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and photocatalysis

The merger of transition metal

and David W. C. MacMillan

Transition metal catalysis has long been recognized
for its scientific and societal impact, as exemplified by
the Nobel Prizes awarded in 2001 (to Knowles, Noyori
and Sharpless for stereoselective catalysis)', 2005 (to
Chauvin, Grubbs and Schrock for olefin metathesis)?
and 2010 (to Heck, Negishi and Suzuki for palladium-
catalysed cross-coupling)’. Although they span more
than 40 years of research, these processes all share a
common characteristic in that they can enable the rapid
construction of valuable organic molecules from rela-
tively simple materials. Perhaps more important, tran-
sition metal chemistry has continually delivered new
modes of chemical activation that enable bond-forming
or bond-breaking pathways that are often unprecedented
within organic chemistry. This remarkable capacity for
‘new reactivity’ has made transition metal catalysis an
invaluable platform for organic synthesis and, more
generally, for the production of organic molecules for
the benefit of society.

From a historical perspective, the use of transition
metal complexes as catalysts for organic reactions has
been a research practice for more than two centuries.
During this span, research into transition metal catalysts,
and moreover the field of metal catalysis, has grown
and evolved in remarkable ways. However, three fun-
damental aspects of catalyst structure have remained
consistent as a focus: ligand design, manipulation of
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Abstract | The merger of transition metal catalysis and photocatalysis, termed metallaphoto-
catalysis, has recently emerged as a versatile platform for the development of new, highly
enabling synthetic methodologies. Photoredox catalysis provides access to reactive radical
species under mild conditions from abundant, native functional groups, and, when combined
with transition metal catalysis, this feature allows direct coupling of non-traditional nucleophile
partners. In addition, photocatalysis can aid fundamental organometallic steps through
modulation of the oxidation state of transition metal complexes or through energy-transfer-
mediated excitation of intermediate catalytic species. Metallaphotocatalysis provides access to
distinct activation modes, which are complementary to those traditionally used in the field of
transition metal catalysis, thereby enabling reaction development through entirely new
mechanistic paradigms. This Review discusses key advances in the field of metallaphotocatalysis
over the past decade and demonstrates how the unique mechanistic features permit challenging,
or previously elusive, transformations to be accomplished.

available oxidation states and electronic excitation
have all continued to be fruitful areas of research in
catalysis (FIC. 1a).

Ligand design

It has long been appreciated that coordinating ligands
can significantly alter the reactivity of metal com-
plexes®. Indeed, this concept has continually motivated
chemists to understand the relationship between the
structure and activity of ligands for any given trans-
formation. Moreover, for any given transition metal-
catalysed organic reaction that has become widely
adopted, there exists a foundation of extensive ligand
design and development studies that underpin the final
general catalyst system. As one prominent example, the
Buchwald-Hartwig amination, in which the palladi-
um-catalysed synthesis of anilines is achieved through
the coupling of amines and aryl halides, has become a
mainstay transformation in pharmaceutical synthesis®.
Indeed, given the common presence of amine func-
tionalities in biologically active molecules, this reac-
tion has been widely adopted across the entire field of
organic chemistry. Although palladium is an essential
catalytic component of this powerful coupling pathway,
numerous rounds of ligand evolution were essential
to arrive at the successful catalyst complexes that are
commonly used today for aryl aminations.

NATURE REVIEWS | CHEMISTRY

VOLUME 1 |ARTICLE NUMBER 0052 |1

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


mailto:?subject=
http://dx.doi.org/10.1038/s41570-017-0052

REVIEWS

a Transition metal catalysis

E || Almost all transition metals
} | . L have been shown to be =
T (| [|| competent catalysts for =~
t 1 organic transformations
[ |
T T Tt
Metal catalyst
Substrate Product
L X . .
\M.~‘ ® 200 years of intensive research
I_/ \X ® Established platform for catalysis innovation =
=
Metal catalyst
Paradigms for enhancing the reactivity
of metal catalysts
L X Ligand design O\ oX
M- M;
Y ©
L ~ M"‘\\X Valence change |—>®;\X
7 x L X
L\ “‘\X Excitation L “‘\X
a1 Sl
7 x L X

b Key properties of a representative photoredox catalyst

7 ® Maximum absorption at 375 nm (visible light)
N ® Single-electron-transfer catalyst
* Effective oxidant and reductant
® Triplet energy of 56 kcal mol~!
® Long-lived excited state (r=1.9 us)
I
N
Reductant -
[r—-
E1/2|v/'m 1 4
=-1.73V
= == Ir(ppy)s*
375nm
L vy T -1— pE—
MLCT E—
# ISC # o
T —1—
Ir(ppy)s “Ir(epy)s Oxidant #

Ground state Excited state

E, /z*m/u

4031V Ir(ppy)s™

Figure 1| Key features of transition metal and photoredox catalysis that provide access to elusive reactivity.

a| The reactivity of transition metal catalysts can be enhanced and modified using three key design principles: ligand
design, oxidation state modulation and catalyst excitation. b | The photophysical properties of photoredox catalysts allow
visible light-mediated access to excited species that behave as both an oxidant and a reductant, thereby providing
opportunities for the development of new chemical transformations. ISC, intersystem crossing; MLCT, metal-to-ligand

charge transfer; ppy, 2-phenylpyridine.

Change of oxidation state

The importance of the metal oxidation state in transi-
tion metal catalysis is well established. Indeed, it has long
been noted that the acceleration of several elementary
steps in coupling protocols can be observed on modula-
tion of the oxidation state of the metal catalyst. For exam-
ple, in a stoichiometric setting, Hillhouse and others
have demonstrated that oxidation of a metal centre can
vastly increase the rate of reductive elimination, thereby
allowing the rapid formation of C-N and C-O bonds®~.
More recently, these concepts have been exploited in
catalytic variants: for example, the Chan-Evans-Lam
reaction, in which oxidation of a copper intermedi-
ate enables a rapid reductive elimination step to forge
aryl-heteroatom bonds'"'%. Reductive elimination from
Cu(1) is itself sluggish, but reductive elimination from a
Cu(1n) intermediate, which can be accessed using read-
ily available and benign oxidants (such as atmospheric
oxygen), is facile. Indeed, Sanford and co-workers have
shown that this strategy of oxidation and subsequent
reductive elimination from Cu(11r) can also be used to
construct C(sp?)-F bonds using nucleophilic fluoride as
the fluorine source”, thereby providing a solution to the
long-standing challenge of C-F bond formation. As a
second example, Yu and co-workers have demonstrated
that oxidation of cyclometallated Pd(11) intermediates to

form Pd(1v) species can greatly accelerate C-C and C-X
bond-forming reductive elimination steps'*'®, which
have often been found to be problematic at Pd(1r) cen-
tres. Overall, these results are mechanistically consistent,
given that reductive elimination steps formally represent
an oxidation of the pendant substituent by the metal cen-
tre. As such, a metal centre that is in a higher oxidation
state would have a greater thermodynamic driving force
to participate in reductive elimination. Not surprisingly,
these findings have inspired a renaissance in high-valent
metal catalysis, which in turn has led to the development
of valuable new bond-forming reactions'”'s.

Excitation

The photophysical and photochemical properties of
metal complexes have been extensively studied for more
than 50 years". In fact, the properties of transition metal
species in their excited states have been exploited in
many important applications: energy storage***, organic
light-emitting diodes? and dye-sensitized solar cells®,
to name only a few. Interestingly, with the exception of
photoredox catalysis (see below)*, the invocation of the
excited state of a transition metal in organic transforma-
tions remains limited®-?. As a recent exception, Fu and
Peters have demonstrated that photoexcitation can be
exploited to achieve room-temperature Ullmann coupling
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of amines and aryl halides, a protocol that overcomes
the harsh operating conditions of traditional non-light-
mediated variants®. Mechanistic studies indicate that on
exposure to irradiation, the active copper catalyst can
more readily participate in a formal oxidative addition
step, rendering the transformation thermodynamically
feasible under ambient conditions. These findings have
triggered a resurgence of interest in identifying new
bond-forming processes that proceed via the intermedi-
acy of an excited state of a transition metal catalyst®*2.

The development of transition metal-catalysed
reactions continues to change the way that chemists
approach the construction of organic molecules. In this
context, photoredox catalysis has proved to be highly
effective in enabling catalytic access to high-energy
oxidation levels and electronically excited states of tran-
sition metal complexes. The ability of dual photoredox-
transition metal catalysis, termed metallaphotoredox
catalysis, to enable new mechanistic paradigms has only
recently been recognized. Many of these newly devel-
oped methodologies have been rapidly adopted by the
broader organic community.

Photoredox catalysis tutorial

Over the past century, photochemistry has aided the
development of a wide range of previously inaccessible
transformations in the field of organic chemistry. Broadly,
photocatalysis encompasses several mechanistic pathways
(for example, energy transfer and single-electron transfer
(SET)) by which photonic energy is converted into usa-
ble chemical energy*—. In recent years, a generic mode
of photocatalysis, termed photoredox catalysis, has been
rapidly developed and adopted by the organic chemis-
try community®**-*. In this mechanistic paradigm, a
light-absorbing catalyst can, on excitation, either remove
an electron from or donate an electron to an organic or
organometallic substrate. This SET event both facilitates
access to highly reactive radical species under excep-
tionally mild conditions and can effectively ‘switch on’
other catalysts that are non-functional in the absence of
a photocatalyst and visible light.

Interestingly, the most commonly used photo-
catalysts within the field of organic synthesis were
originally developed more than half a century ago for
synthetic inorganic applications such as water splitting®,
carbon dioxide reductions* and new solar cell materi-
als®. Despite a few early, yet seminal, reports on the
use of photoredox catalysis to forge organic bonds**-*°,
it is only relatively recently that this mode of cataly-
sis has seen widespread adoption. Near-simultaneous
reports from our laboratory®", the Yoon*? group and
the Stephenson® group helped to initiate interest in the
field of organic photoredox catalysis. Over the past ten
years, the application of photoredox catalysis to synthetic
organic chemistry has been reported by many research
groups, and a search of the Web of Science database for
the keyword “photoredox catalysis” (and derivatives)
leads us to a conservative estimate of more than 700
publications on this topic so far.

Key to the rapid development of this catalytic plat-
form has been the recognition that readily available
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metal-polypyridyl complexes and organic dyes have
unique electronic properties when promoted to an
excited state. More specifically, irradiation with low-
energy visible light (at wavelengths at which common
organic molecules do not absorb) allows targeted excita-
tion of these catalytic chromophores. For commonly
used metal-polypyridyl complexes, absorption cor-
responds to a metal-to-ligand charge transfer event in
which an electron is promoted from a non-bonding met-
al-centred orbital to the 7 system of the ligand frame-
work (FIC. 1b). Subsequent intersystem crossing leads to
the formation of a long-lived triplet excited state. In this
configuration, the catalyst possesses both a high-energy
electron in a ligand-centred 7* orbital and a vacancy in
an orbital that is predominantly located on the metal
centre. As a result, these excited-state catalysts are simul-
taneously reducing and oxidizing, an unusual electronic
property that provides a powerful tool for the develop-
ment of new reactivity. Indeed, the excited state can
readily donate a high-energy electron from the ligand
7* orbital (function as a reductant) or accept an elec-
tron into the low-energy metal-centred hole (function
as an oxidant). Moreover, the resultant reduced or oxi-
dized catalyst retains a strong thermodynamic driving
force to return to the original oxidation state. As such, a
second electron-transfer event can occur, thereby ena-
bling access to transformations that are redox-neutral
in nature. Importantly, the well-defined relationship
between the structural characteristics and redox proper-
ties of the photocatalyst allows for the rational design of
these catalysts by modification of the ligand framework
and the metal used.

Photoredox catalysis provides access to a distinct
reaction environment, with both oxidation and reduc-
tion of organic and organometallic species simultane-
ously possible. This duality stands in direct contrast
to traditional redox reaction manifolds, in which the
reaction conditions can be singly neutral, oxidative
or reductive. As such, this key feature has enabled the
development of a wide range of previously inaccessible
redox-neutral transformations that would be energeti-
cally unfeasible under non-irradiative conditions. One
interesting feature of the photoredox reaction manifold
is the ability to continuously regenerate the excited-state
catalyst. As a result, unproductive electron-transfer
events or quenching pathways may not lead to dimin-
ished yields as the photocatalyst can simply be re-excited
to the triplet state, albeit at the expense of the quantum
yield (ratio of photons absorbed per reaction turnover)
of the transformation. Recently, several groups have
noted that a small number of photoredox transforma-
tions proceed with quantum yields in excess of unity;
this indicates that each photon that is absorbed enables
more than one molecule of product to be formed, which
is consistent with a radical chain mechanism®.

One area of research that has been particularly fruit-
ful within the field of photoredox catalysis is its merger
with alternative modes of catalysis. These dual catalytic
platforms have attracted attention from many research
laboratories®*. Early publications in the area of organic
photoredox catalysis demonstrated the potentially
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diverse nature of this dual activation strategy through
the combination of photoexcited complexes with both
organocatalysts and Lewis acids®"**. More recently, the
application of photoredox to the field of transition metal
catalysis has received broad attention from the synthetic
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R

C(sp®)-Clsp?

b Proposed mechanism

) arylation

Vinyl halides Alkyl halides

C(sp3)-C(sp?) vinylation  C(sp®-C(sp?) alkylation

v

CO,H
2 I (2) Br
R R Oxidant
Carboxylic \ /
dcid Photoredox I (1) Aryl bromide
SET catalytic _
cycle //Y L,Ni® 5
/g\ SET
\ @)
Reductant
Nickel
|_ catalytic
L,Ni Br e L N|"

0

Cross-coupled

product Radical Coupllng
partner
¢ Oxidative radical generation for metallaphotoredox catalysis
| Molander | Goddard, Ollivier | Nishibayashi |
I I and Fensterbank | i
] I I R R I
I 1 1 1
I I I I
I I I I
| R : R - | EtO,C COsEt |
| AN | | ] |
‘ R BF,K ‘ R Si(cat),™ ‘ ‘
1 I 1 Me! N Me 1
1 1 1 H 1
I | | I
: Potassium ! Bis(catecholato) ! 4-Alkyl- !
: organoborate } alkylsilicate } 1,4-dihydropyridine }
Via: R : Q : /k
ol ! N R YFe
Alkyl radical : A ¢ Cless-EaEd

product

Figure 2 | Dual photoredox nickel-catalysed C-C bond formation through oxidative
radical generation. a | Photoredox-mediated decarboxylation of carboxylic acids
provides access to alkyl radicals that can engage in nickel-catalysed cross-couplings with
arange of electrophilic partners. b | Proposed mechanism for decarboxylative arylation
of aliphatic carboxylic acids. ¢ | Alkyl radical coupling partners can be oxidatively
generated from alkyl trifluoroborate salts, alkyl silicates and 4-alkyl-1,4-dihydropyridines.
Left to right, coupling partners described in REFS 77, 84, 89, respectively. cat,
catecholato; SET, single-electron transfer.

community and has enabled the development of many
useful new C-C and C-heteroatom bond-forming
protocols®®*. The purpose of this Review is to highlight
the key advances that have occurred in this new dual
‘metallaphotocatalysis’ area over the past decade.

Nickel metallaphotocatalysis

Nickel metallaphotocatalysis for carbon-carbon bond
formation. Over the past 50 years, the ability to rapidly
assemble molecular complexity has been greatly accel-
erated by the development of transition metal-mediated
cross-coupling methodologies. The landmark discov-
eries of Stille, Negishi, Heck and Suzuki have enabled
modular construction of complex molecules from read-
ily accessible fragments®. Since the inception of these
powerful transformations, considerable effort has been
dedicated towards expanding the repertoire of coupling
partners. Despite advances, the coupling of C(sp?) frag-
ments remains challenging. Nickel catalysis has provided
several elegant solutions to this challenge, in part owing
to the ability of nickel complexes to undergo facile oxi-
dative addition with alkyl electrophiles®’. Moreover,
the reduced capacity of nickel alkyl species to undergo
B-hydride elimination (compared with their palladium
analogues) prevents detrimental side reactions and
enhances the efficiency of C(sp*) coupling protocols®.

Expanding the toolbox of coupling partners for tran-
sition metal-catalysed protocols to encompass abundant
native functional groups (for example, C-H bonds) has
garnered considerable attention in recent years. Here,
photoredox-mediated radical generation has proved to
be an effective strategy for activating non-traditional
cross-coupling nucleophiles. Recently, we reported that
simple carboxylic acids can undergo visible light-medi-
ated oxidative decarboxylation to yield the corresponding
carbon-centred radicals®***. Given the well-established
ability of nickel to engage in SET and radical-capture
mechanisms®', we hypothesized that interfacing this
decarboxylation platform with nickel catalysis would
provide entry to a general C(sp?) cross-coupling mani-
fold (FIC. 2a). In collaboration with the Doyle laboratory,
we demonstrated the successful merger of nickel and
photoredox catalysis in the decarboxylative coupling of
carboxylic acids and aryl halides®. One potential mech-
anism for this dual catalytic protocol is shown in FIG. 2b.
Upon excitation of photocatalyst 1 by visible light, the
highly oxidizing species 2 can facilitate oxidative decar-
boxylation of a carboxylic acid to yield the corresponding
carbon-centred radical 4. Concurrently, Ni(0) complex
5 can undergo oxidative addition with an aryl halide to
give a Ni(11)-aryl complex (6), which can subsequently
trap the acid-derived radical 4, resulting in formation
of Ni(111) complex 7. Rapid reductive elimination forges
the desired C(sp*)-C(sp?) bond in the cross-coupled
product. Finally, the two catalytic cycles are simultane-
ously closed via a SET event between Ir(11) species 3 and
Ni(1) complex 8.

This general catalytic platform enables readily avail-
able carboxylic acids to be used in place of conventional
organometallic reagents. Benzylic, a-amino and a-oxy
as well as simple alkyl carboxylic acids have all been
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demonstrated as competent substrates. Moreover, the
outlined decarboxylative arylation can be rendered
asymmetric through the use of a chiral nickel catalyst.
Together with the Fu group, we disclosed a highly effi-
cient asymmetric protocol which furnishes the desired
benzylic amines with good levels of enantioselectiv-
ity®”. Exploration of the electrophilic coupling partner
revealed that vinyl halides are also compatible with
this dual catalytic platform, and the desired vinylation
products are obtained in good yields®. In addition to
providing new approaches to C(sp*)-C(sp?) coupling,
the merger of nickel and photoredox catalysis has also
begun to address the long-standing challenge of alkyl-
alkyl coupling. The distinct compatibility of nickel catal-
ysis and C(sp?®) coupling has been demonstrated through
development of a decarboxylative cross-coupling proto-
col between alkyl halides and carboxylic acids®. Here,
the combination of nickel and photoredox catalysis pro-
vides a complementary approach to current alkyl-alkyl
coupling technologies, which are often accomplished
through the use of organometallic nucleophiles™.

Photoredox-mediated oxidation of carboxylate
groups has recently been explored as a general strat-
egy for activation of native functional groups via
CO,-extrusion®. In the context of metallaphotoredox
catalysis, this mode of activation has been successfully
applied to a range of coupling protocols, including the
synthesis of aryl and aliphatic ketones. In a mechanis-
tically analogous manner to carboxylic acids (FIG. 2b),
keto acids can be used as the nucleophile coupling
partner to yield diverse ketone products through gen-
eration and trapping of the corresponding acyl radical
species’. An alternative CO,-extrusion-recombination
strategy enables the conversion of mixed anhydrides
to ketones’. Here, dual nickel photoredox catalysis
allows the Tsuji-Saegusa decarboxylative coupling
platform to be expanded beyond the classical scope
of allylic and benzylic esters”>”*. Notably, the requisite
anhydrides can be readily generated in situ from car-
boxylic acids and acyl chlorides, eliminating the need
for isolation of these moisture-sensitive compounds.
Photoredox-mediated decarboxylation has also been
applied to the challenging goal of C-O bond activation
and functionalization. Alcohols, a ubiquitous native
functional group, can be activated towards C-O bond
cleavage through double decarboxylation of the corre-
sponding, readily accessible oxalate salts”. Accordingly,
combination of this activation mode with the metal-
laphotoredox platform provides a general strategy for
C-C cross-coupling of alcohols via oxalate generation.
Indeed, our laboratory recently reported that a wide
variety of primary and secondary alcohols can be used
as radical precursors for C(sp?)-C(sp?) cross-coupling
with (hetero)aromatic bromides”.

Concurrent with our initial report that outlined
the metallaphotoredox decarboxylative arylation®,
Molander and co-workers disclosed a dual nickel pho-
toredox protocol that used benzyl potassium trifluorob-
orate salts as radical precursors” (FIC. 2¢). Although
Suzuki-Miyaura cross-coupling with potassium trif-
luoroborate salts represents a pre-eminent technology for
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C(sp?)-C(sp?) coupling, the slow rate of transmetallation
of alkyl trifluoroborate salts has hindered development
of a generally applicable C(sp?)-C(sp?) bond-form-
ing protocol. It was hypothesized” that generation of
carbon-centred radicals through SET-mediated acti-
vation of the corresponding alkyl trifluoroborate salts
would circumvent the long-standing challenge of slow
two-electron transmetallation. Indeed, the combina-
tion of a nickel catalyst and an iridium-based photo-
catalyst enabled efficient cross-coupling of benzylic
trifluoroborates and aryl halides. Following this report,
it was demonstrated that this coupling paradigm is also
amenable to a-amino’®, a-oxy” and secondary alkyl cou-
pling partners®. In addition, the synthesis of ketones has
been achieved by using acyl chlorides as the electrophilic
coupling partner®.

It is worth noting that the dual nickel photoredox
manifold is not limited to the use of iridium-based and
ruthenium-based photocatalysts; organic donor-acceptor
fluorophores have emerged as competent alternatives®.
In particular, 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyano-
benzene (REF. 83) was demonstrated as a highly efficient
photocatalyst for both the decarboxylative arylation
methodology and the trifluoroborate coupling manifold
described above®.

A common feature of the outlined nickel metallapho-
toredox methodologies is generation of the nucleophilic
radical coupling partner by single electron oxidation.
Alternative oxidative radical generation strategies can
be readily incorporated into this cross-coupling mani-
fold. Goddard, Ollivier and Fensterbank reported that
potassium alkylbis(catecholato)silicates undergo oxi-
dation in the presence of an iridium photocatalyst and
visible light to yield alkyl radicals and can be used as
coupling partners for nickel-catalysed C(sp*)-C(sp?)
bond-forming reactions* (FIC. 2¢). In separate reports, the
Molander group demonstrated that the metallaphotore-
dox cross-coupling of ammonium alkylbis(catecholato)
silicates with aryl or vinyl halides shows broad functional
group tolerance and high efficiency®*. Perhaps the most
notable feature of this system is the ability to generate
carbon-centred radicals under neutral or slightly acidic
conditions. The extremely mild reaction conditions
allow coupling of silicates that have unprotected amine
functionality — a notoriously problematic motif for
transition metal-catalysed cross-couplings. Interestingly,
Nishibayashi and co-workers recently demonstrated that,
under the influence of visible light photoredox catalysis,
4-alkyl-1,4-dihydropyridines provide access to carbon-
centred radicals®’. Before this report, 1,4-dihydro-
pyridines had been widely used as hydride donors but
had found limited use with respect to the generation
of carbon fragments®. In a similar manner to the pre-
viously discussed C-C bond-forming technologies,
Nishibayashi* and Molander® have demonstrated that
this oxidative radical generation strategy is compatible
with the dual photoredox nickel cross-coupling plat-
form. Mechanistic studies® suggested that radical capture
occurs before oxidative addition, as no product forma-
tion was observed when a preformed Ni(11)-aryl complex
was subjected to the optimized reaction conditions.
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The mechanism of many of these dual nickel photore-
dox-catalysed C-C bond-forming protocols has not yet
been unambiguously established, and the Ni(0)-Ni(1r)-
Ni(111)-Ni(1) cycle shown in FIC. 2b represents one poten-
tial pathway. An alternate Ni(0)-Ni(1)-Ni(111)-Ni(1)

a Photoredox, HAT and Ni-catalysed C-H arylation
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Figure 3 | C-H arylation by dual nickel photoredox catalysis. a | Proposed catalytic
cycle for the photoredox nickel-catalysed functionalization of a-heteroatom C—H bonds;
this reaction proceeds by means of a hydrogen atom transfer (HAT) event, mediated by
an amine radical cation®’. b | Nickel-catalysed C-H functionalization by means of
chlorine radical hydrogen abstraction is proposed to proceed through photoelimination
of a halogen radical from a Ni(in)-halide complex upon exposure to visible light®. cod,
cyclooctadiene; 4,7-dOMe-phen, 4,7-dimethoxy-1,10-phenanthroline; dtbbpy,
4,4'-di(tert-butyl)-2,2"-bipyridine.

cycle has been proposed”. Density functional theory
calculations provide support for this alternative mech-
anism, although it should be noted that these calcula-
tions relate specifically to the cross-coupling of stabilized
benzylic radical coupling partners®. It is likely that the
exact sequence of steps (radical capture then oxidative
addition, or the alternative) depends on the identities of
both the electrophilic and nucleophilic coupling partners.

The direct cross-coupling of unactivated C-H bonds
poses an extremely desirable, but challenging, goal for
synthetic chemists. Recent studies have established pho-
toredox catalysis as a powerful tool for the generation
of radicals from native functional groups (such as car-
boxylic acids and alcohols), and this platform has been
expanded to encompass neutral and hydridic C-H bonds
through hydrogen atom transfer (HAT) catalysis. In our
initial metallaphotoredox publication with the Doyle
group, direct C(sp*)-H arylation of dimethylaniline was
described via an oxidation-deprotonation sequence for
radical generation®. This concept has been expanded
by Doyle and co-workers and applied to a wide range of
N-aryl amines®. In an effort to dissociate the capacity for
C-H functionalization from the oxidation potential of
the substrate, we recently targeted the development of a
general, selective C-H coupling manifold through the use
of a HAT catalyst. Here, it was found that highly electro-
philic tertiary amine radical cations selectively abstract
hydridic C-H bonds to yield carbon-centred radicals®.
Incorporation of the outlined HAT activation mode with
metallaphotoredox resulted in the development of a triple
catalytic reaction platform that enables the selective aryl-
ation of electron-rich C-H bonds®. The proposed mech-
anism for this arylation protocol is depicted in FIC. 3a.
Initially, 3-acetoxyquinuclidine (9) undergoes oxidation
by the excited photocatalyst to yield amine radical cat-
ion 10. Under the polarity match-mismatch paradigm®,
hydrogen abstraction with electrophilic radical 10 is
selective for the most hydridic site on N-Boc-pyrrolidine
(11), affording a-amino radical 12. Concurrently, Ni-aryl
complex 14 is generated and can rapidly trap the a-amino
radical, resulting in formation of Ni(111) species 15. Facile
reductive elimination then furnishes the desired benzylic
amine product. Finally, turnover of both the nickel and
photoredox catalytic cycles is completed by a SET event.
A wide variety of aryl halides and a-amino C-H nucleo-
philes were tolerated in this HAT metallaphotoredox
platform. Additionally, a-oxy and benzylic C-H arylation
was feasible using this coupling protocol.

In addition to amine radical cations, halogen radicals
have been demonstrated as competent HAT reagents
for nickel photoredox-mediated a-oxy C-H aryla-
tion®® (FIC. 3b). More specifically, Doyle and co-work-
ers reported that aryl chlorides can function as both
the electrophile coupling partner and an in situ source
of halogen radical in this metallaphotocatalysis mani-
fold*. Generation of a chlorine radical is proposed to
occur by a sequential ‘two-photon capture’ mechanism
that involves photocatalyst-mediated oxidation of a
Ni(11)-aryl-chloride complex to deliver a Ni(111) species.
This is followed by visible light excitation of the high-
valent Ni(111) complex, thereby promoting extrusion
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of a chlorine atom. Arylation of the C-H nucleophile
occurs via HAT with the halogen radical and subsequent
rebound of the C(sp?)-radical species to the Ni(1r)-aryl
complex. Mechanistic studies® revealed that the extru-
sion of a chlorine radical from the Ni(11)-aryl-chloride
complex requires both an oxidant and visible light.
These observations support the proposed mechanism
and are consistent with studies by Nocera and co-work-
ers regarding the extrusion of chlorine radicals from
Ni(111) trichloride complexes® . The outlined pro-
tocol is applicable to a wide range of aryl chlorides
and, although the C-H nucleophile coupling partners
were typically used as the reaction medium, prelimi-
nary studies indicate that good efficiencies can also be
achieved with only 10 equivalents of substrate. Notably,
simple unfunctionalized alkanes, such as cyclohexane,
were shown to be competent coupling partners, deliver-
ing the arylated products in moderate yield. Concurrent
with this report®, the Molander group'® established
that catalytic generation of bromine radicals (from the

Photoredox Ni-catalysed cross-electrophile coupling

Br. Br. L~
N 3
g '
(S

1 mol% Ir catalyst '
0.5 mol% NiCl,*dtbbpy

TTMSS, 34 W blue LEDS

Aryl bromide  Alkyl bromide C(sp3)-C(sp?)
product
Proposed mechanism
Halogen Br T™S,
abstraction JD D
Si—TMS
@Q U T™MS*™™ 0
Alkyl radical 24 Silyl radical 23
Il (2) Br- 21 (TMS),SiH
Oxidant\ ( =hlY
v SET
Visible \\> Br*
light Photoredox 22
catalytic I @)
I (1) GER Reductant
Silyl radical
cross-electrophile
coupling SET
Ni°L, L,Ni'—Br
17 20
\( g
Br catalytic B
cycle I|3r
L,,r}li”'-Ar 19
Aryl Alk
bromide
Pr
L,Nil'— Ar
18 Alkyl radical 24

Figure 4 | Cross-electrophile coupling mediated by a silyl radical. Dual photoredox
nickel-catalysed C(sp®)-C(sp?) cross-electrophile coupling between aryl bromides and
alkyl bromides is proposed to occur by silyl radical-mediated halogen abstraction from
the alkyl bromide coupling partner to generate the corresponding alkyl radical. SET,
single-electron transfer; TMS, trimethylsilyl; TTMSS, tris(trimethylsilyl)silane.

REVIEWS

aryl bromide coupling partner) allows development of a
similar a-oxy and benzylic arylation protocol, although
a mechanistically distinct pathway was proposed for
this transformation. Preliminary mechanistic studies
are consistent with the hypothesis that extrusion of a
bromine radical occurs from an electronically excited
Ni(11)-aryl-bromide complex that is generated through
energy transfer with the iridium photocatalyst.

Recently, our group sought to implement the dual
nickel photoredox catalysis platform in the develop-
ment of a cross-electrophile coupling between aryl
halides and alkyl halides'”". Here, a key design element
for promoting efficient hetero-coupling was differential
activation of the bromide coupling partners. Selective
activation of the aryl and alkyl bromide components
was accomplished through the synergistic behaviour of
a nickel catalyst and a photoredox-generated silyl rad-
ical species. As shown in the proposed mechanism in
FIC. 4, Ni(0) undergoes preferential oxidative addition
with the aryl halide to yield Ni(11)-aryl-bromide com-
plex 18. Luminescence quenching studies showed that
bromide (21) can be oxidized by the excited state of the
photocatalyst (2) to give bromine radical 22. Subsequent
HAT between 22 and tris(trimethylsilyl)silane yields the
corresponding silyl radical (23), and selective bromine
atom abstraction from the alkyl bromide then occurs
to deliver carbon-centred radical 24. The ‘activated’
aryl and alkyl bromide components (18 and 24) then
combine to deliver the desired hetero-coupled product
upon reductive elimination. The outlined cross-electro-
phile strategy was found to be applicable to a range of
structurally diverse aryl and alkyl bromides, and nota-
bly exhibited high efficiencies for both sterically encum-
bered tertiary alkyl bromides and medicinally relevant
heteroaromatic bromides.

Nickel metallaphotocatalysis for carbon-heteroatom
bond formation. The ability of metallaphotocatalysis to
mediate challenging, or previously elusive, bond con-
structions has been highlighted by recent publications
describing valuable carbon-heteroatom bond-forming
technologies. From a mechanistic viewpoint, several
reports in this area describe proposed reaction path-
ways that are centred on an oxidative radical generation
manifold, analogous to those discussed in the previous
section. Moreover, in a distinct mechanistic paradigm,
the excited photocatalyst has also been implicated
in direct modulation of the electronic configuration
of the metal centre through electron or energy trans-
fer. For example, our laboratory recently targeted the
nickel-catalysed coupling of aryl halides and alco-
hols. Although palladium-catalysed'**'®® and copper-
catalysed'™ etherification of aryl halides is well docu-
mented in the literature, analogous catalytic nickel-me-
diated transformations had not been reported. Seminal
studies by Hillhouse and others indicated that C-O
reductive elimination from Ni(1r)-aryl-alkoxide com-
plexes is unfavourable®”'. However, exposure of such
complexes to molecular oxygen resulted in produc-
tive ether formation, which suggests the involvement
of a hypervalent nickel species®. Given the capacity of
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photoredox catalysts to modulate the oxidation state of
organometallic intermediates (for example, the reduc-
tion of Ni(1) complexes to Ni(0); see FIG. 2b), and the
fact that C-heteroatom reductive elimination from
hypervalent nickel complexes has been observed®>', it
was hypothesized that the merger of nickel and photore-
dox catalysis could facilitate C-O reductive elimination
through oxidation of the intermediate Ni(11) complex 27
to a high-valent Ni(111) species (28)'" (FIC. 5a). Indeed,
in the presence of a photocatalyst, a nickel-bipyridyl
complex and visible light, a wide range of primary and
secondary alcohols underwent efficient coupling with
aryl halides'””. Notably, this protocol allowed direct
access to phenols by using water as the nucleophile.
Electrochemical studies indicated that oxidation of a
catalytically relevant bipyridyl-Ni(11)-aryl-alkoxide
complex by the photocatalyst is feasible!*”!%. Moreover,
exposure of this complex to the photocatalyst and vis-
ible light resulted in reductive elimination to produce
the desired aryl ether. Together, these observations lend
support to the intermediacy of a Ni(111) complex.
Transition metal catalysis promoted by visible light
photoredox catalysis, in which SET promotes vital ele-
mentary steps (for example, radical generation and
reductive elimination), has been established as a pow-
erful, highly predictable strategy over the past 6 years.
However, the concept of energy-transfer-mediated
organometallic cross-coupling has been little explored
for organic bond-forming reactions. Although elegant
examples from Fu and Peters*?*?, Nocera”, and Doyle*
demonstrate the feasibility of promoting organometallic
transformations by direct excitation of transition metal
complexes with ultraviolet or visible light, it was antic-
ipated that this approach would have limited generality
because of the inherent relationship between the coupling
partners used and the absorption cross-section of the cor-
responding organometallic species. As such, we recently
reported that light-harvesting photocatalysts (30) can
facilitate triplet sensitization of Ni(1r)-aryl-carboxylate
complexes (34) via an energy-transfer mechanism to pro-
mote the previously elusive cross-coupling of aryl halides
and carboxylic acids'® (FIG. 5b). Here, the use of a discrete
photosensitizer separates the roles of the transition metal
complex and the light-harvesting species — a strategy
that could provide a general platform for excited-state
transition metal catalysis'®'*-!!, Preliminary mechanis-
tic studies revealed that productive C-O bond formation
occurs in the absence of a photocatalyst, albeit at signif-
icantly reduced reaction rates, demonstrating that direct
visible light excitation of the metal species can occur.
During mechanistic investigations, several key experi-
ments provided support for the mechanism outlined in
FIG. 5b (versus an electron-transfer pathway). Namely,
higher reaction efficiencies were observed when photo-
catalysts with higher triplet energies and lower oxidation
potentials were used; C-O bond formation was observed
when a preformed Ni(1r)-aryl-carboxylate complex was
exposed to light (both with and without photocatalyst);
and cyclic voltammetry revealed that single-electron oxi-
dation of the Ni(11)-aryl-carboxylate complex by Ir(ppy),
(where ppy is 2-phenylpyridine) is thermodynamically

unfavourable. The outlined energy-transfer-mediated
C-O coupling protocol highlights a new, general strategy
for developing metallaphotocatalysis technologies and
further demonstrates the applicability of photocatalysis to
the field of transition metal chemistry. At present, it is dif-
ficult to predict a priori whether a given transformation
will proceed via an electron-transfer or energy-transfer
pathway. Detailed mechanistic analysis can provide
insight into the likely mode of catalyst activation and aid
in the development of the optimal catalyst system.

In addition to C-O cross-couplings, C-N bond-forming
protocols have also been developed through exploitation
of a metallaphotocatalysis manifold. Recently, our labo-
ratory collaborated with the Buchwald group and Merck
Research Laboratories in the development of a mild, vis-
ible light-promoted nickel-catalysed aryl amination''?
(FIC. 5¢, top). Although nickel-catalysed aminations have
been reported, these systems often require elevated tem-
peratures and/or strong bases'*'*, In the presence of a
photocatalyst and visible light, C-N bond formation could
be achieved at ambient temperature with a mild organic
base, 1,4-diazabicyclo[2.2.2]octane (DABCO). No exoge-
nous ligand was required under the optimized conditions,
and simple Ni(11)-halide salts promoted efficient coupling
of a wide range of primary and secondary amines. With
ligand design having a key role in the success of many
traditional organometallic transformations, including
palladium-catalysed aryl aminations'?, the realization of
this ligand-free metallaphotocatalysis system highlights
a complementary approach for enhancing the reactivity
of transition metal catalysts. The generality of this proto-
col was further examined by use of a chemistry informer
plate, a concept developed by Merck laboratories'®. Here,
catalysis conditions are screened against a library of com-
plex, medicinally relevant coupling partners (such as, aryl
halides and boronic acids) to allow rapid evaluation of
reaction applicability. The outlined photoredox amination
protocol successfully coupled piperidine with 78% of the
drug-like aryl halides that were included in the informer
plate, which represents one of the highest success rates
observed by Merck for an amination procedure.

Jamison and co-workers have also explored the dual
nickel photocatalysis framework in the context of C-N
coupling technologies'*'. More specifically, the synthe-
sis of indolines was targeted through an intermolecular
coupling of iodoacetanilines and terminal olefins (FIC. 5¢,
bottom). It was anticipated that photoredox catalysis
would facilitate oxidation of the intermediate Ni(11)-
alkyl-amido complex and, in turn, promote reductive
elimination to the desired indoline product in preference
to generation of Heck-type products that arise from det-
rimental B-hydride elimination pathways. Indeed, with
the addition of Ru(bpy),** (where bpy is 2,2’-bipyridine)
and visible light, nickel-catalysed indoline formation
proceeded in good-to-excellent yields across a range of
substrates'?! (FIC. 5c, bottom). Highly regioselective forma-
tion of the 3-substituted indoline products was observed
with both styrenyl and aliphatic terminal alkenes.
Stoichiometric studies and cyclic voltammetry on rele-
vant nickel complexes indicated that oxidation of Ni(1r)
to Ni(111) was required for productive C-N coupling.
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Figure 5 | Visible light-enabled Ni-catalysed C-X bond-forming reactions. a | Photoredox nickel-catalysed
etherification of aryl halides is proposed to proceed by oxidation of a Ni(i1)-alkoxide complex to a high-valent Ni(in)

species'””

and carboxylic acids'”

nickel-catalysed C-N cross-couplings, thereby providing access to aniline

. b| Formation of aryl esters can be accomplished through energy transfer-mediated coupling of aryl halides
. ¢| The introduction of a photocatalyst and visible light has been demonstrated to facilitate

112

and indoline'?! products. d | Cross-coupling

protocols for C=S (REFS 123,124)and C-P (REF. 125) bond formation have been developed using the metallaphotoredox
catalysis platform. CFL, compact fluorescent light; cod, cyclooctadiene; DABCO, 1,4-diazabicyclo[2.2.2]octane; dtbbpy,
4,4'-di(tert-butyl)-2,2-bipyridine; glyme, 1,2-dimethoxyethane.

The development of photoredox nickel-catalysed
methodologies for C-C bond-formation has primarily
relied on a mechanistic blueprint that involves oxidative
radical generation, organometallic radical capture and
reduction of an intermediate nickel species. This mecha-
nistic paradigm has recently been exploited in the design
of C-X cross-coupling protocols. In this scenario, the
combination of radical capture and oxidative addition
produces a high-valent Ni(111) species which, as outlined
in the direct oxidation state modulation strategy (FIC. 5a),
assists C-X bond formation. Johannes and Oderinde

reported a photoredox nickel-catalysed amination pro-
tocol that delivers diarylanilines from aryl halides and
primary aniline precursors'>. A wide variety of anilines
with different electronic properties can be used, but the
coupling of primary aliphatic amines proceeded with
low efficiency under these conditions. The proposed
mechanism involves the generation of an aminyl radical
by oxidation and deprotonation of the aniline nucleop-
hile, followed by trapping with a Ni(1) halide complex.
This metallaphotoredox strategy was also applied to the
thioetherification of aryl halides'” (FIC. 5d). In this report,
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concerted proton-coupled electron-transfer-mediated
thiyl radical generation is postulated. This mechanistic
proposal is supported by Stern-Volmer quenching stud-
ies and thiyl radical trapping experiments. Molander
and co-workers also reported a dual photoredox nickel-
catalysed thioetherification protocol, although thiyl radi-
cal generation is proposed to occur by an alternative HAT
mechanism'?. Single-electron oxidation of alkyl silicates
has been shown to deliver alkyl radicals (FIC. 2¢). This strat-
egy was used to deliver carbon-centred radicals that could
then undergo HAT with the thiol nucleophile to afford the
key thiyl radical coupling partner (FIC. 5d). The outlined
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silicate-HAT platform enabled the development of mild,
base-free reaction conditions and, consequently, excellent
functional group compatibility was observed. The out-
lined thioetherification methodologies enable coupling of
a wide variety of primary, secondary and tertiary thiols,
and, interestingly, high selectivity towards C-S coupling
was observed in the presence of reactive oxy and amino
functional groups. In addition, Lu and Xiao reported a
metallaphotoredox-catalysed C-P bond-forming proto-
col that is proposed to proceed through the generation of
a phosphorus-centred radical'®.

Palladium metallaphotocatalysis

The potential impact of combining light-harvesting
catalysts with transition metal catalysis was first rec-
ognized by Osawa in 2007. In this seminal report, the
inclusion of Ru(bpy),’* and irradiation with visible light
was noted to significantly accelerate palladium-catalysed
Sonogashira reactions''’ (FIC. 6a). Moreover, addition of
the photocatalyst obviated the need for a copper co-
catalyst, an additive traditionally used to aid activation
of the alkyne partner'?. The authors postulated that
photoexcited Ru(bpy),** facilitates oxidative addition, as
enhanced efficiencies were observed for challenging aryl
chloride substrates, but the precise mechanistic role of the
photocatalyst was not determined.

In 2011, Sanford and co-workers further investigated
the concept of merging photoredox and transition metal
catalysis, and a dual photoredox palladium catalyst sys-
tem was designed that enabled C(sp?)-H arylation of
2-arylpyridines with aryl diazonium salts'> (FIG. 6b).
Prior to this report, palladium-catalysed C-H arylation
protocols typically required the presence of strong oxi-
dants and/or elevated temperatures'?***. By merging
photoredox and palladium catalysis, the outlined C-H
arylation could be conducted at ambient temperature
and in the absence of strong external oxidants, thereby
providing greater functional group tolerance than would
be exhibited using traditional reaction conditions.

Perhaps more importantly, it was proposed'?’ that
the photocatalyst was implicated in both reductive rad-
ical generation and modulation of the oxidation state of
the palladium catalyst. These key mechanistic proposals
provided a blueprint for the design of alternative metal-
laphotoredox platforms and instigated significant growth
in the field. Specifically, Sanford hypothesized that con-
certed metallation-deprotonation of 2-phenylpyridine
(36) by Pd(OAc), (37) delivers palladacycle 38 (FIC. 6b).
Simultaneously, the excited ruthenium photocatalyst 42
can reduce aryl diazonium salt 44 to afford aryl radical
45 and dinitrogen upon fragmentation. The aryl radical
can then intercept palladacycle 38 to afford the Pd(11r)
intermediate 39. Subsequent oxidation of 39 by the Ru(11)
complex 43 generates a high-valent Pd(1v) species (40)
that undergoes rapid reductive elimination to yield the
arylated product. An alternative mechanism that involves
reductive elimination from Pd(111) and subsequent
oxidation of the Pd(1) species by the oxidized photo-
catalyst has been proposed and is supported by com-
putational studies'. Other palladium-catalysed C-H
functionalization protocols have been proposed to

10| ARTICLE NUMBER 0052 | VOLUME 1

www.nature.com/natrevchem

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Eosin Y*
OX|dant

proceed via a similar Pd(11r)-Pd(1) mechanism'*2.

Interestingly, when electron-deficient aryl diazonium
salts were coupled with 1-phenylpyrrolidin-2-one, high
yields of the C-H arylated products were obtained in the
absence of a photocatalyst. Here, it was postulated that
the palladacyclic intermediate (analogous to 38) could
engage in photoinduced electron transfer (PET) with
the aryl diazonium coupling partner. Indeed, the Che
lab recently reported that cyclometallated palladium(ir)
complexes can function as efficient photocatalysts on
exposure to visible light'*. Rueping and co-workers'*
have exploited the capacity of palladium catalysts (i) to
activate strong alkenyl and aromatic C-H bonds, and
(ii) to undergo photocatalyst-mediated oxidation state
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modulation, to develop a dual catalytic synthesis of
indoles from aromatic enamines (FIG. 6¢). The terminal
oxidant in this direct C-H olefination methodology is
molecular oxygen, further demonstrating that photore-
dox catalysis can aid the development of mild protocols
for transition metal-catalysed reactions, which typically
demand strong stoichiometric oxidants.

Intermolecular and intramolecular transition met-
al-mediated decarboxylative technologies allow simple
carboxylates to be used as coupling partners for valuable
C-C bond-forming reactions. Since the early work of
Tsuji and Saegusa”™”* on decarboxylative cross-coupling,
palladium catalysts have been widely used for these
transformations and, although many elegant strategies
have been developed by Gooflen and others'**, metal-
mediated decarboxylation of aliphatic carboxylates
remains challenging. Recently, our laboratory developed
a general catalysis platform for cross-coupling of aliphatic
carboxylic acids through the merger of photoredox and
nickel catalysis (FIC. 2a). Subsequently, the Wang group
demonstrated that the aforementioned photoredox-me-
diated decarboxylation strategy could be interfaced with
palladium catalysis to accomplish direct C-H acylation
of N-phenyl amides"**'*”. As depicted in FIC. 7a, the pro-
posed mechanism involves initial amide-directed C-H
activation to deliver palladacycle 46. Oxidative decarbox-
ylation of keto acid 52 by the excited organic photocata-
lyst 50 provides acyl radical 53. Palladacycle 46 intercepts
radical 53 to form a Pd(111) intermediate (47), which then
undergoes C-C bond-forming reductive elimination to
provide the acylated adduct and a Pd(1) species (48).
Finally, molecular oxygen facilitates closure of both cat-
alytic cycles through sequential single-electron oxidation
of the reduced photocatalyst (51) and Pd(1) complex 48
to regenerate photocatalyst 49 and Pd(11) catalyst 37.
The outlined decarboxylative keto acid activation mode

| N,
03" L::;d 47 and palladium catalysis was used by Fu and Shang to
\ / T - o cross-couple nucleophilic acyl radicals with aryl halides
SET catalytic }b — presumably in a mechanistically analogous manner to
/ \ At Ph s the previously discussed nickel-mediated protocol”-*.
H,0, «—2— 07" In an intramolecular setting, Tunge and co-workers
Pd'(OAd), LnPd“QO) established that photoredox catalysis can enable expan-
—— 5 \7/' 6 © sion of the classic Tsuji-Trost system to encompass new
activation and 9y substrate classes such as a-amino allyl esters'**!* (FIC. 7b).
decs;z%fi‘r’:gt"’e Here, radical decarboxylation overcomes the inherent

difficulties that are associated with anionic metal-medi-
ated decarboxylation of aliphatic acids, and the protocol
could be extended to allow intermolecular coupling of
amino acids and allyl carbonates. Xiao and Lu demon-
strated that C-H allylation of N-aryl amines could also be
achieved by interfacing photoredox-mediated oxidative
generation of a-amino radicals with palladium-mediated
m-allyl formation*'.
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©/ o N-Aryl amide
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Copper metallaphotocatalysis

Following on from pioneering work in the field of pho-
toredox palladium catalysis, the Sanford laboratory suc-
cessfully demonstrated that copper catalysis could also
be integrated into the metallaphotoredox manifold. The
key design elements outlined in the dual photoredox
palladium-catalyst system, namely reductive radical

Figure 7 | Visible light-enabled decarboxylative coupling using
metallaphotoredox catalysis. a | Photoredox-mediated acyl radical generation can
be merged with palladium-catalysed directed C-H functionalization to accomplish
C(sp?)-C(sp? cross-coupling®***’. b | Photoredox palladium-catalysed intramolecular
decarboxylative allylation is proposed to proceed through radical decarboxylation
from an intermediate palladium—carboxylate complex"%!*°, LED, light emitting diode;
SET, single-electron transfer.
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generation and oxidative modulation of the transition
metal oxidation state, were elegantly applied to the
development of a copper-catalysed trifluoromethylation
protocol™?. Selective trifluoromethylation strategies are
highly desirable because of the enhanced metabolic sta-
bility that is often exhibited by drug-like molecules that
are substituted with this functional group'*. As such,
this dual photoredox copper-catalysed methodology
provides a mild, efficient catalyst system for cross-cou-
pling boronic acids and perfluoroalkyl iodides'*
(FIG. 8a). In the proposed mechanism, the trifluorome-
thyl radical is generated through reduction of CE,I by
Ru(1) complex 54 (REF. 144), and, subsequently, this rad-
ical is trapped by a Cu(11) complex (55). The resultant
Cu(1r) species 56 can undergo transmetallation with
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Figure 8 | Formation of C-C and C-N bonds using dual copper photoredox
catalysis. a | Seminal studies demonstrated the feasibility of combining photoredox
and copper catalysis, with the photocatalyst mediating radical generation and
modulating the metal oxidation state'*2. b | Copper-catalysed Chan-Lam couplings
benefit from combination with photoredox catalysis, owing to enhanced catalyst
turnover efficiency'. ¢ | Photocatalytic copper-catalysed Ullmann couplings are

proposed to proceed through excitation of the in situ generated copper—carbazolide

complex!. SET, single-electron transfer.

the boronic acid (to form 57) and reductive elimina-
tion to furnish the desired trifluoromethylated product.
Finally, SET between the copper and photoredox cata-
lysts (58 and 42) closes both catalytic cycles. Although
the dual photoredox copper- and palladium-catalysed
methodologies that have been reported by the Sanford
group use similar key mechanistic principles, the dis-
crete transformations that are enabled by these catalyst
systems highlight the potential for developing a vast
array of highly valuable bond-forming methodologies
through creative manipulation of the core concepts of
metallaphotocatalysis.

Light-promoted copper catalysis — initiated either by
direct ultraviolet excitation or by photocatalyst-mediated
visible light sensitization — has recently gained consid-
erable attention in the context of carbon-heteroatom
bond formation. Chan-Lam cross-couplings represent a
powerful strategy for copper-mediated C-X bond forma-
tion, with molecular oxygen typically functioning as the
terminal oxidant. In this regard, Kobayashi'*® reported
a photoredox Chan-Lam procedure based on reaction
conditions previously described by Buchwald'* for the
coupling of aryl boronic acids and anilines (FIC. 8b). The
combination of copper and photoredox catalysis both
eliminated the requirement for a large headspace and
vigorous stirring (a practical constraint that is associated
with oxygen-mediated catalyst turnover) and expanded
the substrate scope to include electron-deficient aryl
boronic acids. As such, it was proposed'* that the role
of the photocatalyst is related to efficient turnover of
the copper catalyst, and photoredox-mediated gener-
ation of a high valent Cu(111) complex was tentatively
postulated. In a subsequent report, Kobayashi and
co-workers described a photocatalytic copper-medi-
ated Ullmann coupling for the synthesis of arylated car-
bazoles'" (FIC. 8¢). This visible light-mediated protocol
may proceed in a mechanistically similar manner to the
C-N couplings reported previously by Fu and Peters®;
here, irradiation by high-energy ultraviolet light is pro-
posed to initiate a SET pathway through excitation of an
in situ generated Cu-carbazolide complex. In the dual
catalytic, visible light-activated reaction, triplet sensi-
tization of a copper amide complex by energy transfer
from the photoexcited iridium catalyst is postulated'.
In the absence of mechanistic studies, alternative SET
and direct excitation pathways are also outlined as
potential reaction mechanisms. The activation of orga-
nometallic complexes by energy transfer from a visible
light-harvesting catalyst represents a little-explored, but
potentially powerful, strategy for developing challenging
transition metal-mediated technologies.

Gold metallaphotocatalysis

The application of photocatalysis to the field of transi-
tion metal cross-coupling has provided new strategies
for accomplishing traditionally challenging elemen-
tary mechanistic steps such as reductive elimination
(for example, electron-transfer or energy-transfer
activation of organometallic intermediates; see FIC. 5),
transmetallation (for example, radical generation from
alkyl trifluoroborate salts; see FIC. 2¢) and oxidative
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addition (see below). In this regard, metallaphotore-
dox catalysis can enable metal species that typically
engage in polar oxidative additions to partake in single-
electron radical capture mechanisms. For example,
Sanford reported that cyclometallated Pd(11) com-
plexes can intercept aryl radicals to afford Pd(111)-aryl
species'””. Glorius, Toste and others have employed this
radical capture strategy to design mild gold-catalysed
arylation protocols — desirable coupling processes
that typically require harsh oxidants. Although the
carbophilic Lewis acidic nature of Au(1) complexes has
enabled the development of a wide array of alkene and
alkyne functionalization technologies, a key challenge
has been to expand beyond hydrofunctionalization pro-
tocols to enable efficient terminal arylation'¥~'*". Here,
the difficulty of polar oxidative additions between Au(r)
species and aryl halides presents a key challenge'''%,
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Figure 9 | Oxyarylation and aminoarylation of alkenes through dual gold
photoredox catalysis. a | The challenge of generating Au(in)-aryl complexes through
polar oxidative addition can be overcome by photoredox-mediated aryl radical
generation/gold-trapping followed by single-electron oxidation. b | The merger of
photoredox and gold catalysis assists in oxyarylation of alkenes through generation of a
highly activated cationic Au(i)—-aryl complex™’. CFL, compact fluorescent light; SET,
single-electron transfer; Ts, tosyl.
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and photoredox catalysis has provided one solution for
addressing this issue (FIC. 9a). Under the dual photore-
dox gold catalysis manifold, reductive generation of aryl
radicals from aryl diazonium salts can provide rapid
access to Au(1r)-aryl species (61). Subsequent oxidation
of the Au(11) complex either by SET with the oxidized
photocatalyst or through a radical chain pathway'**'*
produces a Au(11r)-aryl complex that can readily engage
a variety of m-unsaturates. Recent stoichiometric stud-
ies by Glorius and co-workers support this mechanistic
proposal'®®. Importantly, this strategy disfavours proto-
deauration by installing the aryl group before substrate
complexation; assists in substrate activation by genera-
tion of a highly activated cationic Au(11r) complex; and
overcomes the challenge of unfavourable two-electron
oxidative addition through mediating an alternative aryl
radical trapping pathway.

The merger of photoredox and gold catalysis was
first reported by Glorius and co-workers in 2013
(REF. 157). Here, the outlined aryl radical capture strat-
egy facilitated highly efficient intramolecular oxyaryl-
ation and aminoarylation of alkenes (FIG. 9b). Selective
5-exo-trig and 6-exo-trig cyclizations provide access to
arylated tetrahydrofuran, tetrahydropyran and pyrroli-
dine ring systems. Although, in the initial publication,
aryl radical capture was tentatively proposed to occur
after Au(1)-mediated alkene cyclization, subsequent
computational and stoichiometric studies'*!**!** Jend
support to the mechanism outlined in FIG. 9b. As pre-
viously discussed, photoexcited ruthenium catalyst 42
facilitates reductive generation of aryl radical 45, and
the resultant oxidized Ru(111) species 43 mediates oxi-
dation of in situ generated Au(1r)-aryl complex 61. This
stepwise oxidative addition generates the key cationic
Au(1mr)-aryl complex 62, and intermediate 62 medi-
ates rapid cyclization of alkene substrate 59 to yield
the oxyaryl addition product upon reductive elimina-
tion. Notably, high diastereoselectivities were observed
when internal alkenes were used, consistent with
trans-selective oxyauration and stereoretentive reduc-
tive elimination from the Au(1r1)-alkyl-aryl complex.
In addition, this strategy could be expanded to accom-
plish intermolecular, three-component couplings of
alkenes, methanol and aryldiazonium (or diarylio-
donium) salts'*. Following on from this report, Toste
and co-workers demonstrated that dual photoredox
gold catalysis can facilitate arylative ring expansions
of allylic cyclopropanol and cyclobutanol precursors
to afford cyclobutanone and cyclopentanone scaffolds,
respectively'® (FIG. 10). In this report, the intermediacy
of the key cationic Au(11r) aryl species was postulated,
and preliminary mechanistic investigations provided
support for this hypothesis.

The dual photoredox gold catalysis platform is not
restricted to alkene functionalization protocols. Indeed,
Shin and co-workers reported the arylative cyclization
of tert-butyl allenoates to provide a range of structurally
diverse butenolides'. Interestingly, high efficiencies
could be achieved under both photoredox and thermal
conditions, and it was postulated that a radical chain
mechanism could be operative. It should be noted that
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recent chemical actinometry studies from the Glorius
group suggest that a radical chain mechanism could also
be operative in other dual photoredox gold-catalysed
processes'™. In the context of alkyne functionalization,
the groups of Glorius, Shin, and Alcaide have recently
reported arylative Meyer—Schuster rearrangements for
the efficient generation of a-aryl enones from propargyl
alcohols'®*'%*, Before these studies, the necessity of strong
oxidants for generation of the requisite Au(tr)-aryl
species limited developments in the area. These metalla-
photoredox protocols allow the synthesis of a variety of
tri-substituted and tetra-substituted enones, and, in many
cases, high E selectivity was observed. Expanding on this
alkyne functionalization platform, an arylative alkyne
hydration methodology has been developed by Glorius
and co-workers for the synthesis of a-aryl ketones'®.

In a recent report from Hashmi and co-workers, it
was demonstrated that arylative alkyne hydration'®*
could be accomplished in the absence of a photosen-
sitizer'®. By optimizing the light source and ligand
system on the gold catalyst, it is possible to effect this
transformation by using only the gold catalyst. In
this instance, it is likely that a gold complex that is
generated in situ can function as the photoreductant
in an analogous manner to the reactivity observed by
Sanford'” in the C-H arylation of 1-phenylpyrrolidin-
2-one with electron-deficient aryl diazonium salts
(photoactive cyclometallated palladium complexes facil-
itate reduction of the diazonium salts). It was proposed
that, subsequent to PET, the Au(11) species and the aryl
radical that are formed (following loss of dinitrogen)
recombine to deliver an Au(1ir)-aryl complex, which can
then engage an alkyne substrate as previously outlined.
This mechanistic hypothesis is supported by stoichio-
metric studies in which, in the presence of a bidentate
ligand, a Au(111)-aryl species could be isolated. The for-
mation of this Au complex indicates that photoexcitation
of a Au(1) species can induce stepwise SET oxidative

addition into aryl diazonium salts, a reaction that does
not occur without photoexcitation.

The diverse reactivity of Au(11r) complexes can be
exploited to establish a general platform for photoredox-
promoted coupling of aryl radicals. In this regard,
the Glorius and Toste groups concurrently reported
alternative strategies for accomplishing C(sp)-C(sp?)
cross-coupling with aryl diazonium salts '*>'%. Toste
and co-workers disclosed a catalyst system that promotes
arylation of alkynyl trimethylsilanes and this transfor-
mation is proposed to proceed by transmetallation from
the silane to the Au(1ir)-aryl species that is generated
in situ. Terminal alkynes are used as the C(sp)-coupling
fragment in the protocol reported by the Glorius labora-
tory, and a mechanistic pathway involving C(sp)-H acti-
vation by the Au(tr)-aryl complex is proposed. Notably,
in both cases, the mild, base-free conditions provide
access to a wide variety of diaryl-alkynes and aryl, alkyl-
alkynes. In addition, functional groups that are sensitive
to traditional Sonogashira palladium catalysis condi-
tions, such as aryl halides, are well tolerated. Hermange
and Fouquet'?’, and Lee'*® have subsequently reported
the application of this metallaphotoredox strategy to the
C(sp»)-C(sp?) cross-coupling of aryl boronic acids and
aryl diazonium salts. In addition to C-C bond-forming
technologies, Toste and co-workers recently reported the
dual photoredox gold-catalysed P-H arylation of alkyl
phosphonates'®.

The methodologies discussed in this section demon-
strate the benefits of merging photoredox catalysis with
traditional transition metal catalysis platforms. In the
context of gold catalysis, this combination enables
the development of mild redox-neutral protocols and
avoids the use of strong stoichiometric oxidants; reduces
unproductive protodeauration and homodimerization
pathways by promoting rapid generation of highly active
cationic Au(1r)-aryl complexes; and provides entry to
valuable new gold-catalysed transformations.
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Metallaphotocatalysis with other metals
Although current research in the field of metallaphoto-
catalysis has primarily focused on nickel, palladium,
copper and gold catalysis, the merger of ruthenium,
rhodium and cobalt catalysis has also been reported.
Photoredox catalysis can facilitate rhodium-catalysed
and ruthenium-catalysed C-H oxidative Heck technol-
ogies by mediating regeneration of the requisite active
catalysts. In the former case, Rueping and co-workers
showed that traditional super-stoichiometric copper
co-catalysts could be replaced with an iridium photo-
catalyst, molecular oxygen and visible light, to ena-
ble directed C-H olefination of aryl amides in good
yields'”. Following these encouraging results, this
strategy was subsequently applied to the development
of a photoredox ruthenium-catalysed protocol for the
ortho-olefination of phenols'”'. These methodologies,
in addition to the previously discussed palladium-
catalysed oxidative Heck protocol (FIC. 6¢), reveal
the capability of photoredox catalysts to modulate
the oxidation state of a diverse range of metals in the
presence of molecular oxygen.

Finally, mild cross-coupling hydrogen evolution
reactions were developed through the merger of cobalt
and photoredox catalysis. In 2015, a collaborative pub-
lication from the Wu and Lei laboratories revealed
that dehydrogenative C-S bond formation could be
achieved through the dual action of a photocatalyst
and a ‘proton-reducing’ cobaloxime catalyst'’2 Here,
benzothiazoles were generated in high yields from
thiobenzanilides, with hydrogen gas as the sole
by-product. Notably, this dual catalytic strategy avoids
the use of a stoichiometric terminal oxidant and has
provided a general strategy for achieving ‘acceptor-
less’ dehydrogenative protocols. The Wu group has
demonstrated that this dual catalysis strategy is use-
ful for a variety of C-C bond-forming reactions, such
as a-amino and a-oxy C-H functionalizations'”*-'77.
Lei and co-workers have exploited photoredox-medi-
ated alkene radical cation generation'”*'% to accom-
plish both dehydrogenative cross-coupling of alkenes
with alcohols and azoles'™ and anti-Markovnikov
oxidation of styrenes'®>. More recently, the Li group
have employed dual photoredox cobalt catalysis to
achieve acceptorless dehydrogenation of saturated
N-heterocycles'®. Interestingly, extrusion of multiple
equivalents of hydrogen could be accomplished and a
range of heteroaromatic products could be accessed,
including quinolines, quinoxalines, quinazolines,
indoles and benzothiazoles.

Conclusion and future directions

Over the past decade, visible light photocatalysis has
emerged as a powerful tool for accessing previously
challenging reactivity in organic chemistry. Selective
excitation of light-harvesting catalysts can promote
oxidative or reductive generation of versatile reactive
radical species under extremely mild conditions, and
often from abundant, bench-stable precursors. The
combination of photoredox catalysis with alternative
catalytic platforms allows capture of these radical

REVIEWS

species with a diverse array of organic and organome-
tallic coupling partners, and/or provides opportunities
for radical generation that are impossible with typical
photoredox catalysts alone. A dual catalytic platform
that has recently attracted great interest from the syn-
thetic community is the merger of photoredox and
transition metal catalysis. Here, photoredox catalysis
can offer exciting opportunities for the development
of transition metal catalysis — a well-established, but
constantly evolving, field of research. As mentioned
above, photoredox catalysis offers access to a broad
range of carbon-centred and heteroatom-centred
radicals, and these species have been used as nucleop-
hilic coupling partners in metallaphotocatalytic
transformations. Importantly, this feature enables
direct cross-coupling of abundant, native functional
groups (for example, carboxylic acids, C-H bonds and
alcohols) in place of typical organometallic coupling
partners, which often require multistep synthesis and
exhibit lower functional group tolerance. In addition,
the development of organometallic processes that pro-
ceed via a radical capture mechanism can overcome
inherently problematic two-electron oxidative addi-
tion (for example, aryl radical addition to Au(1) com-
plexes) and transmetallation (for example, alkyl radical
addition versus alkyl transfer from trifluoroborate
salts) steps.

The advantages of combining photoredox and tran-
sition metal catalysis extend far beyond the singular
aspect of radical generation. Photoredox catalysis
provides a unique reaction environment, as the light-
harvesting catalysts are simultaneously oxidizing and
reducing in nature. By contrast, transition metal-
catalysed protocols are typically oxidative, reductive or
neutral, and, consequently, the addition of a photocat-
alyst and light allows the development of redox-neutral
protocols that would be inaccessible under non-
irradiative conditions. Furthermore, photoredox catal-
ysis has been shown to mediate net oxidative processes
without the requirement for harsh stoichiometric oxi-
dants, using simply molecular oxygen as the terminal
oxidant. Perhaps most importantly, photoredox cata-
lysts can be of use in challenging mechanistic steps by
either direct modification of the oxidation state of the
transition metal via SET, or generation of excited-state
metal complexes through energy transfer. For exam-
ple, both of these activation modes have been used
to assist challenging C-X bond-forming reactions by
enhancing the capacity of metal complexes for reductive
elimination.

Over the past 6 years, the merger of photoredox and
transition metal catalysis has been demonstrated as a
highly versatile platform for the development of new
methodologies. By combining these individually power-
ful catalytic manifolds, synthetic chemists can strive to
achieve transformations that are not currently possible
using a single catalyst system. As such, we anticipate that
the field of metallaphotocatalysis will continue to grow
at a remarkable pace, providing the organic commu-
nity with new synthetic tools for streamlined access to
valuable chemical building blocks.
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