoallylic alcohols with high levels of
enantio- and diastereoselectivity. The group disclosed in a
subsequent report the catalytic allylation of aldehydes with
unactivated alkenes, as simple feedstock organic molecules, via
a triple photoredox/HAT/chromium catalytic platform.**’

Thereafter, Glorius reported a second highly diastereose-
lective allylation of aldehydes in a three-component coupling
of 1,3-dienes with DHP radical precursors.**” This system was
subsequently extended to enyne SOMOphiles.”*" The Glorius
laboratory also reported the synthesis of aminoalcohols under a
similar dual-catalytic manifold.**> Surprisingly, ketones were
competent electrophiles for the transformation, possibly
enabled by the in situ liberation of trimethylsilylium from the
a-silylamine radical precursors. 1,2-Diols were likewise
accessible, this time from silyl-protected allylic alcohols and
aldehydes in good to excellent yields and moderate
diastereoselectivity.*** Finally, Yahata and co-workers reported
the direct addition of unactivated C—H nucleophiles into
aldehydes enabled by dual decatungstate and chromium
catalysis.***

AO

7.3. Rhodium Metallaphotocatalysis

Like many noble metals, rhodium has a rich history in
transition metal catalysis.**> The combination of rhodium and
photoredox catalysis emerged from the Meggers group in
2016.7° Inspired by their earlier work on asymmetric
alkylation with chiral, photoactive iridium complexes,*’’
Meggers and co-workers reported a rhodium-based system
for the visible-light-promoted asymmetric a-amination of
ketones. In their proposed mechanism, shown in Scheme
62a, the authors suggest that coordination of the substrate to

Scheme 62. Rhodium Metallaphotoredox Catalysis
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the chiral, cyclometalated rhodium complex 391 followed by
deprotonation affords rhodium enolate 392. This enolate
species is proposed to act both as a radical acceptor and a
viable photocatalyst for the reduction of nitrogen electrophile
393. At this point, addition of nitrogen-centered radical 394
into Rh enolate species 392 provides, after oxidation and
dissociation, the asymmetric amine product 395. With this
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mechanistic picture, a range of 2-acylimidazoles were aminated
with carbamate-protected alkylamines in good to quantitative
yields with excellent enantioselectivity (396, 96% yield, 97%
ee). Thereafter, the Meggers group reported asymmetric [2+2]
photocycloaddition,”*® ~enantioselective heterocycle synthe-
sis,*” p-C—H functionalization,"*’ and (),'-alkylation441 utilizing
similar chiral photoactive rhodium complexes (Scheme 62b,
397-400, 69%—98% yield, 94%—99% ee).***

In an isolated report, Baslé and co-workers detailed the light-
mediated directed C—H borylation of arenes, with a postulated
direct excitation event Ieadlng to C—H oxidative addition by
the ligated Rh complex.***

7.4. Ruthenium Metallaphotocatalysis

While ruthenium-based complexes have been utilized as
photosensitizers since the earliest reports of photoredox-
mediated organic synthesis,***~*** reports referencing ruthe-
nium in the context of bond formation are few and far
between. Recently, two independent publications by Acker-
mann and Greaney emerged simultaneously on dual-role
ruthenium catalysis for the meta-selective alkylation of
arenes.**”**° The mechanism, proposed by both laboratories
and shown in Scheme 63, begins with directed C—H activation

Scheme 63. Ruthenium-Photocatalyzed Meta-Selective
Arene Alkylation
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of the biaryl substrate 401 by [RuCl(p-cymene)], to afford
cyclometalated Ru complex 402. Thereafter, absorption of
visible light by this complex provides excited-state Ru species
403, which undergoes SET with alkyl electrophile 404. Upon
loss of halide anion, the corresponding alkyl radical undergoes
addition to the Ru(Ill)-bound arene. LMCT, deprotonation,
and ligand exchange provides the meta-alkylated product 405,
simultaneously regenerating the photoactive Ru(Il) species
402. A range of directing-group-bound benzene rings and
radical precursors functioned effectively as coupling partners in
this unique set of transformations.

7.5. Iron Metallaphotocatalysis

Interest in the use of iron catalysis stems from both the high
abundance of iron in the Earth’s crust in addition to the
element’s low toxicity. However, the reduced reactivity of iron
when compared to late, electron-rich transition metals like
palladium and nickel has hampered the development of iron-
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catalysis in modern methods. With this in mind, several groups
have become interested in iron metallaphotocatalysis, wherein
reactivity can be provoked through the delivery of visible light
energy to the reaction mixture.

Early work in the area of iron metallaphotocatalysis simply
involved the use of visible light in the degradation of an iron
precatalyst, generating an active catalyst for a non-photonic
ketone reduction.*”’ A landmark report by Robert and co-
workers detailed the photocatalytic reduction of CO, to
methane by cooperative iron and photoredox catalysis.*> The
authors found that quantum yield for methane production
reached 0.18%, with Fe(0) species 406 facilitating initial
sequestration and reduction of carbon dioxide to CO and
water (Scheme 64). Thereafter, CO binding by Fe(II) complex
407 and photoreduction provides iron(I) formyl species 408,
at which point successive SET reduction provides a second
equivalent of water and the methane product. Robert and
Miyake later extended this work to operate with improved
quantum yield (0.47%) with an organic photocatalyst.*”

Scheme 64. Carbon Dioxide Reduction to Methane by Dual
Iron Photocatalysis
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Noél and Alcazar reported a visible-light-promoted Kumada
coupling mediated by iron in flow.** Notably, the reaction was
successful for recalcitrant electron-rich aryl chlorides, which
the authors attributed to a robust, photoinduced Fe(I)
oxidative addition, with preliminary mechanistic studies
suggesting an Fe(I)/(III) pathway. Additionally, a range of
olefin difunctionalizations have likewise been reported to
operate under visible light conditions, enabled by iron
catalysis.*>>~*7

7.6. Manganese Metallaphotocatalysis

A small collection of manganese photoredox papers have been
reported to date. Most of these publications rely on the
photoinduced Mn—Mn bond homolysis of dimanganese
decacarbonyl and resultant Mn-centered radical chemistry.***
Abstraction of halides from alkyl iodides by this photo-
generated complex has been used in Minisci alkylations,**”
haloalkylations of alkynes,*® atom-transfer radical cycliza-
tions,**' aminations,”> and desulfonylative allylations
(Scheme 65a).** Open-shell Mn-mediated hydrogen atom

Scheme 65. Manganese Metallaphotoredox Catalysis
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abstraction has also been utilized in the hydrofunctionalization
of alkynes by Zhang and Zhang (Scheme 65b).*** An isolated
report on photoinduced SET by excited-state Mn(acac); by
Wan and co-workers detailed the hydroxytrifluoromethylation
of terminal olefins.***

8. CONCLUSIONS AND OUTLOOK

The merger of transition metal and photoredox catalysis has
brought about an abundance of novel transformations by
combining the power of light harvesting complexes with the
reactivity of transition metal catalysis. Selective delivery of
photonic energy into a reaction mixture permits electron-

AQ

transfer and energy-transfer processes, which in turn unveil
open-shell and excited-state species which readily engage in
unprecedented chemical reactivity. Transition metal catalysis
has seen dramatic developments since the first cooperative
metallaphotoredox papers. In this context, a variety of bench-
stable and otherwise unreactive functional groups can
productively engage in coupling pathways to forge chemical
complexity from native functionality. Ultimately, this has
resulted in significant expansion of the pool of available
fragments from preformed organometallic reagents to adaptive
functionalities such as carboxylic acids, alcohols, and even
simple C—H bonds.

While the activation and implementation of novel starting
materials for metal catalysis represents an important and
continued area of exploration, photoredox catalysis can also
dramatically influence the reactivity available to exploit at
metal centers. The circumvention of challenging two-electron
oxidative additions by means of a sequential photoinduced
SET and radical capture mechanism (e.g, Au(I)/(III) and
Cu(I)/(1I) chemistry) has opened avenues for mild trans-
formations which would otherwise require strongly oxidizing
or forcing conditions. Additionally, the catalytic, photoinduced
shuttling of electrons to and from organometallic intermediates
has allowed for rapid formation of even the most challenging
bonds via high-valent reductive elimination. Moreover, excited-
state transition metal catalysis has become much more broadly
accessible, relying instead on the well-studied photophysical
properties of light harvesting complexes in lieu of the
limitations imposed by a specific organometallic substrate’s
absorption spectrum.

While a considerable breadth of light-mediated multi-
catalytic manifolds have surfaced over the past 10 years,
there is much left to be uncovered. Many metals have been
typecast in their cooperative reactivity with photoredox
catalysis. For example, however successful radical capture and
inner-sphere reductive elimination has been for the formation
of bonds between radical precursors and electrophiles in late
metallaphotocatalysis, it is certainly not the only mechanism b
which these metals can facilitate bond construction.*®*¢~#%%
Additionally, while radicals represent logically straightforward
disconnections easily accessible with photoredox catalysis, they
are merely one of many potential reactive intermediates
available through photonic energy absorption. As a result of
continued developments in the area of photoredox catalysis,
anions,*® cations,’° nitrenes,*’’ and carbenes’’* are all
readily generated under mild irradiative conditions. However,
for many of these transient intermediates, the taming of their
reactivity with cooperative transition metal catalysis remains
underexplored.

The advent of metallaphotoredox catalysis has brought with
it innumerable opportunities in the streamlining of syntheses
to uncovering novel fundamental reactivity. The intersection of
these two fields has thus far yielded unthinkable progress for
the synthetic community, and we anticipate that continued
exploration will provide enduring advances for every area of
the chemical sciences.
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