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ABSTRACT: We present here a review of the photochemical and electrochemical
applications of multi-site proton-coupled electron transfer (MS-PCET) in organic synthesis.
MS-PCETs are redox mechanisms in which both an electron and a proton are exchanged
together, often in a concerted elementary step. As such, MS-PCET can function as a non-
classical mechanism for homolytic bond activation, providing opportunities to generate
synthetically useful free radical intermediates directly from a wide variety of common organic
functional groups. We present an introduction to MS-PCET and a practitioner’s guide to
reaction design, with an emphasis on the unique energetic and selectivity features that are
characteristic of this reaction class. We then present chapters on oxidative N—H, O—H, S—H,
and C—H bond homolysis methods, for the generation of the corresponding neutral radical
species. Then, chapters for reductive PCET activations involving carbonyl, imine, other X=Y
n-systems, and heteroarenes, where neutral ketyl, @-amino, and heteroarene-derived radicals
can be generated. Finally, we present chapters on the applications of MS-PCET in asymmetric
catalysis and in materials and device applications. Within each chapter, we subdivide by the
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functional group undergoing homolysis, and thereafter by the type of transformation being promoted. Methods published prior to

the end of December 2020 are presented.
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1. INTRODUCTION TO MULTI-SITE
PROTON-COUPLED ELECTRON TRANSFER IN
ORGANIC SYNTHESIS

1.1. Background and Significance

Proton-coupled electron transfers (PCETs) are redox mech-
anisms in which both an electron and proton are exchanged,
often in a concerted elementary step.l_5 By virtue of
transferring an electron and proton together, PCET can
function as a non-traditional mechanism for homolytic bond
cleavage, formally adding or removing the elements of H® to or
from substrates of interest.”” PCET mechanisms play a key
role in many distinct areas of chemistry and catalysis. For
instance, familiar biological redox processes such as enzymatic
C—H oxidation,®” ribonucleotide reduction,'’ photosyn-
thesis,""'> and small-molecule metabolism all involve key
PCET steps.'” PCET is also prevalent in inorganic
technologies for the interconversion of important small
molecules such as O,/H,0, N,/NH,, and CO,/alkanes.”>”"*
Historically the use of PCET as a mechanism for bond
homolysis in organic synthesis has been less extensively
investigated. However, the past decade has witnessed
significant growth in this area, with organic chemists more
fully recognizing the ability of PCET to enable the direct
generation of free radical intermediates from numerous
common organic functional groups.”'*~"” This Review aims
to highlight recent progress in this area and to survey the
known applications of PCET in synthetic organic chemistry,
with a specific focus on photochemical and electrochemical
approaches. The following sections of the introduction will
give a brief description of the mechanistic features of PCET
reactions and the ways in which PCET has been implemented
to enable new methods for strong bond activation and catalytic
radical generation.

A critical aspect of free radical chemistry is the means by
which radical intermediates are generated from closed-shell
starting materials. The homolytic cleavage or formation of C—
H and E-H (E = N, O, S) bonds is a particularly attractive
approach, as reactive radicals can be accessed directly from
readily available starting materials without the need for
substrate pre-functionalization.'®"”  Accordingly, homolytic
bond activations are powerful synthetic methods, as

https://doi.org/10.1021/acs.chemrev.1c00374
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D) Representative MS-PCET approach to bond activation
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+ Generation of reactive radical intermediates
« Provides wide thermodynamic range for bond activation

« H-bonding provides a potential for selective catalysis

Figure 1. Limitations for (A) oxidative and (B) reductive HAT in synthetic chemistry. (C) BDFEs of common organic functional groups which
have been difficult to activate via HAT. (D) MS-PCET approach to homolytic bond activation and formation.

exemplified by the extensive use of hydrogen-atom-transfer
(HAT) reactions in the selective functionalization of aliphatic
C—H bonds."*™" While powerful, the scope of radical
generation via HAT is typically limited thermodynamically
by the range of accessible H-atom donors and acceptors.” The
position of HAT equilibria can be expressed as the difference
in the bond dissociation free energies (BDFEs) of the two
bonds to hydrogen that are undergoing exchange.”” To be
energetically favorable, the BDFE of the bond broken in the
reactants must be lower (weaker) than the BDFE of the bond
formed in the products. This simple requirement presents a
significant challenge to HAT activation of many common
organic functional groups, which would require either the
cleavage of exceptionally strong bonds, or the formation of
unusually weak bonds, to hydrogen. For example, the removal
of H* from the N—H bonds in N-alkyl amides (BDFE ~ 110
kcal mol)**** or the O—H bonds in aliphatic alcohols (BDFE
~ 105 kcal mol™')**? necessitates the use a H-atom abstractor
that forms an even stronger bond to hydrogen (Figure 1A).
Accordingly, even potent H-atom abstractors, such as the iron
oxo species of cytochrome P450 enzymes (O—H BDFE = 95
kcal mol™),*” are thermodynamically incapable of activating
those functional groups. Likewise, the addition of H® to an
aromatic ketone generates a neutral ketyl radical with an
exceptionally weak O—H bond (BDFE =~ 26 kcal mol™),"
requiring a H-atom donor with a similarly low bond strength
(Figure 1B). However, metal hydrides, which are often used as
catalytic H® donors, generally have M—H BDFEs > 50 kcal
mol™' as complexes with lower bond strengths tend to
spontaneously evolve H,.”” Conceivably, this requirement
can be overcome when an unfavorable HAT is then coupled
with a fast and irreversible exothermic downhill reaction of the
generated radical, but this is limited to specific circumstances.
In light of these limitations, general methods for the direct
HAT activation of many common functional groups have yet
to be reported (Figure 1C).

Over the past decade, a subset of PCET mechanisms have
emerged that address many of these thermodynamic
limitations."®*”~*" Multi-site proton-coupled electron transfer
(MS-PCET) involves the homolytic cleavage or formation of a
C—H or E—H bond by the transfer of an electron and proton
to or from completely independent reagents.”*>** In these
MS-PCETs, the electron and proton originate from two

2020

separate donors, or travel to two distinct acceptors (Figure
ID). In practice, this typically involves the use of separate
electron-transfer (ET) and proton-transfer (PT) re-
agents.s’l‘s"?’3 For oxidative MS-PCET, the combination of a
single-electron oxidant and a Bronsted base can act as a formal
H°® acceptor, while the combination of a single-electron
reductant and Brensted acid can act as a formal H® donor in
reductive MS-PCET reactions."”® By physically separating the
ET and PT reagents, MS-PCET mechanisms can span a much
wider thermodynamic range than is possible using conven-
tional platforms for HAT (vide infra), enabling much stronger
formal H-atom acceptors and H-atom donors to be
accessed.”"*

MS-PCET also offers orthogonal chemoselectivity from
what is typically observed via HAT. HAT chemoselectivity is
governed primarily by reaction driving force, polarity matching
effects, and reorganization energies.l’%35 In oxidative HAT,
this typically leads to selective homolytic cleavage of the
weakest or most well polarity-matched aliphatic C—H bond in
a substrate.”>*® MS-PCET involving concerted transfer of an
electron and proton instead requires preorganization of the PT
coordinate in a hydrogen-bonding complex between the
substrate and base (or acid) prior to the electron-transfer
(ET) event (Figure 1D).33’37 This requirement for non-
covalent pre-association allows for the selective homolysis of
stronger, polar functional groups in the presence of weaker
aliphatic C—H bonds, which are poor hydrogen bond
donors.””*®  Similarly, through pre-association with an
appropriate acid before ET, selective MS-PCET reduction of
imines and carbonyl groups can be achieved in the presence of
less polar olefins despite a strong thermodynamic bias for C—
H bond formation.'*"°

These unique features of MS-PCET (either concerted or
stepwise) provide a distinct and general method for the
catalytic generation of synthetically important free-radical
intermediates directly from a wide range of common organic
functional groups. This insight has gained traction in the
synthetic community over the past decade, and forms the
mechanistic basis for many of the synthetic methods
highlighted in this Review. The following sections of this
introduction will provide an overview on a number of topics
relevant to the design and implementation of MS-PCET
reactions in synthetic methods. First, we will describe the

https://doi.org/10.1021/acs.chemrev.1c00374
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thermodynamics of MS-PCET and how to successfully design
thermodynamically feasible bond activations. We will then
cover topics related to chemoselectivity in MS-PCET
reactions. Finally, we will briefly introduce photocatalytic and
organic electrochemistry methods, as these methods have
enabled the practical synthetic implementation of MS-PCET.
1.2. Thermochemistry of PCET Reactions

Knowledge of the governing thermodynamics is vital to the
successful design of PCET reactions. The thermodynamics of
PCET reactions are best described using the bond dissociation
free energy (BDFE) of the bond involved in the PCET step.">
Typically, BDFEs are evaluated using a thermodynamic square
scheme comprised of two readily accessible experimental
parameters: pK, values and redox potentials (E°) (Figure 2A).

A) Conventional BDFE of an E-H bond:

BDFE
E-H Ee He
E-H Ee H®
@OA\@ E° Cqy
. He
E-H Bond BDFE (kcal mol™) = 1.37 pK, (E-H) + 23.06 E%(E'/E") + Cy (1)

B) Effective BDFE of a MS-PCET reductant / acid pair:

. Effective BDFE @ el
Reductant Acid-H —— > Reductant  Acid He
. . © ®
Reductant  Acid-H Reductant  Acid H
&
@%C‘f/ E° C
O, Ve 9
Reductant  Acid He
Effective BDFE (kcal mol™') =1.37 (Acid-H) + 23.06 E°(Reductant/Reductant) + Cy (2)

C) Oxidative MS-PCET reaction thermodynamics:

MS-PCET

E-H + Base9 & Oxidant@ Ee« + Base-H + Oxidant

AG®pcet (keal mol!) = BDFE ey — Effective BDFE oxidantzase-H ) (3)

Figure 2. (A) Thermodynamic scheme describing the BDFE of an E—
H bond. (B) Thermodynamic scheme describing the effective BDFE
of a pair of MS-PCET reagents using the relevant pK, and E°. (C)
Example of how to determine the thermodynamic driving force for a
representative MS-PCET reaction.

In this scheme, the BDFE is defined as the energy required to
homolytically cleave the bond of interest, yielding a radical
intermediate and H®. It is often difficult to directly interrogate
the energetics of the homolytic reaction along the diagonal, but
the BDFE of a bond of interest can be calculated by a
combination of the free energy for deprotonation (pK,)
summed together with the free energies required to oxidize the
resulting conjugate base (E°) to a neutral radical and to reduce
proton to H*, C, (Figure 24, eq 1).”**"*

While combinations of MS-PCET reagents do not comprise
a physical bond, the relevant PCET thermochemistry can be
described using the same BDFE formalism (Figure
2B).>>*3*1%2 With the same combination of pK, and E°, the
effective BDFE can be calculated for a pair of MS-PCET
reagents (Figure 2B, eq 2). Remaining terms in these equations
act as conversion factors to convert pK, values, and electrode
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potentials measured in volts vs Fc*/Fc, to their corresponding
free energies at room temperature. For convenience, Cg =52.6
kcal mol™ in MeCN. For a further discussion on the derivation
of this equation, see Warren, Tronic, and Mayer.22 [Recently,
the literature accepted values of C, have been revised. Many of
the works discussed in this Review used the previous standard
values of C, in solving the Bordwell equation for the
calculation of both E—H bond BDFEs and reagent pair
effective BDFEs. This would lead to an overestimation in these
values of between +1.9 and +4.8 kcal mol-1. In this Review we
discuss the conclusions of the original research works without
correction but make this note such that readers are aware of
this recent revision. See reference 22b for a discussion.]
Oxidant and base combinations may act as formal H®
acceptors, while reductant and acid combinations may act as
formal H*® donors. Therefore, the effective BDFE of a single-
electron oxidant and base pair gives the strength of a
hypothetical bond which may be cleaved in a thermoneutral
reaction. Likewise, the effective BDFE of a reductant and acid
combination gives the strength of a hypothetical bond which
may be formed in a thermoneutral reaction. With the relevant
BDFE value of the substrate bond of interest, and effective
BDFE value of the MS-PCET reagent combination in hand,
the thermodynamic free energy change of a proposed PCET
reaction (AG°pcpr) can then be determined by the difference
in BDFE of the E—H bond to be activated and the effective
BDFE of the MS-PCET reagent combination (Figure 2C, eq
3). Therefore, the judicious choice of reagents allows the
researcher to design PCET reactions which are thermodynami-
cally favorable. By convention, more thermodynamically
favorable reactions are said to have greater thermodynamic
driving force. This design feature has been shown to be crucial
for the success of MS-PCET activations in a wide variety of
synthetically useful reactions.'®*”**

The BDFE formalism described above also reveals why it is
often difficult to design more reactive HAT reagents for
thermodynamically difficult bond activations. To generate a
more reactive molecular H® acceptor, one could make the
abstracting species a stronger one-electron oxidant. Alter-
natively, the reduced state of the H®* acceptor could be made a
stronger Bronsted base. Unfortunately, within a single
molecule, these two physical properties are interdependent
and inversely correlated.””** For example, the addition of
electron-withdrawing groups (EWGs) to a PCET reagent will
generate a more oxidizing reagent (more positive E°) but will
also lead to a compensating increase in acidity (lower pK,).
Analogous difficulties arise in the design of new reductive HAT
reagents, wherein any increase in the acidity of a H-atom
donor will be compensated in part by a correlated decrease in
the reducing power of the conjugate base.** As a result of this
thermodynamic compensation between pK, and E°, it is
difficult to design more powerful HAT reagents through
structural modification alone.

The physical separation of ET and PT reagents in MS-PCET
overcomes this intrinsic compensation. When the pK, and E°
of the PCET reagents are decoupled, each can be varied
independently and cooperatively through judicious choice of
reagents. For instance, a stronger Bronsted acid or a stronger
one-electron reductant can be employed to decrease the
effective BDFE. This type of modular construction allows for a
much wider thermodynamic range of effective BDFE values for
MS-PCET reagents. The expanded range of effective BDFEs
for MS-PCET can also allow for the previously difficult
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activation of exceptionally strong E—H bonds (BDFE > 100
kcal mol™") and the formation of extremely weak E—H bonds
(BDFE < 30 kcal mol™)."****% The abundance of pK,, E°,
and BDFE data available in the literature facilitates the rational
design of new PCET reagent combinations. We would direct
the reader to the useful literature on excited-state redox
potentials,**® redox potentials in organic solvents,”*>*%%7
and pK, scales in organic solvents.””"**’ Examples of both
excited-state and ground-state MS-PCET reagent pairs and the
corresponding effective BDFE values are given in Figure 3. In

Oxidative Multisite-PCET Pairs

Oxidant Base Eqpp (V) pKa Effective BDFE
[Fe'(bpy)s]** pyridine +0.70 12,5 87
“[Ru(bpy)a]?* acetate +0.39 23.5 96
*[Ru(bpz)s]?* lutidine +1.07 141 100

*[Ir"(dF(CF3)ppy)2(bpy)l* DMAP +1.04 18 103

*1-cyanonapthalene lutidine +1.50 141 110

Reductive Multisite-PCET Pairs

Reductant Acid Eqpp (V) pKa Effective BDFE

Cp,Co PhCO,H -1.34 215 54

Cp*,Co lutidinium —1.47 14.1 40

[Ru'(bpy)sl* pyridinium -1.71 125 33

[Ru'(bpy)s]* p-TsOH -1.71 8.6 27

*Ir(ppy)s (PhO),PO,H 2.1 13 24

Figure 3. Representative oxidative (top) and reductive (bottom) MS-
PCET reagents pairs and the corresponding effective BDFEs in kcal
mol™" using pK, and E,,, values vs Fc'/Fc in MeCN. *Denotes
photoexcited state complex as the oxidant / reductant.

the main body of this Review, we give E°, pK,, and BDFE
values provided by the original authors and from the available
literature, as they pertain to the specific synthetic method
under discussion.

An important limitation of the thermodynamic window
accessible by MS-PCET reagents is the potential for
incompatibilities between oxidant/base or acid/reductant
pairs.”” It is important to assess the oxidative stability of a
base in order to avoid unwanted ET events with the oxidant. In
addition, oxidants are often good electrophiles and bases good
nucleophiles which can lead to other unwanted polar side
reactions. Reductants and acids can also evolve molecular
hydrogen if the effective bond strength is low enough. These
incompatibilities can dominate the observed reactivity of MS-
PCET reagents at millimolar concentrations in organic
solvents. For example, the combination of ground-state
Fe(bpy);** and n-Buy,N*AcO™ provides an effective BDFE of
103 kcal mol™ in MeCN and could theoretically homolyze
similarly strong E—H bonds.’ In practice, these two
components rapidly react with one another at room temper-
ature, precluding any use in preparative chemistry.”’ As
discussed further in section 1.4 of this introduction, photo-
catalytic and electrochemical approaches to MS-PCET provide
a means to avoid many of these limitations.
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1.3. Chemoselectivity of MS-PCET Reactions

The chemoselectivity of PCET is strongly influenced by the
reaction mechanism.”"** As noted above, a PCET reaction
can proceed via either the stepwise or concerted transfer of an
electron and proton (Figure 4A).> For MS-PCET reactions,

A) PCET Reaction Pathways
PT

- -

N

€] @ © €]
E-H + B + Ox E + H-B + Ox

Concerted
ET PCET ET
ot €] .
E-H + B+ Ox ———— E + HB + Ox
PT
B)

>

=g

% concerted

PCET

o @
E-H + B + Ox

E'+B-H +Ox

reaction coordinate

Figure 4. (A) Square scheme representation of PCET mechanisms
available for the cleavage of an E—H bond. The stepwise transfer of
electrons and protons are shown on the edges of the square. The
concerted transfer of the electron and proton via concerted PCET is
shown along the diagonal. (B) Reaction coordinate of stepwise vs
concerted PCET mechanisms. Stepwise PCET generates high-energy
charged intermediates which are avoided in a concerted PCET
pathway.

the different stepwise pathways can lead to drastically different
chemoselectivities. For instance, an oxidative PT/ET mecha-
nism can predominate if an adequately strong base is chosen
such that a substantial equilibrium concentration of the
substrate conjugate base exists in solution. The conjugate
base form is thermodynamically much easier to oxidize than
the conjugate acid, and a PT/ET mechanism can predom-
inate.” Such a mechanism would show selectivity for more
acidic bonds. Likewise, a suitably strong oxidant which can
directly oxidize the substrate could favor an ET/PT type
mechanism, favoring activation of more electron-rich sub-
strates. A potential drawback of stepwise PCET approaches in
synthetic chemistry is the generation of high-energy
intermediates formed by initial ET or PT activation of a
substrate.”® Depending on the substrate, the reagents needed
to generate these species are sometimes harsh and are often
prone to incompatibilities described in the previous section.’’
Concerted PCET avoids the generation of these high energy
intermediates by delivering the electron and proton equivalent
in a single kinetic step.”” When both stepwise intermediates
are significantly high in energy relative to the reactants, a
concerted pathway will generally dominate, providing a
mechanism for cooperative substrate activation by the
oxidant/base or reductant/acid pair under conditions where
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neither partner is able to activate the substrate alone (Figure
4B).">>* In the main body of this Review, synthetic methods
which involved a concerted PCET step were explicitly
discussed to showcase this cooperative activation by the
separated reagents.

When a concerted PCET activation mechanism is favored,
the chemoselectivity of the PCET step is determined primarily
by the PCET thermochemistry and the involvement of pre-
equilibrium hydrogen bonding.ﬁ’52 The thermodynamic driving
force of a PCET reaction strongly influences its kinetics.””"
Generally, PCET reactions proceed at faster rates as they
become more exergonic.” HAT and MS-PCET reactions have
both been shown to follow this relationship, and often the
most exergonic PCET reaction will proceed at the fastest rate.
Because of this, MS-PCET chemoselectivity is strongly
influenced by the relative thermodynamic driving force of
the competing bond activation or bond-forming steps.”” This is
especially the case for HAT, where chemoselectivity is
dominated by the driving force, self-exchange rates, and
polar effects.’”**>> Despite the sharp distinctions made
between stepwise and concerted mechanisms for PCET, it is
important to note that these reaction pathways are often in
kinetic competition and can lead to important nuances in the
observed kinetic response to thermodynamic changes in the
PCET reaction."”>’

Pre-equilibrium hydrogen bonding involved in a concerted,
MS-PCET reaction allows for unique chemoselectivity which
departs §i%niﬁcantly from the reactivity trends observed for
HAT.®'>*! Termolecular reactions of the substrate, base, and
oxidant involved in a MS-PCET are inherently disfavored on
entropic grounds. Pre-equilibrium hydrogen bonding brings
the substrate and base together, and the resulting H-bonded
complex can then react with the oxidant. This effectively
reduces the molecularity of MS-PCET reactions and the
kinetic barrier height for the concerted PCET reaction (Figure
S). The constraint of H-bonding pre-organization provides a

© e e
B H OH B H OH E_\Fjo H B-H °*O H
0" a0 & O O

BDFE (O-H)
~ 105 kcal mol!
Good H-Bond Donor

Multisite

e ——

PCET

BDFE (C—HR
~ 93 kcal mof™!
Poor H-Bond Donor

« Hydrogen bonding selects for MS-PCET with polar bonds

« Enables contra-thermodynamic selectivity in bond homolysis

Figure S. Pre-equilibrium hydrogen bonding can provide kinetic
selectivity for homolysis of strong O—H bonds in the presence of
much weaker C—H bonds.

pathway to selectively homolyze only the stronger bonds to
hydrogen found in polar protic functional groups, such as
alcohols, in the presence of weaker aliphatic C—H bonds that
typically cannot form the requisite H-bonded complexes.””*"

In an analogous way, H-bond acceptor z-systems, such as
ketones and imines, can be targeted selectively in the presence
of less polar olefins despite a large thermochemical bias for C—
H bond formation (Figure 6).'>>* Pre-PCET H-bonding can
be important in other aspects as well. For example, formation
of the pre-PCET H-bonded precursor (and post-PCET H-
bonded successor) complexes can be a significant component
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of the thermochemistry for intermolecular proton—electron
transfer, particularly in the low driving-force regime, and
should not be neglected.””*° Pre-PCET H-bonding is also one
of the key factors that determine the chemoselectivity between
different substrates eligible for MS-PCET activation, for
instance N—H vs S—H activation.”" Similarly, post-PCET H-
bonding successor complexes (*K—H--B, Figure 6) present
intriguing opportunities to maintain non-covalent associations
with open-shell intermediates.’”*" This in turn has created
opportunities for MS-PCET to enable enantioselective
reactions of free radicals when chiral acids and bases are
employed as catalysts (see section 8).

1.4. Photocatalytic and Electrochemical Approaches to
PCET

Over the past decade, the emergence of photocatalytic and
electrochemical technologies in organic chemistry has greatly
facilitated the implementation of MS-PCET methods by
expandin§ the toolkit of compatible MS-PCET re-
agents.'¥"7*°75% The utilization of excited-state photo-
catalysts in MS-PCET methods provides low and transient
concentrations of potent one-electron redox equivalents while
avoiding potential incompatibilities between oxidant/base or
reductant/acid combinations.®*$72%% Similarly, the robust-
ness of electrode materials and modularity of electrochemical
methods has provided a number of new MS-PCET methods
employing soluble PT reagents interfaced with heterogeneous
electrode materials.*”*

Photocatalytic approaches to MS-PCET typically involve the
use of visible-light absorbing molecule which can perform ET
from a photoexcited state, combined with an appropriate base
or acid in solution.”'>*¥°"%* Upon irradiation of the
photocatalyst with visible light, an electron is promoted to a
high-energy orbital, forming a singlet excited-state com-
plex."”* In many cases, this initially formed singlet excited-
state complex undergoes rapid intersystem crossing to form a
long-lived triplet excited-state complex which can participate in
ET reactions on the time scale of diffusion. The resulting
excited-state complex has dual ET reactivity characteristics,
wherein it typically behaves as both a potent one-electron
oxidant and simultaneously a potent one-electron reductant.
The high-energy electron can transfer to a substrate, oxidizing
the photocatalyst in an oxidative quenching reaction. On the
other hand, the empty, low-lying orbital previously occupied by
the promoted electron can accept an electron from a substrate,
reducing the photocatalyst in a reductive quenching reaction
(Figure 7). Quenching of the excited state via either of these
ET reactions forms a ground-state redox product which is also
a potent ET reagent. Oxidative quenching produces a highly
oxidizing ground-state species, whereas reductive quenching
produces a highly reducing ground-state species. These
photoproducts can participate in further ground-state redox
chemistry to regenerate the original, ground-state photo-
catalyst.

While the use of sacrificial oxidants or sacrificial reductants
has been employed in a number of photocatalytic cycles of this
nature, photocatalytic PCET methods are often redox-neutral,
where the bond transformation is initiated by excited-state ET
to/from a substrate and terminated by the follow-up ground-
state ET to/from a downstream reaction intermediate. In this
fashion, the photochemical approach to MS-PCET provides a
wide range of one-electron redox reagents which can
participate in catalytic, redox-neutral homolytic activation
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Figure 6. Top: Reaction scheme for MS-PCET reduction of an aryl ketone to the corresponding ketyl radical. Bottom: Reaction coordinate
diagram highlighting the kinetic and thermodynamic importance of pre-equilibrium hydrogen bonding in MS-PCET.
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Figure 7. General schemes for substrate activation through (A) a
photocatalytic oxidative quenching mechanism and (B) a photo-
catalytic reductive quenching mechanism, for overall redox-neutral
transformations.

and functionalization of organic functional groups.'”** The use
of excited-state photooxidants and photoreductants also
ensures low concentrations of the reactive redox reagent,
mitigating decomposition related to nucleophilic/electrophilic
character of the separated reagents. If unproductive ET
between a base and an excited-state photooxidant does
occur, back electron transfer (BET) can return the two
components to their equilibrium positions. In addition, the
short lifetime of these photosensitizers allows any unreacted
excited states to relax back to the unreactive ground state
without decomposition.”° Finally, photocatalyst structures
can be modified to tune both the excited-state and ground-
state redox properties in order to enable the desired redox
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reactions.*®® Due to these benefits, many of the reported MS-
PCET methods in this Review rely on a photochemical or
photocatalytic approach to MS-PCET. We provide the
structures of the photocatalysts discussed in this Review in
Chart 1, and their relevant excited-state and ground-state redox
potentials are given in Table 1.

For similar reasons, electrochemical approaches to MS-
PCET have also seen noteworthy success.””*”** The robust-
ness and modularity of electrode materials impart a number of
advantages with respect to oxidant/base incompatibility.
Depending on the potential/current applied across the
electrochemical cell, the working electrode can directly act as
the oxidant or reductant in a MS-PCET step (Figure 8, top).
By tuning the applied potential, practitioners can exert
exquisite control over the species that are oxidized/reduced
in solution. Whereas species whose E, < Epjea (ie, less
positive) will be oxidized in an anodic reaction, species whose
Ereq > Eyppiiea (i€, less negative) will be reduced in a cathodic
reaction. For reversible redox processes, the applied potential
also controls the concentration of the reduced vs oxidized form
of a species. The concentration of redox intermediates can also
be controlled through constant current electrolysis conditions;
as the applied current becomes more positive, the concen-
tration of oxidized species also increases. When too much or
too little current is applied, however, undesired and/or no
reactivity is typically seen because the concentration of reactive
intermediates is too high or low, respectively, to facilitate the
desired reactivity.”” An alternative electrochemical approach to
substrate activation involves the use of soluble redox
mediators, (Figure 8, bottom) which can be used to shuttle
electrons and holes from the electrodes to substrates in
solution when the direct electrolysis kinetics are inefficient. An
important limitation to electrochemical separated PCET
processes is the evolution of molecular hydrogen via
cathode-mediated electrocatalytic proton reduction.*> As the
overpotential of proton reduction is low relative to other
cathodic processes, electrochemical methods for reductive MS-
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Chart 1. Structures of Photocatalysts Discussed in This Review”
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PCET reactions are quite rare; many electrochemical MS-
PCET processes feature oxidative transformations. In these
oxidative transformations, however, electrocatalytic proton
reduction is typically the compensatory electrochemical
reaction at the cathode.

1.5. Scope of This Review

This Review aims to provide a thorough accounting of MS-
PCET reactions implemented in organic synthesis through to
the end of calendar year 2020. In selecting appropriate
literature for this Review, we did not discriminate between
stepwise or concerted MS-PCET mechanisms and deferred to
the mechanistic conclusions made by the original authors of
each report. Synthetic methods involving conventional HAT
which do not also involve a MS-PCET step were excluded, as
HAT chemistry has been reviewed extensively else-
where.”>*>* The main body of the review is organized
by chapters on the bond undergoing oxidative homolytic
activation (N—H, O—H, S—H, C—H), or 7-system undergoing
reductive homolytic activation (C=0, C=N, N=N, and
other X=Y or heteroarene). Within each chapter, sections are
then defined by the specific functional group containing that
E—H bond undergoing homolysis. Subsections are then
organized to the nature of the transformation occurring from
the functional group under consideration, with material/
methods being presented chronologically within a specific
transformation. We have also included sections covering
asymmetric catalysis and materials functionalization via MS-
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PCET. Where necessary, subsections begin with a brief
overview of the scope to define exceptions to our overall
focus on MS-PCET. As discussed above, due to the recent
revitalization of photocatalysis and electrochemistry in organic
synthesis, the vast majority of the content of this Review
involves photocatalytic or electrochemical methods reported in
the past decade. We hope this Review will exhibit the breadth
and power of emerging MS-PCET methods in synthetic
chemistry and prompt additional future work in this area.

2. N-CENTERED RADICAL GENERATION FROM N-H
BONDS THROUGH PHOTOCHEMICAL AND
ELECTROCHEMICAL PCET PROCESSES

This section describes synthetic methods arising through the
formal homolysis of N—H bonds in a broad number of
functional groups mediated via PCET. We direct the reader to
the following additional reviews, where further methods for N-
centered radical generation—including those arising from
. . . . 89—100
prefunctionalized starting materials—are also discussed.

2.1. Transformations of Amides, Sulfonamides,
Carbamates, Ureas, Imides, and Sulfonimides

2.1.1. Intramolecular C—N Bond Formation through
Addition to Alkenes and Alkynes. 2.1.1.1. Photochemical
Reactivity. In the first proposed example of oxidative amide
N—H bond activation via a photocatalytic concerted PCET
manifold, Knowles and co-workers in 2015 demonstrated a
catalytic intramolecular carboamidation reaction of alkene-
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Table 1. Ground-State and Excited-State Redox Potentials for Photocatalysts Discussed in This Review

ground-state redox potentials

excited-state redox potentials

photocatalyst E°,(PC*/PC)*
[Ru(bpy);](PFe), ([Ru-1](PF),) +0.887%
[Ru(bpz);](PFy), ([Ru-2](PFy),) +1.487%
Ir(ppy); (Ir-1) +0.397%¢
Ir(dFppy), (Ir-2) +0.69%7
(Ix(ppy),(dtbbpy) |PFs ([Ir-3]PF) +0.83"%
(Ix(ppy),(bpy)]PFq ([Ir-4]PF) +0.87°4
[1r(dF(Me)ppy),(dtbbpy)PF, ([Ir-5]PF) +1.117°8
[1r(dF(CF;)ppy),(dtbbpy) JPF4 ([Ir-6]PF) +1.317°¢
[1x(dF(CF;)ppy).(bpy)]PF¢ ([Ir-7]PF) +1.387°
[Ir(dF(CF;)ppy),(4,4'-d(CF;)bpy) ]PF, ([Ir-8]PF,) +1.55%
[Ir(dF(CF;)ppy).(S,5’-d(CF;)bpy) IPF, ([1r-9]PF,) +1.56”
Eosin Y (EY) -
fluorescein (Fl) -
rose bengal (RB) -
N-Me Mes-Acr*ClO,” and N-Me Mes-Acr'BE,~
([Acr-1]ClO, and ([Acr-1]BF,) -
N-Ph Mes-Me,-Acr* ([Acr-2]BE,) -
N-Ph Mes-t-Bu,-Acr* ([Acr-3]BE,) -
methylene blue*Cl~ ([MB]CI) +0.750/%
4CzIPN +1.11%77
4DPAIPN +0.6557°
3DPAFIPN +0.92577
3DPA2FBN +0.86%77
DPZ +0.99750

E°4(PC/PC7)" E°, (PC*/*PC)~ E° 4(*PC/PC")"

—1.71564 —1.19%% +0.394

—1.18%°° —0.64%°° +1.072°5

_2.571),66 _2.1117,66 _0‘0711,66

—2.519 —1.82% 0.00%’

—1.89568 —1.34b8 +0.28558

_2_431»,46 _1.7911,46 +0.23b,46

—1.81%% —1.30%%¢ +0.5958

—1.75%8 —1.5968 +0.515°8

—1.64"° -1.307° +1.047°

—1.18% —0.89” +127%

—-1.07¥ —0.81% +1.30%

_1.4413,c,7l _1.49[),(:,72 +0.45b‘c,71

_1.60b,c,71 —1.641"C’72 +0.36b,c,72

_1.34b,c‘72 _1.4011,.;,72 +0‘47b,c,72

—0.93%73 - +1.70%/+1.50957374

—0.96%7% - +1.71578

—0.9757¢ - +1.70%7°

—0.685/45 —1.119/-1.06%5% +1.18%/+1.2205/%
b,78 b,77 b,78

—1.59% —1.56" +0.97"

—2.03%7 —1.90%7° +0.5257°

—1.97%7¢ —1.76%77 +0.72578

—2.30%877 —1.982877 +0.542877

—1.83b88 —1.55%%2 +0.530:81

“Potentials measured in V vs Fc*/Fc and measured in MeCN unless indicated. bConverted to Fc*/Fc from the reference electrode used in the
original report according to Addison and co-workers.*> “Measured in 1:1 MeCN:H,O. “From the singlet excited state. “From the triplet excited

state. "Measured in H,0. Measured in CH,Cl,.

Electrochemical Substrate Activation:

Direct electrolysis
Substrate H*

ET ET
Substrate’ +1/2 Hy
Mediated electrolysis

@ Substrate H*
G X §
@ Subs!rate+' +1/2 Hy
Anode Cathode

Figure 8. General schemes for substrate activation through direct and
mediated electrolysis.

tethered N-aryl amides, carbamates, and ureas with electron-
deficient olefins (Scheme 1)."°" The process was catalyzed by a
combination of [Ir(dF(CF;)ppy),(bpy)]PF, photocatalyst
([Ir-7]PF4) and n-Bu,N*(n-BuO),P(O)O~ Brensted base
co-catalyst under visible-light irradiation in CH,Cl, solution.
A scope of 24 examples was presented with yields ranging from
50% to 95%, including preparations of lactam (1.1),
oxazolidinone, cyclic urea (1.2), and thiourea heterocycles.
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Several examples of fused bicycles (1.3) and spirocycles (1.4)
were demonstrated. The method was also extended to the
functionalization of a D-glucal derivative to prepare the 3-
amino-C-glycoside 1.5.

The authors propose that this transformation proceeds via
photoexcitation of the Ir(III) photocatalyst to a long-lived
triplet excited state. The joint action of this photo-oxidant
(Ey), *Ir(1D)/Ir(11) = +1.32 V vs SCE in MeCN)'** and
Brensted phosphate base (pK, 13 in MeCN)'"" then
mediates the homolysis of the substrate N—H bond via
concerted PCET. This photo-oxidant/base pair provides an
effective BDFE of 97 kcal mol™!, approximately meeting the
requirement to homolyze the strong N—H bond of the N-aryl
amide substrates (e.g., for acetanilide, N—H BDE = 98.9 kcal
mol™' in DMSO).'” This neutral amidyl radical then
undergoes S-exo-trig cyclization onto the tethered substrate
olefin, before trapping with the electron-deficient olefin partner
in an intermolecular Giese-type reaction.'* Finally, reduction
of the a-acyl radical with the reduced Ir(II) complex (E,/,
Ir(I1) /Ir(I1) = —1.37 V vs SCE in MeCN)'"* generates an
enolate, which is protonated by phosphoric acid, yielding a
closed-shell product and regenerating both catalysts. The
authors conducted luminescence quenching experiments which
showed that the photocatalyst excited state was only quenched
by amide in the presence of phosphate base. Additionally, a
first-order dependence on base and amide substrate concen-
tration was observed in these studies. Parallel quenching

https://doi.org/10.1021/acs.chemrev.1c00374
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Scheme 1. Photocatalytic Alkene Carboamidation of N-Aryl Scheme 2. Photocatalytic Alkene Hydroamidation of N-Aryl

Amides through Concerted PCET (Knowles, 2015) Amides through Concerted PCET (Knowles, 2015)
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experiments with N—H and N—D isotopologues of the same b\{H
substrate amide revealed that ky/kp = 1.15, suggesting that we' e
homolysis of this N—H bond via PCET played a role in this
quenching process. This low kinetic isotope effect (KIE) was co-catalyst under visible-light irradiation was used in this
not unexpected as MS-PCET processes have been shown to report. A scope of 40 examples of catalytic intramolecular
involve small isotope effects.'”*>'*>™'%® Further mechanistic hydroamidation of N-aryl amides was demonstrated with yields
support for a PCET process came from CV studies, which ranging from 68% to 94%. The reaction tolerance for the N-
revealed that direct substrate oxidation (e.g., for the amide aryl group was expanded beyond that of the initial report of
substrate leading to 1.1, E;,*™ = +123 V vs Fc'/Fc in carboamination reactivity, including across a range of arenes
MeCN)'”" in the absence of exogenous base occurs at a and heteroarenes where change had little impact on observed
potential ca. 200 mV more positive than that of the Ir(III) reactivity. The intramolecular hydroamidation of several
excited state. Furthermore, the large pK, difference between complex substrates was demonstrated, including those derived
substrate amide (pK, ~ 32 in MeCN)'*" and phosphate base from cis-chrysanthemic acid (2.4), progesterone, and gibber-
(ApK,y =~ 20) renders a discrete protonation step prior to ET ellic acid (2.6).
unlikely. Together, these data provide evidence for a concerted An analogous mechanism of reaction initiation is presented.
PCET mechanism, as each individual PT or ET step is The joint action of the Ir(III) photo-oxidant and phosphate
prohibitively endergonic. base catalyst mediates oxidative concerted PCET activation of
The Knowles group also reported a photocatalytic intra- the amide N—H bond and formation of a neutral N-centered
molecular hydroamidation reaction of alkene-tethered N-aryl radical. Thereafter, S-exo-trig cyclization generates a C-
amides in 2015, proceeding through concerted PCET (Scheme centered radical which undergoes HAT with the thiophenol
2)."* This was achieved through the inclusion of a thiophenol co-catalyst to yield the closed-shell product. The resultant thiyl
co-catalyst to mediate HAT to the C-centered radical radical generated through this HAT step undergoes single-
generated from cyclization of the amidyl radical onto the electron reduction (E, ,* = —0.22 V vs Fc*/Fc in MeCN)''®
pendant olefin, yielding the closed-shell product. Thiols have mediated by the Ir(Il) state of the photocatalyst (E,,, Ir(IIl)/
been used extensively as HAT reagents in synthetic photo- Ir(Il) = —1.37 V vs SCE in MeCN)'%* to give thiolate and the
redox chemistry by Nicewicz and co-workers’”'%~"'* due to ground-state Ir(IlI) complex. Finally, PT between thiolate
their weak S—H bonds (e.g,, for thiophenol, S—H BDE = 79 (e.g, for thiophenol, pK,y = 10.3 in DMSO)'"” and the
keal mol™)'"® enabling fast and favorable HAT with C- conjugate acid of the Bronsted base catalyst (e.g., for
centered radicals. dibutylphosphate, pK, = 1.7 in H,0)"'® regenerates all three
Aside from the inclusion of thiophenol, the same catalytic additives.
combination of [Ir(dF(CF;)ppy),(bpy)]PF, photocatalyst This successful display of hydroamidation reactivity in this

([Ir-7]PF¢) and n-Bu,N*(n-BuO),P(O)O~ Brensted base work is somewhat surprising, in that thiols are also established
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substrates for MS-PCET, and that the S—H bond is ca. 20 kcal
mol™" weaker than that of the N—H bond of the amide
substrate.'”>''> This observation is an exception to earlier
kinetic studies of MS-PCET processes, which suggest that
abstraction selectivity should track with bond stren%ths and
react with weaker bonds preferentially.”>*”*"""*~"** One
would expect, based on this bond strength differential, that
thiol would rapidly quench the Ir(Ill) photo-oxidant and
inhibit the desired N—H bond activation. To better understand
this unexpected selectivity, an empirical rate law for quenching
of the Ir(Ill) photoexcited state was established through
competitive luminescence quenching studies for a model
hydroamidation reaction. The rate law derived from these
experiments displays a first-order dependence in amide 3.1 and
n-Bu,N*(n-BuO),P(O)O~ Bronsted base concentration, but is
zero-order in PhSH (3.2) concentration (Scheme 3). Experi-
ments in the absence of Bronsted base failed to quench the
Ir(IIT) luminescence.

Scheme 3. Observed Rate Law for Ir(III) Luminescence
Quenching in a Model Hydroamidation System (Knowles,
2019)

[Ir-7]PF¢ [Ir-7]PFg

(n-BuO),P(0)0~ (n-BuO),P(0)O~
Ph o Blue light irradiation )L Blue light irradiation
N7 TMe "N Me + pp"H ———— > pp>
Amide PCET H Thiol PCET
BDFEy_y; ~ 99 kcal/mol 1 2 BDFEgy ~ 79 kcal/mol

Experimental rate law for *Ir(lll) quenching:

d[ir(I1y4
= [amide]'[phosphate]'[thiol]°

dt

Seeking to further comprehend the observed chemo-
selectivity, the Knowles group in 2019 carried out a detailed
kinetic analysis of competitive amide and thiol activation via
PCET in the context of this hydroamidation reaction.”’ The
study determined hydrogen-bonding equilibrium constants
between substrates and n-Bu,N*(#n-BuO),P(O)O~ Bronsted
base as well as rate constants for PCET substrate activation.
Two different Ir(III) photo-oxidants were used in this
study—[Ir(dF(CF;)ppy),(dtbbpy) JPFs ([Ir-6]PFs, E,/, *Ir-
(111) /1r(11) = +0.89 V vs SCE in MeCN),”" and [Ir(dE(CF;)-
ppy)2(bpy) JPFs ([Ir-7]PFy, E, ), *Ir(1ID)/Ir(1l) = +1.32 V vs
SCE in MeCN).”" These catalysts provide two different
effective BDFE values when in combination with the same
Bronsted base—92 and 97 kcal mol™" respectively—in order
to vary the driving force for PCET bond activation. Four
different N-aryl amides and four aromatic thiols were studied,
which varied in their E-H bond BDFEs. This study showed
that although the rate constant for oxidation via PCET of both
amide (e.g., for acetanilide, kpcpr = 8.4 X 10° M™' s7') and
thiol (e.g, for thiophenol, kpcgr = 9.5 X 10° M~ s7%)
substrates in some cases approach the diffusion limit in this
solvent (k ~ 1 x 10" M~ 57" in 1,2-DCE),”” the amide (e.g.,
for acetanilide, K, = 1050 M™") forms a more favorable pre-
equilibrium hydrogen-bonded complex with the base com-
pared to the thiol (e.g, for thiophenol, K, = 200 M™").
Because pre-association of base and substrate is required to
facilitate ET, the observed chemoselectivity in this hydro-
amidation reaction is a result of the relative concentration of
the reactive H-bonded complexes in solution. Therefore, at the
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concentrations of amide and thiol relevant to the synthetic
hydroamidation reaction, the rate of amide activation out-
competes thiol activation by ca. 50:1, accounting for the
observed empirical rate law. This work also identified a
predictive model for reaction outcome of PCET-driven bond
activations in the presence of thiol co-catalysts as determined
by the interplay of bond strength differential and substrate-
base hydrogen-bonding equilibrium constants with PCET rate
constants.

The Nocera group in 2018 undertook a detailed mechanistic
study of this hydroamidation reaction with the aim to reveal
key insight to improve the quantum efficiency of the process
(Scheme 4)."** This study focused on the hydroamination

Scheme 4. Investigation into and Improvement of the
Quantum Efficiency of Photocatalytic Intramolecular Olefin
Hydroamidation (Nocera, 2018)
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reaction of two model N-aryl amide substrates. Quantum yield
measurements of the intramolecular hydroamidation of these
substrates were measured using ferrioxalate actinometry. A 4-
bromobenzamide substrate exhibited a quantum yield of 4.7%
in this hydroamidation reaction to yield 4.1. Under the same
conditions, a more electron-deficient 4-cyanobenzamide
substrate displayed a marginally improved quantum yield of
5.8% in the reaction to yield 4.2, reflecting that the
destabilizing effect of the electron-withdrawing nitrile on the
transient amidyl radical leads to a faster rate of cyclization.
This work revealed that for 4-bromobenzamide substrate
leading to 4.1, the rate of PCET activation of the N—H bond
was rapid (kpcpr = 5.2 X 10® M~ s7!), the low quantum
efficiency of the process was a result of rapid BET (kypr = 7.4
x 10° M~ s7') outcompeting the relatively slow forward
cyclization of the amidyl radical (k. = 2.4 X 10* M~! s7h),
instead returning the reactive intermediate to the closed-shell
starting material.

Given this finding, the group implemented a strategy to
improve the performance of these reactions through the
inclusion of a disulfide additive. It was postulated that this
could react with the transient N-centered amidyl radical to
form an N-thioamide, which would diffuse away from the
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reduced Ir(1I) complex, thereby impeding BET. The thioamide
could reversibly reform the amidyl radical through facile N—S
bond homolysis (for the N-thioamide formed in the
preparation of 4.1, AGy = 1.2 kcal mol™'; for the N-
thioamide formed in the preparation of 4.2, AG,. = 2.6 kcal
mol™') to permit more efficient forward cyclization as the
reactive amidyl radical is funneled to an intermediate where
BET is no longer viable. This strategy was successful, and the
quantum efficiency of the process in the presence of the
disulfide additive was increased to 11.9% and 20.0% for
products 4.1 and 4.2, respectively.

In a 2018 report, the Rueping group adapted these methods
to now enable intramolecular amido-alkynylation, amido-

alkenylation, and amido-allylation of olefins (Scheme 5).'**

Scheme 5. Olefin Amido-alkynylation, Amido-alkenylation,
and Amido-allylation of N-Aryl Amides with Sulfone
Reagents (Rueping, 2018)
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This transformation was achieved through the blue-light
irradiation of N-aryl amide-tethered olefins in the presence
of [Ir(dF(CF;)ppy),(bpy)]PFs ([Ir-7]PF) photocatalyst, a
stoichiometric quantity of n-Bu,N*(MeO),P(O)O~ Brensted
base, and inclusion of an alkynyl sulfone, alkenyl sulfone, or
allylsulfone reagent, respectively. In this work from Rueping,
19 examples of olefin amido-alkynylation were reported in
yields of 45—91% (5.1—5.3), alongside one example of amido-
alkenylation (5.4) in 46% yield, and one example of amido-
allylation (5.5) in 53% yield. The reaction was tolerant of
varjation in electron demand of the N-aryl group and
permitted cyclization to form lactam, oxazolidinone, and cyclic
urea products. The scope also permitted the introduction of
several different arylacetylenes.

This method is proposed to initiate analogously to that of
Knowles and co-workers, through oxidative N—H bond
homolysis via PCET and subsequent S-exo-trig cyclization
onto the tethered olefin.*”'*" Intermolecular radical addition
into the sulfone reagent then results in distal C—C bond
formation before elimination and extrusion of phenylsulfonyl
radical. This radical can be readily reduced (e.g., for sodium
benzenesulfinate, E,,,™ = —0.37 V vs SCE in MeCN)'*® by the
Ir(II) state of the photocatalyst (Eyjp I(1II)/Ix(11) = =137 V
vs SCE in MeCN).'*” The addition—elimination reactivity of
these reagents with carbon centered radicals was originally
reported by Nozaki.'” More recently, these reagents have
been widely utilized for alkynylation and alkenylation in the
context of photoredox catalysis since simultaneous reports
from MacMillan and Inoue in 2014.””7'** In this example,
stoichiometric quantities of Bronsted base are required to drive
an efficient reaction, presumably due to the unfavorable
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equilibrium between the phosphoric acid (e.g, for dibutyl
phosphate, pK, = 1.7 in H,0)"'® and sulfinate (e.g, for
benzene sulfinate anion, pK,; = 3.5 in H,0)""” waste product
of the sulfone reagent.

In a 2019 report, Molander and co-workers reported a
procedure for the amido arylation of N-aryl amide-tethered
alkenes and aryl bromides, jointly mediated by a combination
of [Ir(dF(CF,)ppy),(bpy)]PFs photocatalyst ([Ir-7]PF), n-
Bu,N*(n-Bu0),P(0)O~ Brensted base additive, and a Ni(II)
complex under blue-light irradiation (Scheme 6)."*” Under the

Scheme 6. Merger of Homolytic N—H Bond Activation
through PCET and Ni-Catalysis Enables the Amido-
arylation of Alkenes (Molander, 2019)
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optimized reaction conditions, a wide range of substituted
alkenes underwent amidoarylation, including 1,1- and 1,2-
disubstituted olefins 6.1 and 6.5, respectively. While
trisubstituted alkenes were effective substrates in the carbo-
and hydroamidation protocols of Knowles,*'%" there are no
such examples reported here. In addition to N-phenyl amides,
N-heteroaryl amides could be activated with this combination
of photo-oxidant and Brensted base. While most of the scope
employed electron-deficient aryl and heteroaryl bromides (6.1,
6.2), the authors demonstrated that electron-rich aryl and
heteroaryl bromides were also competent coupling partners
(6.3, 6.4). Finally, it was shown that alkenes bearing pendant
urea and carbamate functionalities were competent reaction
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partners, generating synthetically useful products, including an
anomeric C-aryl glycoside (6.5, 6.6).

This reaction is proposed to proceed via the oxidative PCET
homolysis of the N—H bond of the N-aryl amide substrate to
generate a neutral N-centered radical. In support of this
proposal, the authors note that neither the photocatalyst (for
[Ir-7]PF, *Ir(III)/Ir(I1) = +1.32 V vs SCE in MeCN)'** nor
the Brensted base co-catalyst (for dibutylphosphate, pK, = 13
in MeCN),'"" are each capable of driving direct ET or PT of
the substrate amide respectively (e.g,, for acetanilide, E, ,* =
+1.78 V vs SCE in MeCN; pK, ~ 32 in MeCN).'*""*” This
electrophilic N-centered radical undergoes S-exo-trig cycliza-
tion to a tethered olefin, generating a distal C-centered radical.
This is then captured by a Ni(0) complex, formed via in situ
reduction of the Ni(Il) pre-catalyst, generating an alkyl-Ni(I)
complex. This further reacts with the aryl bromide coupling
partner in an oxidative addition step, to yield a Ni(IIl)
intermediate, before reductive elimination to furnish the
amidoarylation product and a Ni(I)-halide."** Reduction of
the resultant Ni(I) halide complex (e.g., for Ni(dtbbpy)Cl, E, ,,
Ni(I)/Ni(0) = —1.17 V vs SCE in THF)"*' by reduced-state
Ir(II) complex (E;;, Ir(II)/Ir(lI) = —1.37 V vs SCE in
MeCN)'" regenerates both transition metal complexes in
their active oxidation states required for catalytic turnover.

The Molander group has also recently reported a second
example of combined homolytic bond activation via concerted
PCET and subsequent Ni catalysis for the amido-acylation of
N-aryl amide-tethered olefins (Scheme 7)."*” This process

Scheme 7. Catalytic Olefin Amido-acylation of N-Aryl
Amides and Acyl Electrophiles through Dual PCET/Ni
Catalysis (Molander, 2020)

3 mol% [Ir-7]PFg
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occurs through intramolecular cyclization of a neutral amidyl
radical onto a tethered alkene and subsequent acylation of the
distal C-centered radical, through the inclusion of an acid
chloride or acid anhydride coupling partner. In this work, 42
examples of olefin amido-acylation were reported in yields of
28—88%. When the substrate olefin was 1,2-disubstituted (e.g.,
7.1—7.3), the reactions were typically highly selective for the
formation of the kinetic, anti-isomer (e.g, for 7.1, AG = +1.3
kcal mol ™" relative to the syn-isomer), with d.r. typically >20:1.
The reaction tolerated variation of N-aryl group electronics as
well as a number of functional groups appended to the
substrate olefin and allowed for a diverse number of both aryl
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and alkyl acid chloride coupling partners. Two examples of
sugar-derived carbamate substrates were reported (e.g, 7.6),
leading to interesting 3-amino-C-acyl glycosides.

The authors propose a similar mechanism for PCET
activation of the substrate and cyclization to their previous
amido arylation work.'”” The same combination of [Ir(dF-
(CF;)ppy).(bpy) IPF(([1r-7]PFs) and n-Bu,N*(n-BuO),P-
(O)O™ as previously reported mediates PCET activation of
the strong amide N—H bond, before 5-exo-trig cyclization onto
the tethered olefin to form a C-centered radical. However, the
Ni catalytic cycle differs in the order of oxidative addition and
radical trapping at Ni. In situ reduction of a [Ni((4,4'-
MeO),bpy)]Cl, precatalyst gives an active ligated (bpy)Ni(0)
species which undergoes oxidative addition with either the acid
chloride partner or an in situ generated acyl phosphate which
was observed experimentally to form under the reaction
conditions. The resulting Ni(II) intermediate intercepts the C-
centered radical resulting from S-exo-trig cyclization to form a
Ni(III) intermediate, which undergoes a favorable, exothermic
reductive elimination step to extrude the amido-acylated
product and form a Ni(I) complex. This species (e.g., for
Ni(dtbbpy)Cl, E,,, Ni(I)/Ni(0) = —1.17 V vs SCE in
THE)"" in turn reacts with the reduced-state Ir(II) complex
(E,), Ir(1)/1r(ll) = —1.37 V vs SCE in MeCN)'” to
regenerate catalytically active Ir(IIT) and Ni(0). Authors note
that there remains ambiguity in the order of events of oxidative
addition and radical capture to yield the transient Ni(III)
complex prior to reductive elimination as either a Ni(0)/
Ni(I1)/Ni(III) or a Ni(0)/Ni(I)/Ni(III) sequence is viable."*’
In this case, the authors favor the former proposal due to the
relative concentration of acyl electrophile coupling partner
relative to the nascent radical. The reaction required
stoichiometric quantities of phosphate base acting in a dual
role for both PCET activation of the N—H bond via hydrogen-
bonding and as a stoichiometric base to sequester HCI formed
as a byproduct from the acid chloride coupling partner.

The group carried out DFT analysis to support this
mechanistic hypothesis and to explain the high diastereose-
lectivity observed in these reactions products for the kinetic
isomer. The products were found to be configurationally stable
to the reaction conditions, ruling out any post-cyclization
epimerization. Instead, the origin of this selectivity was
determined at the trapping of the C-centered radical with the
Ni(Il) acyl complex, forming the Ni(III) acyl-alkyl complex.
The transition state for trapping with the (bpy)Ni(II) acyl
complex leading to the observed anti-product isomer was
calculated to be 1.0 kcal mol™" lower in energy due to reduced
steric repulsion between the N-aryl group and the pg-
substituent of the olefin moiety in this complex, corresponding
well with the observed experimental d.r. of 9:1 with the parent
bpy ligand. Increasing the electron-donating ability of the 4,4'-
substituents led to an increase in this selectivity, with (4,4'-
MeO),bpy providing optimal d.r. and product yield. A
Hammett analysis found a linear correlation between log(d.r.)
and ¢" parameters with a negative p value, indicating that the
more electron-donating ligands, which better stabilize the
putative Ni(IIl) intermediate in the catalytic cycle, lead to
higher observed diastereoselectivity in these reactions.

Knowles and co-workers in 2019 reported on the intra-
molecular hydroamidation of olefin-tethered N-alkyl amides
(Scheme 8).** Compared to N-aryl amides (N—H BDFEs
100 kcal mol™),"” N-alkyl amides represent a more
challenging substrate class for homolytic bond activation via

~
~
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Scheme 8. Catalytic Intramolecular Alkene
Hydroamidations of N-Alkyl Amides (Knowles, 2019)“
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PCET (N—H BDFE =~ 110 kcal mol™).""> A catalytic tetrad
comprised of Ir(IlI) photocatalyst [Ir(dF(CF;)ppy),(5,5'-
d(CF,)bpy)IPF4([Ir-9]PF,), n-Bu,P*(n-Bu0),(0)PO~
Bronsted base, TRIP thiol as a mediator of HAT, and TRIP
disulfide additive was reported to enable this transformation.
In this work, 34 examples of intramolecular hydroamidation
reactions of olefin-tethered N-alkyl amides were reported in
yields of 55—97%, to prepare lactam (8.1, 8.2), cyclic N-
acylamine (8.6, 8.7), and carbamate products. In addition,
three examples of the polycyclization of diene-amides were
reported, where after N—H bond activation via PCET and
subsequent addition across one olefin, the transient C-centered
radical cyclizes further onto the second olefin before
terminating HAT (e.g., 8.8). The success of these tandem
processes demonstrates that the second cyclization out-
competes bimolecular quenching by thiol via HAT (kyar =
108 M™! s71)'** to avoid premature termination of the radical.

The combination of this Ir(III) photo-oxidant (E,/,
#Ir(IM1) /Ir(I1) = +1.30 V vs Fc*/Fc in MeCN)* and dibutyl
phosphate Bronsted base (pK, = 13 in MeCN),"" provides an
effective BDFE of 103 kcal mol™, allowing for a marginally
endergonic N—H bond homolysis to occur leading to amidyl
radical generation. The requisite disulfide co-catalyst was
particularly important in achieving high reactlon efficiency. In
line with earlier observations from Nocera,'*” it is proposed to
rapidly sequester the transient amidyl radical to an off-cycle N-
thioamide intermediate, which can reversibly reform the
amidyl radical under reaction conditions after diffusing away
from the Ir(II) complex, enabling slow forward C—N bond
formation to compete with otherwise rapid BET to Ir(Il).
Independently prepared N-thioamide was shown to form the
product in an efficient manner. The requirement for this
catalytic additive was more pronounced in this substrate class
where the intermediate N-alkyl amidyl radical is further
destabilized relative to N-aryl amidyl radical and thus is
expected to have even faster rates of BET.

The groups of Chen and Huang each reported related
methods enabling the photocatalytic synthesis of 3,4-
dihydroisoquinolinones through amidyl radical generation
and 6-endo-dig cyclization (Scheme 9)."°**'*> In Chen’s
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Scheme 9. (A) Photocatalytic Synthesis of 4-Substituted
3,4-Dihydroisoquinolinones (Chen, 2017), (B)
Photocatalytic Synthesis of 3-Substituted 3,4-
Dihydroisoquinolinones (Huang, 2019), and (C) Proposed
Reaction Mechanisms”
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method, the visible-light irradiation of methanol solutions of
2-styryl-substituted N-methoxy benzamides in the presence of
Na-Eosin Y (EY) photocatalyst and NaOH yielded 4-
substituted dihydroisoquinolinone products. Blue LED light
sources or sunlight could affect the transformation equally well.
Here, nine examples were reported in yields of 66—99% (9.1—
9.4). Huang later showed that the visible-light irradiation of 2-
allyl-substituted N-methoxy benzamides in MeCN/H,O (1:1)
with the same Na-EY and DBU as a Bronsted base yielded
instead 3-substituted dihydroisoquinolinones, with 15 exam-
ples presented in yields of 43—86% (9.5—9.8). The inclusion
of TEMPO led to the corresponding olefin oxyamidation
product instead.

Chen proposed a mechanism wherein the hydroxide base
deprotonates the N-methoxyamide substrate, yielding the
corresponding anion prior to single-electron oxidation by
photoexc1ted eosin Y (E;;, *EY/EY*™ = +0.83 V vs SCE in
MeCN).”" The resulting amidyl radical undergoes 6-endo-trig
cyclization onto the pendant styrene, generating a doubly
benzylic product radical. This radical is reduced to the
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corresponding anion (e.g,, for the doubly benzylic radical
deriving from 1,1-diphenylethane (Ph,C-Me) E, 2= =134V
vs SCE in MeCN)"*® by the reduced state of the EY
photocatalyst (E,,, EY/EY"™ = —1.06 V vs SCE in MeCN),”!
and through PT with solvent yields closed-shell product. This
quoted reduction potential of the transient radical here prior to
single-electron reduction likely represents a lower bound, given
the presence of the electron-withdrawing acyl substituent on
the substrate arene. The same pathway for amidyl radical
generation is presented by Huang, but in this case, the N-
centered radical undergoes 6-exo-trig cyclization onto the
pendant allyl group, generating a primary alkyl radical. The
mechanism for termination of this radical remains unclear.
Experiments run in MeCN/D,O gave product with no
deuterium incorporation, suggesting that the same ET/PT
termination pathway is not operative. This may instead suggest
a HAT pathway for radical termination to yield the closed-shell
product. Such a pathway has been invoked by Xiao in related
photocatalytic hydroamidation work where chloroform solvent
acts as H-atom donor for this process,””’ yet solvent
participation in this work seems unlikely.

Here, we note two related reports of the reactivity of olefin-
tethered N-aryl amide substrates proceeding through ground-
state PCET mechanisms. Knowles and co-workers in 2015
reported a dual catalytic Ti/TEMPO system enabling the
bond-weakening homolysis of substrate N—H bonds for
conjugate amidation."”® Clayden and co-workers later reported
an azoamination of these substrates with aryldiazonium
salts."” Initially investigated as a photocatalytic method,
control experiments revealed instead ground-state reactivity.
This reaction was proposed to proceed through aryl radical
initiated HAT with the N—H substrate, followed by chain
propagation through a PCET mechanism. A detailed
discussion of these methods is beyond the scope of this
Review.

The activation of N—H bonds through PCET and
subsequent N-centered addition across olefins for C—N bond
formation has also been extended to sulfonamide substrates.
Primary and secondary sulfonamides have N—H BDFEs of
~105 and 97 kcal mol™, respectively,'"> and thus have
comparable N—H bond strengths to those of N-alkyl and N-
aryl amides as discussed above. A 2018 report from Knowles
and co-workers demonstrated that a catalytic triad comprising
Ir(IlI) photocatalyst [Ir(dF(CF;)ppy),(S,5’-d(CF;)bpy)]-
PF¢([Ir-9]PFy), n-Bu,N*(n-Bu0),(O)PO~ Bronsted base co-
catalyst, and TRIP thiol as a HAT donor could mediate the
intramolecular hydrosulfonamidation of tethered olefins with
N-alkyl sulfonamides (Scheme 10)."** This report contained
33 examples of the synthesis of N-sulfonyl pyrrolidines through
S-exo-trig cyclization of a transient N-centered radical onto a
tethered olefin in 47—96% vyields. The reaction was highly
tolerant of changes in substitution pattern across the olefin,
with mono- (10.1), di- (10.2, 10.3), and trisubstituted (10.4)
olefins proving to be competent. This intramolecular reaction
displayed good tolerance of the sulfonamide S-substituent,
with electron-rich and electron-poor S-aryl groups included, in
addition to six examples of S-alkyl sulfonamides and two
examples of dimethylamino sulfamides (10.6). This method
also permitted the intermolecular hydrosulfonamidation of
unactivated olefins (see section 2.1.4.1).

Cyclic voltammetry (CV) of an isolated secondary
sulfonamide substrate (separate from olefin functionality)
revealed that direct oxidation by this employed photo-oxidant
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Scheme 10. Photocatalytic Intramolecular Alkene
Hydrosulfonamidation (Knowles, 2018)
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(Eyj, *Ir(IID)/Ir(Il) = +1.30 V vs Fc*/Fc in MeCN)™ is
prohibitively endergonic, by ca. +500 mV (e.g., for 4-methoxy-
N-propylbenzenesulfonamide, E,, = +1.80 V vs Fc'/Fc in
MeCN)."** Less electron-rich sulfonamides displayed higher
oxidation potentials still (e.g., for 4—methyl—N—propg'lbenzene—
sulfonamide, E,, = +2.20 V vs Fc'/Fc in MeCN)."*" Similarly,
Nicewicz has shown that the oxidation potential of model 1,1-
disubstituted, 1,2-disubstituted, and trisubstituted olefins are
also beyond the excited-state potential of this photocatalyst
(e.g, for 2-methyl-1-pentene, E,;,™ = +2.50 V vs SCE in
MeCN; for cyclohexene, E, ™ = +2.37 V vs SCE in MeCN;
for 2-methyl-2-butene, E,,** = +1.98 V vs SCE in MeCN).*!
In addition, Stern—Volmer (SV) luminescence quenching
studies revealed that the sulfonamide alone does not quench
the Ir(III) excited state. Only when phosphate base was
introduced was quenching observed. These data are all
supportive of a concerted PCET mechanism being operative
for N-centered radical generation, over stepwise ET or PT
pathways at either of the sulfonamide or olefin sites. Following
sulfonamidyl radical generation in this manner, S-exo-trig
cyclization and terminating HAT with the thiol additive yields
the closed shell product. Reduction of the resulting thiyl radical
by Ir(II), and protonation of the corresponding thiolate by
dibutylphosphate regenerates all three catalytic mediators.
Qin and co-workers in 2017 devised a radical cascade
approach to a collection of 33 indole alkaloid natural products
across four families, initiating via the stepwise generation of an
N-centered sulfonamidyl radical through visible-light photo-
redox catalysis (Scheme 11).'"*' This unified approach
centered on an enamide-appended sulfonanilide 11.1, which
was accessible in enantioenriched form in four synthetic steps
from 2-nitrocinnamaldehyde, with an organocatalytic asym-
metric malonate conjugate addition reaction first described by
Jorgenson'** used as the key stereo-defining step. Their
synthetic design envisaged N-centered radical generation at the
sulfonanilide to trigger a radical cyclization cascade. This could
be directed toward a number of different output structures by
variation of appended substrate functionality for intramolecular
cyclization or through addition of an exogenous coupling
partner to trigger a subsequent intermolecular coupling. For
example, aspidosperma-type intermediates were thought to be
accessible via a sequence of sulfonamidyl radical generation, S-
exo-trig cyclization onto the appended enamide, and
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Scheme 11. Design Plan for the Radical Cascade Approach
to a Collection of 33 Indole Alkaloid Natural Products
(Qin, 2017)
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subsequent 6-exo-trig cyclization onto a tethered olefin
(Scheme 11, Path A). Instead, tetrahydrocarbolinone-type
intermediates were hoped to be accessible via the same
combination of a sulfonamidyl radical generation and S-exo-trig
cyclization, but then intercepting an exogenous Michael
acceptor in a Giese addition (Scheme 11, Path B). Finally,
the authors reasoned that the combination of these approaches
would offer access to corynanthe-type intermediates via an
additional 6-exo cyclization after intermolecular C—C bond
formation (Scheme 11, Path C). This strategy proved
successful and a set of reaction conditions consisting of
visible-light irradiation of sulfonanilide substrate in the
presence of Ir(II) photocatalyst [Ir(ppy),(dtbbpy)]PF([Ir-
3]PF,), KHCOs;, and Bronsted base additive in THF or MeCN
was generally able to trigger these cascade cyclization reactions.
This reaction is understood to proceed via discrete substrate
deprotonation prior to photoinduced electron transfer (PET).
Notably only N-Ts sulfonanilides were successful, with N-Boc,
N-Me, and -NH, groups failing to initiate the reaction
sequence. It was reasoned that the less acidic N—H bond
failed to undergo PT, precluding ET and radical generation.
The observed diastereomeric outcome of the cascade
cyclization is understood when considering the necessarily
syn-approach of the sulfonamidyl radical to the top face of the
enamide as drawn (see Scheme 13). Two possible approach
geometries of the tethered olefin are possible, but only that
leading to the 1,2-anti-carbosulfonamidation product was
observed. The upper face of the piperidone as drawn is
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blocked by the tosyl-protected indoline group, thus disfavoring
this approach.

As a representative example of a path A assembly,
sulfonanilide 12.1 was subjected to optimized photocatalytic
reaction conditions, yielding tetracycle 12.2 in 81% yield in
1.5:1 dr. on 14 g scale (Scheme 12). From this common

Scheme 12. Path A Type Assembly for the Synthesis of
Eburnamine—Vincamine Family Alkaloids (Qin, 2017)
1 mol% [Ir-3]PFe
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intermediate, a number of eburnamine—vincamine family
alkaloids were accessible, such as (—)-eburnamine (12.3),
(=)-vincamine (12.4), and (—)-vallesamidine (12.5), in six,
seven, and nine further synthetic steps, respectively. Members
of the yohimbine family of alkaloids were accessible through a
path C assembly (Scheme 14). Sulfonanilide 14.1 was treated
under optimized photocatalytic conditions in the presence of
methyl vinyl ketone and conducted on 12 g scale. Subjecting
the crude product of this radical cascade reaction to p-TsOH
in PhMe at 60 °C facilitated Robinson annulation to give
pentacycle 14.2 in 56% yield and 3.8:1 d.r. over these two
steps. From here, (—)-yohimbine (14.3) was accessible in a
further 11 synthetic steps, and (+)-rauwolscine (14.4) in a
further nine operations. Additional access to members of the
corynanthe and heteroyohimbine families were also demon-
strated through similar path C assemblies, where a propargylic
amine moiety underwent radical cyclization to yield these
olefin containing alkaloid natural products.

In 2018, Qin and co-workers extended this strategy to the
synthesis of members of the eburnane indole alkaloid natural
products through a Path A-type cascade polycyclization
reaction (Scheme 15).'*’ In this report, the sulfonamidyl
radical is utilized to construct the B, C, and D rings of a
common intermediate 15.2 toward the alkaloid natural
products. The group reported the divergent synthesis of five
eburnane natural products including (—)-eburnaminol (15.3),
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Scheme 13. Stereochemical Model for Radical Cascade
Cyclization (Qin, 2017)
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Scheme 14. Path C-Type Assembly for the Synthesis of
Yohimbine Family Alkaloids (Qin, 2017)
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(+)-larutenine (15.4), (—)-terengganensine B (15.5), and
(=)-strempeliopine (15.6) in 6—13 steps from common
intermediate 15.2. A sulfonamidyl radical is proposed to be
generated though stepwise deprotonation by the KHCOj; base
and oxidation by excited state of the [Ir(ppy),(dtbbpy)]PF
([1r-3]PF4) photocatalyst. The sulfonamidyl radical then
undergoes a S-exo-trig cyclization onto the pendant enamide
forming the initiall C—N bond, followed by a 6-exo-trig
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Scheme 15. Path A-Type Assembly for the Synthesis of
Eburnane Natural Products (Qin, 2018)
1 mol% [Ir-3]PF

5 equiv. KHCOg3
THF, Blue LEDs, 35 °C
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2, 75% yield, d.r. 1.5:1
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C-N bond
formation
-
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addition to the acrylonitrile acceptor. Reduction and
protonation of this species furnish intermediate 15.2 in 75%
yield.

2.1.1.2. Electrochemical Reactivity. In a series of elegant
synthetic and mechanistic studies, the Moeller group described
their efforts toward the intramolecular cyclization of electron-
rich alkenes and tethered nitrogen nucleophiles facilitated by
anodic oxidation. Initial attempts centered on the oxy-
amidation of electron-rich alkenes such as ketene dithioacetals,
vinyl sulfides, and enol ethers, with a tethered sulfonamide and
exogenous methanol (Scheme 16)."**'** Anodic oxidation of
these substrates was conducted under constant current
conditions in an undivided cell outfitted with a reticulated
vitreous carbon (RVC) anode and a Pt wire cathode in a 30%
MeOH/THEF solution with Et,N"TsO~ as a supporting
electrolyte and 2,6-lutidine as a mild Brensted base additive.
Under these conditions, high substrate conversion but low
yield of the desired product was observed, and the authors
noted oxidative decomposition of the alkene. The overall
reaction efficiency could be improved by instead operating
under strongly basic conditions. The inclusion of LiOMe or
alternatively n-BuLi to generate LiOMe in situ significantly
improved the yield of the desired oxyamidation product.
Under the optimized reaction conditions, pendant p-
toluenesulfonamides were found to cyclize onto a variety of
electron-rich alkenes in a 5-exo-trig fashion, with nine examples
reported in 50—90% yields (16.1—16.6).

Under strongly basic conditions which promote discrete PT
from the sulfonamide substrate, the authors postulated two
alternative mechanisms leading to the product: (i) anodic
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Scheme 16. Electrochemical Intramolecular Cyclization of
Sulfonamides and Electron-Rich Olefins (Moeller, 2008)
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oxidation of the deprotonated sulfonamide, generating a
neutral sulfonamidyl radical, or (ii) anodic oxidation of the
alkene moiety to the corresponding radical zwitterion
intermediate. In scenario (i), the sulfonamidyl radical under-
goes cyclization by addition onto the alkene. In scenario (ii),
the deprotonated sulfonamide undergoes nucleophilic addition
to the alkene radical cation. Both of these pathways generate a
neutral C-centered radical which is further oxidized to the
corresponding carbocation and subsequently intercepts alcohol
solvent to furnish the overall oxyamidation product.

To distinguish between alkene radical cation and neutral N-
centered radical pathways, the Moeller group designed an
intramolecular competition experiment wherein a sulfonamide
and alcohol were each appended to an enol ether, vinyl sulfide,
or ketene dithioacetal (Scheme 17).'*® Weaker bases such as
2,6-lutidine exclusively generated tetrahydrofuran (THF)
products indicating alcohol trapping, consistent with a
mechanism proceeding through an alkene radical cation
intermediate. However, stronger bases such as LiOMe that
deprotonate the sulfonamide favored pyrrolidine formation
resulting from neutral sulfonamidyl radical cyclization. The
authors found that the ratio of THF to pyrrolidine products of
these two pathways decreased with increasing solvent polarity
for the enol ether and ketene dithioacetal substrates. This was
interpreted as evidence for the capture of an alkene radical
cation by a sulfonamide anion. For the vinyl sulfide however,
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Scheme 17. Intramolecular Competition Experiments to
Study Sulfonamidyl Radical, and Olefin Radical Cation
Pathways for Cyclization (Moeller, 2010)
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none of the THF product was observed regardless of the
solvent polarity, leading them to suggest that the cyclization is
better described as the addition of an N-centered radical to a
neutral alkene.

In a joint experimental and computational study conducted
in 2012, the Moeller group gained further insights into the
competition between the sulfonamidyl radical and alkene
radical cation pathways for cyclization."*” Based on the results
of this study, it was proposed that the mechanism leading to
sulfonamide cyclization products is best described as a stepwise
sequence of PT and ET to form a neutral sulfonamidyl radical,
which then adds to the electron-rich alkene. The alcohol
trapping products, on the other hand, were hypothesized to
arise from an intramolecular ET from the sulfonamidyl radical
to furnish an alkene radical cation capable of capturing the
alcohol. In this work, the authors also observed a temperature
dependence to the ratio of alcohol vs sulfonamide trapping
products under strongly basic conditions. Low reaction
temperatures favored the alcohol trapping products, while
higher temperatures led to a majority of sulfonamide
cyclization products. This temperature dependence can be
rationalized by two possible explanations: first, the entropic
energy barrier (AS*) may be smaller for the sulfonamide
cyclization pathway than the alcohol trapping pathway,
kinetically favoring the sulfonamide products at high temper-
atures and alcohol products at low temperatures. Alternatively,
the higher temperature reactions may allow for equilibration to
the thermodynamic product, requiring reversible trapping of
the olefin radical cation. To probe whether the cyclization step
was reversible, the authors conducted a series of current
density experiments. The degree of reversibility for the
cyclization of a tethered nucleophile (sulfonamide or alcohol)
onto the olefin radical cation is dictated by the competition
between the forward rate of oxidation of the radical
intermediate following cyclization to the cation, and the
reversion of the cyclization. By varying the current density of
the reaction, the rate of oxidation of the cyclized radical can be
varied, and the reaction can be toggled between the kinetic and
thermodynamic pathways when rate of forward oxidation
outcompetes that of reversion. This was borne out
experimentally, with low current densities favoring the
thermodynamic sulfonamide cyclization products and high
current densities favoring the kinetic alcohol trapping products.

Capitalizing on their understanding of the reaction
mechanism of electrochemical olefin oxyamidation, the
Moeller group expanded the substrate scope of this trans-
formation to include N-aryl carboxamide and O-benzyl
hydroxamate substrates (Scheme 18)."** The anodic oxidation
of these substrates was conducted in an undivided cell outfitted
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Scheme 18. Electrochemical Intramolecular Cyclization of
Carboxamides and Electron-Rich Olefins (Moeller, 2014)
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with a RVC anode and a Pt wire cathode. The reaction was
carried out in a methanol solution with Et,N*TsO~ as the
electrolyte and LiOMe as base under constant current
conditions at room temperature. Under these conditions,
nine different J- and y-lactams were obtained in 41—88% yield.
When the N-phenyl amide or O-benzyl hydroxamate tethered
to the ketene dithioacetal was subjected to the reaction
conditions, products 18.1 and 18.2 were observed in 87% and
80% yield, respectively. High reaction efficiencies were
maintained in the 6-exo-trig manifold, with y-lactam 18.3
forming in 73% yield. When an allylic methyl group was
installed on the tether, high diastereoselectivity (>20:1) was
observed in the product (18.6, 78% vyield). Finally, vinyl
sulfides and enol ethers could be utilized as the electron-rich
olefin, albeit with a lower yield (e.g.,, 18.4, 41% yield).

The authors propose that the mechanism proceeds via
discrete deprotonation of the N—H bond of the substrate by
methoxide and subsequent oxidation of the conjugate base of
the amide or hydroxamate to the N-centered radical. Following
radical addition to the tethered olefin, the resulting C-centered
radical is oxidized at the anode to a carbocation. Nucleophilic
addition by a molecule of the solvent furnishes the final
product. O-cyclization was instead observed in the case of
18.5; with a less acidic N—H bond of the N-methylamide
substrate, alkene oxidation is proposed to occur followed by
nucleophilic addition of the neutral amide.

Xu and co-workers in 2014 reported an electrochemical
intramolecular oxyamidation reaction of unactivated alkenes
which occurred through a proposed concerted PCET pathway
for N—H bond homolysis (Scheme 19)."*” Earlier examples of
electrochemical amide and sulfonamide cyclization reactions
with alkenes reported by the Moeller group and described
above were limited to electron-rich enol ethers and
dithioketene acetals."**”"*® This reaction system involved the
electrolysis of N-aryl carbamate- and amide-tethered di- and
trisubstituted olefins in the presence of TEMPO and either
carbonate or hydroxide bases as stoichiometric additives.
These conditions gave access to oxazolidinone (19.1, 19.2) or
lactam (19.3) products respectively, with vicinal addition of
the tethered N-nucleophile and TEMPO across the substrate
olefin in a highly trans-selective fashion. The cell assembly
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Scheme 19. Electrochemical Intramolecular Oxyamidation
of Olefins with N-Aryl Carbamates and Amides (Xu, 2014)
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consisted of an RVC anode and Pt cathode operating under
constant current conditions, with n-Bu,N*BF,” as a supporting
electrolyte in an aq. MeCN solvent system at 60 °C. Na,CO,
proved to be the optimal base for both reactivity and Faradaic
efficiency. This reaction was typically highly efficient and
unperturbed by the electronic properties of the N-aryl group. A
scope of 21 examples of the electrochemical oxyamidation
reaction of cyclic alkenes was reported. 1,2-Difunctionalized
products were obtained in yields of 51-98% and typically
exclusive trans-diastereoselectivity (19.1—19.3). An additional
six examples of acyclic olefin oxyamidation were reported in
yields of 58—97%, but in this substrate class, diastereoselec-
tivity was typically poor (e.g., 19.4). The reaction was limited
to S-exo-trig cyclization reactions and N-aryl amide substrates.

The authors observed a marked base dependency in the
reaction, and the requirement for an aqueous co-solvent. CV
studies revealed that TEMPO is preferentially oxidized to the
correspondin g oxoammonium salt (E,/, = +0.70 V vs Ag/AgCl
in MeCN)'* compared to the carbamate substrate (e. g., for
cyclohexenyl N-phenyl carbamate, E,,™ = +1.53 V vs Ag/
AgCl in MeCN)."*” A mechanistic proposal therefore involved
initial oxidation of TEMPO to the corresponding oxoammo-
nium salt, which then in turn mediates a concerted PCET
event with the carbamate substrate, with either exogenous
carbonate or electro-generated hydroxide from the aqueous co-
solvent. A stepwise pathway is unlikely to be operative due to
the large offset in pK, between the substrate N—H group (e.g,,
for methyl N-phenyl carbamate, pK, = 21.5 in DMSO)""” and
hydroxide. The resultant N-centered radical undergoes rapid $-
exo-trig cyclization and C-centered radical generation before
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subsequent trapping with TEMPO radical regenerated through
the PCET substrate activation step. Independently prepared
TEMPO oxoammonium salt in the presence of Cs,CO; was
also able to facilitate this transformation. However, no yield
was observed in the absence of a basic additive.

Xu and co-workers later studied the analogous oxyamidation
reaction of alkyne-tethered N-(hetero)aryl amides in a 2020
report (Scheme 20)."° Now, under similar electrolytic

Scheme 20. Electrochemical Intramolecular Oxyamidation
of Alkynes with N-Aryl Carbamates and Ureas (Xu, 2020)“
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conditions to their first report,'*” in situ cleavage of the initial
TEMPO adduct of the oxyamidation reaction was observed,
and acylated N-aryl oxazolinone products were isolated. A
scope of 26 examples was reported with yields ranging from
31% to 89%. The reaction tolerated various N-aryl substituents
(20.1-20.3), including 2-pyridyl-substituted 20.2. In the case
of an a,a-dimethyl propargylic carbamate substrate, where no
a-proton is available to yield the oxazolinone through
elimination, instead a hydration product 20.3 was formed.
Furthermore, the authors reported six examples of urea
substrates, which efficiently formed imidazol-2-one products.

A proposed mechanism aligns with their 2014 report,'*’
proceeding through N-centered radical generation and now -
exo-dig cyclization, generating a vinyl radical intermediate
which is trapped with TEMPO. TEMPO serves as a redox
catalyst for mediated electrochemical concerted PCET in this
proposal. The initial product undergoes N—O bond scission
through a proposed polar process initiated by the N-lone pair
to generate an N-acyliminium intermediate, which further
reacts through deprotonation or hydration to the isolable
products.

Wirth and co-workers designed an electrochemical flow
microreactor and demonstrated its utility in a variety of olefin
1,2-amido functionalization reactions.>" Conducting synthetic
electrochemistry in flow has potential benefits over batch-
mode operations, such as (i) shorter distances between
electrodes leading to improved Faradaic efficiency and reduced
or eliminated quantities of supporting electrolytes, (ii) a high
electrode surface area to reaction volume ratio, leading to
shorter reaction times, and (iii) the more straightforward
scaling out of a reaction by simply running the process for
longer, as opposed to scaling up the size of the reaction
vessel."” The reactor was designed to be easily machined or
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3D-printed and consisted of a 25 cm’ anode and cathode
separated by a fluorinated ethylene propylene (FEP) polymer
film spacer with flow channels cut into the material. The spacer
acts as a seal and defines the distance between electrodes
(typically 100—500 pm).

Wirth and co-workers first studied the oxyamidation of an
alkene-tethered N-phenyl carbamate using this flow setup, a
reaction that was first re ,;)orted in a batch operation by Xu and
co-workers in 2014.'*” Whereas batch mode electrolysis
required 1.0 equiv of Na,CO; base and 2.9 equiv of n-
Bu,N*BF,” electrolyte relative to carbamate substrate
operating at 60 °C to obtain oxyamidation product 19.1 in
90% vyield, in this flow apparatus a sub-stoichiometric amount
of BnMesN*OH™ (50 mol%) served both of these roles,
forming the same product in 84% yield at room temperature. A
Pt anode and graphite cathode operating under constant
current conditions in a mixed solvent system of MeCN/H,O
(19:1) was optimal. These optimized conditions were then
employed in the synthesis of isoindolones in flow via the
cyclization of 2-styryl N-aryl benzamides, with 11 examples
documented in yields of 18—96% (Scheme 21). Mechanisti-

Scheme 21. Olefin Amido-Functionalization in an
Electrochemical Flow Microreactor (Wirth, 2017)
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cally, these are proposed to involve discrete deprotonation of
the amide N—H bond by the hydroxide base followed by
anodic oxidation to form an amidyl radical. S-Exo-trig
cyclization then generates a distal C-centered radical which is
trapped by TEMPO to yield the product. The reduction of
water at the cathode regenerates hydroxide and leads to the
evolution of molecular hydrogen.

Flow chemistry also permits the telescoping of reactor
output streams into subsequent operations. In this work, two
such elaborations were demonstrated. Following electrolysis
and oxyamidation as above, the output stream was passed
through a reactor coil held at 85 °C, leading to the elimination
of the TEMPO group mediated by the same base that was
required in the electrolysis reaction. This enabled the synthesis
of formal vinyl C(sp?)—H amidation products, with six
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examples demonstrated in yields of 62—75% over two steps
(21.2). Finally, the reduction of the N—O bond of the product
TEMPO adducts was demonstrated by introducing an aqueous
acetic acid reagent stream after electrolysis and passing this
combined output through a packed Zn cartridge held at 40 °C.
Here, three examples of hydroxyamidation products were given
in yields of 54—80% over these two steps (21.3).

Similarly, in 2018 Ahmed and Khatoon reported the
electrochemical intramolecular oxyamidation of N-allyl-N-aryl
ureas (Scheme 22)."** Constant current electrolysis of these

Scheme 22. Electrochemical Synthesis of Cyclic Ureas

(Ahmed, 2018)
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substrates was performed in an undivided cell equipped with
an RVC anode and Pt cathode with the addition of TEMPO
and n-Bu,N*BF,” supporting electrolyte in 5% aq. MeCN at
60 °C. Seven examples of cyclic urea products were reported in
yields of 77—85%. A stepwise mechanism for N-centered
radical generation was proposed involving substrate deproto-
nation by cathodically generated hydroxide followed by anodic
oxidation of the resultant anion (22.1—22.3). Thereafter,
cyclization and trapping with TEMPO in an analogous fashion
to the work of Xu'*” yields the closed-shell product. The grou
later extended this reaction to an electrochemical flow cell.">*

In 2016, the Xu group disclosed a method to enable
intramolecular olefin hydroamidation via formal N—H
homolysis under electrocatalytic conditions, notably using
ferrocene (Fc) as a redox catalyst for the generation of an N-
centered radical via a stepwise PT/ET strategy (Scheme
23)."% To affect this transformation, substrate electrolysis was
performed in an undivided electrochemical cell employing a
glassy carbon anode and Pt cathode operating under constant
current conditions in the presence of n-Bu,N'BF,” electrolyte,
in a mixture of THF and MeOH (5:1) at reflux. 1,4-
Cyclohexadiene was included acting as terminal reductant for
HAT. In total, 23 examples were reported with yields ranging
from 64%—96%. The method was shown to be effective on
olefin-tethered N-aryl carbamates, amides (23.1), and ureas
(23.2). The reaction tolerated primary alcohols (23.3) and
sulfonamides (23.4), while also displaying a broad scope of N-
aryl groups, including methoxy- (23.1, 23.2) and cyano-
substituted arenes (23.5).

The reaction is proposed to initiate through anodic
oxidation of Fc to ferrocenium and corresponding cathodic
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Scheme 23. Electrocatalytic Intramolecular Olefin
Hydroamidation (Xu, 2016)
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reduction of methanol to methoxide and H,. Methoxide
deprotonates the substrate N—H bond, which is then oxidized
by ferrocenium to the N-centered radical. This step is
supported by a complete lack of reactivity observed in the
absence of the Fc redox mediator. Subsequent S-exo-trig
cyclization onto a pendant olefin forms the C—N bond,
affording a distal C-centered radical. This abstracts the weak
C—H bond of sacrificial 1,4-cyclohexadiene (C—H BDFE =
67.8 kcal mol™)** to give the product. The use of THF as the
primary solvent was considered to be key in the reaction by
modulating the redox potentials of the catalyst and substrate.
CV studies indicated that the oxidation potential of the
substrate was lowered by switching to a 5:1 mixture of THE/
MeOH from neat MeOH (e.g,, for carbamate leading to 23.5,
E,/, = +0.83 V vs SCE in MeOH compared to E,/, = +0.61 V
vs SCE in THF/MeOH (5:1)), while the oxidation potential
of Fc was raised (E,;, Fc"/Fc = +0.37 V vs SCE in MeOH,
compared to E,, Fc*/Fc = +0.55 V vs SCE in THF/MeOH
(5:1)), thereby enabling mediated ET between these species.
The use of methoxide generated in situ as Bronsted base was
also shown to be important, as no current was observed in its
absence or with Na,COj alone, supporting their proposal of a
stepwise PT/ET mechanism.

In an extension of this work, Xu and co-workers applied the
same electrocatalytic reaction conditions to amidyl radical
generation for the dicyclization of acyclic dienyl carbamates in
the synthesis of trans-oxazolidinone-fused cycloheptanes
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(Scheme 24)."°° In total, 14 examples of dicyclization in this
manner were given, in 40—75% yields. Only N-aryl carbamates

Scheme 24. Electrocatalytic Intramolecular Carbamate and
Urea Dicyclization (Xu, 2018)

woll T

Undivided cell
Constant current = 5 mA
5 mol% ferrocene
3.0 equiv. n-BuyN*BF 4
1.0 equiv. Na,CO3
5.0 equiv. 1,4-cyclohexadiene

R
o R THF/MeOH (5:1), reflux Ar
Ao JU — N
i o= H
H 14 examples o
amp
X=0,NR, 40-75% Yields

Selected examples:

Ph n-Bu
N
o= H
o

1,75%

Ph BU Ph A
N N N n-Bu
o:(N‘\ H O_ﬂ/o“ H o:(o 3
Me /\;\M

2,40%

e

3,47% 4, 62%

(24.1, 24.3) and ureas (24.2) were compatible under these
conditions, in line with their previous report.">> Upon
formation of an amidyl radical intermediate through mediated
electrolysis, consecutive diastereoselective S-exo-trig cycliza-
tion, followed by an unusual 7-endo-trig radical cyclization onto
two tethered alkenes form the fused-bicyclic skeleton, and a C-
centered radical on the cycloheptane ring. This radical species
then abstracts a H-atom from 1,4-cyclohexadiene to furnish the
closed-shell product. DFT calculations indicated that the
transition state for the 7-endo-trig cyclization favors the cis-
product by 1.6 kcal mol™". This transition state is hypothesized
to avoid a repulsive interaction between the arene appended to
the oxazolidinone and the substituent bonded to the carbon
bearing the SOMO. It was additionally shown that the 7-endo-
trig cyclization exclusively occurs with terminal olefins.
Reaction of a 1,2-disubstituted alkene substrate afforded only
the S-exo-trig product 24.4 resulting from a single cyclization.

Later, the Xu group reported electrothermal reaction
conditions to achieve the aza-Wacker-type'®’ intramolecular
amidation of N-aryl amide- and carbamate-tethered olefins
with simultaneous desaturation of the products, reforming a
transposed olefin regioselectively without further reaction at
this newly installed functional group (Scheme 25)."** To
enable this transformation, the group used an electrochemical
cell assembly consisting of RVC anode and Pt plate cathode
operating under constant current conditions, with Et,N"PF¢~
as a supporting electrolyte in a mixed solvent system of DMA/
AcOH (40:1) and at elevated temperatures of 110 °C. The
authors observed severely diminished reactivity in the absence
of the acid co-solvent or at ambient temperatures (41% and
45% respectively, compared to 83% under optimal conditions
for 25.1). A scope of 38 examples of olefin amidation with
subsequent product desaturation was reported in yields of 48—
97%. Despite the high temperatures, the process possessed
excellent functional group compatibility. Several heterocyclic
substituents were tolerated (e.g, 25.3) in addition to alkyne
conjugated olefins undergoing cyclization to yield versatile
enyne products (e.g., 25.2). Typically, good to excellent levels
of diastereoselectivity for trans-configured product isomers
were observed. Enantiopure substrates underwent cyclization
without racemization. N-aryl carbamates and amides were both
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Scheme 25. Electrothermal Intramolecular Aza-Wacker-
Type Amidation of Olefins with N-PMP Carbamates and

Amides (Xu, 2017)
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competent substrate classes, though typically electron-rich
PMP groups were employed for optimal reactivity. Tri- and
tetra-substituted olefins were shown to undergo this trans-
formation, but with requirement for the distal position
supporting the C-centered radical post-cyclization to be
tertiary. In all cases, exclusive formation of the less
thermodynamically stable olefin isomer resulting from
desaturation away from the newly formed C—N bond was
observed.

This process is proposed to occur through N—H bond
homolysis, olefin cyclization with distal C-centered radical
generation, and further anodic oxidation to the tertiary
carbocation before desaturation via PT. Though the reaction
bears similarity to a system described in earlier work wherein
PCET is invoked in N-centered radical generation,149 details of
elementary steps involved in homolytic bond activation
(whether stepwise or concerted PT and ET) for amidyl radical
formation and desaturation of the subsequent carbocation
following further anodic oxidation remain unclear. Concom-
itant cathodic reduction of protons results in the liberation of
dihydrogen gas as a byproduct.

Subsequently, Hu and co-workers in 2019 optimized an
analogous electrocatalytic approach to this aza-Wacker-type
olefin amidation (Scheme 26)."*” The group investigated the
inclusion of Cu(II) additives to this electrochemical trans-
formation with the specific aim of catalyzing the olefination
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Scheme 26. Electrocatalytic Aza-Wacker-Type Amidation of
Olefins with N-Aryl Carbamates and Amides (Hu, 2019)“

well o

Divided cell
Constant current = 3 mA
30 mol% Cu(OAc),*H,0

0.2 M Li*CIO4
4.0 equiv. NaOPiv A
o MeOH/CH,Cl, (1:1), rt. (o} r
ar. L R, 2Cly (1:1), >\—NI R,
NTXTY X I Ar
H R 26 examples 2
38-81% Yields
X =CH,, O,NR3, S
Selected examples: CN
o} Ph o} Q o} Ph o Ph
3N N 3N h
o ) o N o XY Y

1, 73% 3, 77%* 4, 52%**

Proposed mechanism:

o
Arg JJ\ = Rz '
NTXTNIN ! ROH
o.-H R |
PCET PIVO” . ET
K
' )
Y. ¢ = Ry ! RO
N X/\/\( | +12H,
Ry '

C-N bond
formation

PivOH"”
l Cathode

o M
i 8
xv\\')\m

o Ar

& BN M
@)

\(

cull
N

o
Bu
Oxidative
limi ion
PMP

O /!

o

xM%
1

R

ET

—PivOH
Anode

“*MeOH/PhCI (1:1) as solvent, 0.1 M n-Bu,N*TsO~ as electrolyte,
4.0 equiv of NaOAc as base, 65 °C. **0.1 M n-Bu,N"TsO™ as
electrolyte.

step, lowering the required reaction temperature and
significantly expanding the scope of the transformation. Early
work from Kochi and co-workers recognized the ability of
Cu(II) carboxylate salts to promote the oxidative elimination
of transient alkyl radicals for the preparation of olefins,"®” and
many groups have recently employed copper co-catalysts for
the functionalization of C-centered radical intermediates
generated throubgh g)hotocatalytic substrate activation, includ-
ing olefination.'®"'**

A divided electrochemical cell assembly was employed
consisting of a carbon fiber anode and Pt cathode operating
under constant current conditions, with LiClO, as a supporting
electrolyte and a mixed solvent system of MeOH/CH,Cl,
(1:1) operating at room temperature. The inclusion of a
stoichiometric quantity of NaOPiv was key to achieving the
desired transformation, as was a sub-stoichiometric loading of
Cu(OAc),. Under these conditions, 26 examples of the aza-
Wacker-type oxidative amidation of N-aryl amide- and
carbamate-tethered olefins were reported, in yields of 38—
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81%. Unlike previous reactions, an electron-rich PMP group
was not necessary, permitting electron-poor (26.2) to electron-
rich N-aryl groups without adversely affecting the reaction
efficiency. Similarly, the requirement to form a tertiary radical
intermediate upon olefin cyclization to permit uncatalyzed
oxidative elimination was also removed, and now substrates
proceeding through secondary C-centered radical intermedi-
ates (26.1) were competent. In many cases, mono-substituted
olefin formation was demonstrated (e.g, 26.1, 26.2, 26.4),
which was not possible previously.

The group carried out detailed mechanistic studies to
understand the roles of pivalate and Cu additives. A concerted
PCET mechanism is invoked wherein the pivalate additive
forms a hydrogen-bonded complex to the substrate N—H
bond, thereby lowering the required oxidation potential for
homolysis; this association and potential shift were studied
through the use of CV. The initial oxidation step was not
found to be impacted by the addition of Cu(Il). Instead,
Cu(II) is proposed to intercept the C-centered radical, forming
a transient alkyl Cu(III) carboxylate intermediate which then
undergoes carboxylate-assisted elimination to yield the product
olefin and a Cu(l) species. Further anodic oxidation
regenerates the catalytically active Cu(II) oxidation state.
The requirement for a non-polar co-solvent was based on the
observations from Kochi that this facilitates the Cu-mediated
oxidative elimination step. Concomitant cathodic reduction of
protons results in the liberation of dihydrogen gas as a
byproduct.

The electrochemical synthesis of a number of other
heterocycles—indoles, indolines, imidazopyridines, benzimida-
zolones, and isoquinolin-1(2H)-ones—has been demonstrated
through coupled PT and ET leading to N—H bond homolysis.
In 2016, the Xu group in collaboration with the Lu group
published an oxidative intramolecular alkyne [3+2] annulation
reaction, applying a Fc-based electrocatalytic N-centered
radical generation strategy to the synthesis of (aza)indoles
(Scheme 27).'®® Reaction conditions involved constant
current electrolysis of substrates in an undivided cell with
RVC anode, Pt cathode, n-Bu,N"BF,” supporting electrolyte,
and solvent mixture of THF/MeOH (5:1). Here, 36 examples
were reported with yields between 43% and 94%. An N,N'-
diarylurea substrate was necessarily required, but the reaction
was shown to be not particularly sensitive to electronics of
either arene moiety, nor of the urea N-group (27.1, 27.2). The
method also showed little sensitivity to the identity of the
alkyne substituent (27.3—27.5), though only moderate yield
was seen for a terminal alkyne (27.6).

The authors propose that an amidyl radical intermediate
arises through substrate deprotonation by cathodically
generated methoxide and oxidation by anodically generated
ferrocenium. Subsequent 6-exo-dig cyclization occurs onto the
pendant alkyne, before the resultant vinyl radical adds into the
N-tethered arene. Finally, oxidation and deprotonation lead to
re-aromatization and formation of the indole product. DFT
studies demonstrate that the cascade cyclization is energetically
downbhill and presents reasonable activation barriers—addition
of the vinyl radical into the arene is proposed to be rate-
limiting based on these studies.

In an extension, Xu and co-workers later reported the related
oxidative [3+2] annulation of alkene-appended anilides, for the
construction of indolines (Scheme 28).'°* The reaction
conditions were similar to those reported for their indole
protocol.'®® Here, 44 examples of indoline construction were
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Scheme 27. Electrocatalytic Intramolecular Indole
Construction (Xu and Lu, 2016)“
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given, in yields of 47—86% (28.1—28.4). The method was
effective for di-, tri-, and tetra-substituted olefins, as well as for
the formation of azaindolines from pyridine and pyrimidine-
derived substrates. The method was performed on a 7 g scale
as a key step for the preparation of an intermediate (28.4)
toward the total synthesis of the alkaloid natural product
hinckdentine A.

A similar mechanism consisting of sequential discrete PT
and ET steps from methoxide and anodically generated
ferrocenium respectively generates an amidyl radical inter-
mediate. This undergoes 6-exo-trig cyclization with the
appended alkene, resulting in a C-centered radical, which
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Scheme 28. Electrocatalytic Intramolecular Indoline
Construction (Xu, 2018)“
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adds into the arene to form a delocalized cyclohexadienyl
radical. This species undergoes sequential oxidation and
deprotonation to restore aromaticity and furnish the indoline
product.

The next year, the Xu group extended this method to the
polycyclization of diynes, enabling a synthesis of nitrogen-
containing polycyclic aromatic hydrocarbons (Scheme 29).'%

Scheme 29. Electrocatalytic Intramolecular Polycyclic N-
Heteroaromatic Synthesis (Xu, 2017)
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This class of compounds is finding increasing importance in
materials science applications and can be difficult to access in a
modular fashion.'*”'” With minor modifications to the above
conditions reported for their indole cyclization method,'®*
namely a lower ratio of THF to MeOH, lowered electrolyte
loading, and higher applied constant current, the researchers
were able to affect the cascade polycyclization, with 37
examples reported in yields ranging from 32% to 82%. Urea
substrates proved to be the only effective precursors in this
protocol. The method was shown to be tolerant of a broad
scope of (hetero)aromatic substitution patterns and sub-
stituents (29.1—29.2), though it was shown that when arene C
is particularly electron-deficient, premature radical termination
was observed, forming only the hydroamidation product. The
scope was additionally extended to encompass terminal alkynes
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(29.3) and was shown to be effective on decagram scale with
only a modest diminishment of yield (29.4). The reaction is
proposed to proceed as described previously.

Xu and Lu reported an electrocatalytic synthesis of imidazo-
fused N-heteroaromatic compounds from alkyne-tethered
heteroarylamine carbamates, through a formal [3+2] annula-
tion reaction featuring two C—N bond-forming steps (Scheme
30).' The initial cyclic carbamate product of the electro-
catalytic annulation was found to hydrolyze with release of
CO, under the conditions of reaction for form the final
imidazo-fused N-heteroaromatic product. The authors noted
that Fc, used previously by this group as a redox catalyst, was
ineffective in this method, leading to the use of a

Scheme 30. Electrocatalytic Synthesis of Imidazo-Fused N-
Heteroaromatic Compounds (Xu and Lu, 2018)“
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tetraarylhydrazine as an organic redox catalyst. These are a
promising class of redox catalysts due to their modular nature
and tunability of redox properties through structural
modification. Optimal conditions enabling this transformation
involved the constant current electrolysis of carbamate
substrates in an undivided cell equipped with RVC anode
and Pt plate cathode in a mixed solvent system of MeCN/H,O
(9:1) under reflux, in the presence of the tetraarylhydrazine
30.A redox catalyst, NaHCO; additive, and Et,N*'BF,”
electrolyte.

A broad substrate scope was presented, with 40 examples of
imidazo-fused heteroaromatic products derived from carba-
mate substrates prepared in 42—94% yields. Tolerance of many
functional groups to the reaction conditions was demonstrated,
including halogen, nitrile, ester, ether, and trifluoromethyl
groups at multiple points of substitution. Imidazo[1,2-
a]pyridines (e.g, 30.1, 30.2) were accessible from 2-amino-
pyridine-derived substrates, imidazo[1,2-b]pyrimidines (30.3)
from 3-aminopyridazines, both an imidazo[1,2-a]pyrimidine
and an imidazo[1,2-c]pyrimidine (30.4, 30.5) from 2- and 4-
aminopyrimidines, respectively, and imidazo[1,2-a]pyrazines
(30.6) from aminopyrazines. In addition, imidazo[2,1-b]-
benzothiazoles (30.7) were accessible from 2-aminobenzothia-
zoles. Typically, substrates carried a bulky i-Pr or t-Bu group in
the proximity of the carbamate linker to assist in cyclization,
but a methyl-appended substrate was efficient in product
formation. Urea-tethered substrates were also effective under
slightly modified reaction conditions, with a further eight
examples presented in 15—81% yields, giving methyl carbamate
products through methanolysis of the initial cycloadducts.

A mechanism was proposed based on voltammetry and DFT
studies (UB3LYP/6-31G*, gas phase) involving initial anodic
oxidation of the tetraarylhydrazine redox catalyst (E,, = +0.68
V vs SCE in MeCN/H,O (9:1)),'%® yielding the correspond-
ing radical cation. Meanwhile, hydroxide produced through
cathodic reduction of the aqueous co-solvent deprotonates the
carbamate, and the corresponding substrate anion is oxidized
by the hydrazine radical cation to the key amidyl radical
intermediate. The oxidation potential of the carbamate anion
(e.g, for the N—H carbamate substrate leading to 30.1, E,, =
+0.66 V vs SCE in MeCN containing 1.0 equiv of n-
Bu,OH)'* is significantly negatively shifted compared to the
neutral substrate (E,/, = +1.76 V vs SCE in MeCN)."* A 5-
exo-dig cyclization then forms the first C—N bond (AG* =
+6.5 kcal mol™') with generation of a vinyl radical
intermediate. Regioselective cyclization of the vinyl radical
onto the pendant heterocycle through C—N bond formation
(AG* = +162 kcal mol™), as opposed to C—C bond
formation (AG¥ = +22.6 kcal mol™) yields a stabilized radical
product. Finally, one-electron oxidation of the product and
hydrolysis of the carbamate linker yields the product
imidazopyridine. The use of the redox catalyst instead of
direct electrolysis protects the final product (E,, = +1.20 V vs
SCE in MeCN)'* from oxidative decomposition.

A later study of this reaction with ortho-substituted
arylacetylenes as the tethered-alkyne component revealed a
diastereoselective approach to axially chiral imidazopyri-
dines.'® Here, 20 examples of the atroposelective reaction
variant were additionally reported, in 43—91% yields and d.r. of
S:1 to >20:1 under the same electrocatalytic conditions as
above. Bulky tert-alkyl groups appended to the carbamate
tether and to the ortho-position of the aryl group were
necessary requirements for a highly diastereoselective out-
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come. A Curtin—Hammett scenario is invoked to account for
the observed diastereoselectivity, wherein a low barrier to
interconversion of two conformers of the vinyl radical
intermediate permits rapid equilibration prior to final
irreversible C—N bond formation with a higher activation
barrier.

In 2019, Xu and co-workers developed a synthesis of
benzimidazolones and benzoxazolones through a cascade
cyclization of urea or carbamate-tethered enyne substrates,
initiated via N—H bond homolysis (Scheme 31)."”° The

Scheme 31. Electrochemical Synthesis of Benzimidazolones
and Benzoxazolones through a Cascade Cyclization (Xu,

2019)“
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optimized reaction conditions for this transformation involved
the constant current electrolysis of enyne substrates in an
undivided cell equipped with RVC anode, Pt plate cathode,
TFA as a Brensted acid, and Et,N'PF,” as a supporting
electrolyte in DMF at 110 °C. Exogenous basic additives were
avoided, as the alkyne-tethered carbamate and urea substrates
were found to be susceptible to base-mediated polar alkyne
hydroamidation. The high reaction temperature is proposed to
be necessary to overcome the energy barrier (AG* = 19.0 kcal
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mol™") for the substrate to adopt an unfavorable trans,cis-
conformation required prior to S-exo-dig cyclization.

The researchers reported 36 examples of benzimidazolone
synthesis from urea precursors in yields of 20—83%. Although
electron-rich N-(4-methoxyphenyl)ureas were the most
studied N-radical precursors in this work, cyclization also
efficiently occurred from electronically neutral and electron-
deficient N-aryl ureas. With respect to the enyne component,
internal alkynes were the most effective substrates (31.1—
31.4), with a terminal alkyne example proceeding poorly
(31.5, 20%). A variety of 1,1-disubstituted and trisubstituted
alkene partners were demonstrated, including alkyl olefins and
styrenes. Notably, this method enables access to fully
substituted benzimidazolone scaffolds. Under modified reac-
tion conditions (constant current electrolysis in TFE solution
containing AcOH as an additive, at 80 °C), 10 examples of
benzoxazolone synthesis from carbamate precursors were also
reported, in yields of 44—88%.

A mechanistic proposal involved anodic oxidation (E,/,™
+0.96 V vs SCE in DMF)'”’ of the neutral substrate followed
by deprotonation by cathodically generated trifluoroacetate (or
acetate) base. In situ generation of the weak base (e.g, for
trifluoroacetate, pK,; = 3.5 in DMSO)""” was required to
avoid the base-mediated polar alkyne hydroamidation side
reaction. This sequence leads to N-centered radical generation,
which undergoes 5-exo-dig cyclization with the tethered alkyne
to generate vinyl radical. From here, two potential pathways for
a second cyclization were proposed: (i) a direct 6-endo-trig
cyclization or (i) a three-step sequence involving S-exo-trig
cyclization, 3-exo-trig cyclization, and ring expansion through
cyclopropylmethyl radical ring opening. DFT calculations
suggested that the nature of the kinetically preferred pathway
appeared to be substrate-dependent, with a 1,1-disubstituted
olefin displaying preference for the 6-endo-trig mode, and a
trisubstituted olefin displaying preference for the S-exo-trig
mode. However, these pathways lead to the same tertiary alkyl
radical intermediate on a cyclohexene ring. After an initial ET/
PT step, the cyclohexene intermediate formed undergoes
dehydrogenation through two further iterations of anodic
oxidation and deprotonation to yield the benzene core of the
benzimidazolone (or benzoxazolone). The product of the
reaction has a sufficiently hi%her oxidation potential (E,/,*
+1.26 V vs SCE in DMF)'”? than substrate to shield it from
oxidative degradation.

Wen and Li in 2020 leveraged the reactivity of N-centered
radicals for the preparation of isoxazolidine-fused isoquinolin-
1(2H)-ones via dicyclization of alkyne-tethered N-benzoyl-O-
alkyl-hydroxylamines (Scheme 32).'”' The conditions em-
ployed involved electrolysis of these substrates under constant
current conditions in an undivided cell, consisting of carbon
felt (CF) electrodes with n-Bu,N*PF,” as a supporting
electrolyte in EtOH/H,O (19:1) at 80 °C. Here, 40
isoquinolin-1(2H)-ones were synthesized in yields of 35—
97%. The reaction tolerates broad variation of substitution at
the ortho-, meta-, and para-positions on the N-benzoyl group,
though meta-substituted examples offered poor regioselectivity
in cyclization. In addition, a number of arylacetylene (32.1),
enyne (32.2), and diyne (32.3) substrates were competent in
engaging with the N-centered radical intermediate. Also, three
additional examples of homologated oxazinane-fused products
via instead 6-exo-dig radical cyclization were reported in 82—
87% yields (e.g., 32.4).

https://doi.org/10.1021/acs.chemrev.1c00374
Chem. Rev. 2022, 122, 2017-2291


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch31&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

Scheme 32. Electrochemical Synthesis of Isoxazolidine- and
Oxazinane-Fused Isoquinolin-1(2H)-ones (Wen and Li,

2020)“
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Mechanistically, a stepwise PT/ET pathway is proposed.
Electrogenerated hydroxide or ethoxide deprotonates the
alkoxybenzamide substrate prior to anodic oxidation of the
anion. The resultant amidyl radical undergoes S-exo-dig
cyclization onto the tethered alkyne. Supporting DFT studies
indicate that this cychzatlon step has a free energy of activation
of AG¥ = 15.8 kcal mol™". The vinyl radical thus formed adds
to the arene in a 6-exo-trig cyclization. This step had a s1m11arly
high activation barrier, calculated at AG¥ = 11.3 kecal mol™!
Further anodic oxidation and PT yields the heterocychc
product.

2.1.2. Intramolecular C—N Bond Formation through
Addition to (Hetero)arenes. The Hong group in 2018
described a photocatalytic method for the synthesis of
phenanthridinones and 2-quinolones through N—H bond
activation via PCET and subsequent arene C(sp?)—H bond
amidation in a net oxidative, aerobic process (Scheme 33)."”
In this report, a combination of an Ir photocatalyst
[Ir(dF(CF;)ppy).(bpy) JPFs ([Ir-7]PF,) and n-BusMeN*(n-
BuO),(0O)PO~ were found to jointly mediate the homolysis of
the N—H bond in a series of N-aryl amides of biaryl 2-
carboxylic acids and subsequent intramolecular arene C(sp*)—
H amidation at temperatures of 60 °C. A scope of 18 examples
of N-aryl phenanthridinones was reported in yields of 52—90%.
Intramolecular C(sp*)—H amidation of electron-rich, -neutral,
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Scheme 33. Photocatalytic Intramolecular Arene C(sp*)—H
Amidation with N-Aryl Amides (Hong, 2018)
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and -poor arenes (33.2) was feasible, including aryl bromide
and iodide functionality. Electron-donating amide N-aryl
groups were typically employed (33.2, 33.3). These reaction
conditions were also found to promote oxidative quinolone
synthesis from a series of trans-N-aryl cinnamides (33.4—
33.6). In this substrate class, the photocatalyst is proposed to
play a dual role, first enablm_; olefin isomerization through an
energy-transfer mechanism,'”” then mediating arene C(sp*)—
H amination through N—H bond concerted PCET. In this
report, 18 examples of quinolone synthesis were given in yields
of 53—79%.

A transient N-centered radical generated through concerted
PCET is proposed to cyclize onto the pendant arene in a 6-exo-
trig fashion, generating a stabilized allylic C-centered radical.
Molecular dioxygen was proposed to facilitate re-aromatization
of the arene through trapping of this radical as the allylic
hydroperoxide followed by PT and elimination of hydro-
peroxide anion. Alternatively, a pathway involving oxidation of
the delocalized cyclohexadienyl radical to the stabilized
carbocation by either photoexcited-state Ir(III) or molecular
oxygen and subsequent PT is also plausible and was
considered. In this scenario, Ir(IIl) is regenerated in an ET
step between Ir(II) and molecular oxygen.

Itoh and co-workers in 2020 disclosed an organo-photo-
catalytic method enabling intramolecular arene C(sp®)—H
bond amidation through amidyl radical generation and
subsequent cyclization (Scheme 34)."”* The combination of
1-chloroanthraquinone (1-CI-AQN) photocatalyst and K,CO,
Bronsted base, under an air atmosphere in CHCI; solution
under visible-light irradiation gave access to 17 phenanthridi-
none products, in yields of 69—99%. The reaction proceeded at
ambient temperature and tolerated greater variation in the
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Scheme 34. Catalytic Intramolecular Arene C(sp*)—H
Amidation with N-Aryl Amides Employing an Organic
Photocatalyst (Itoh, 2020)
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electronic properties of the amide N-aryl group than the
method of Hong, including halogenation (34.3) and a
benzothiazole (34.4). Notably, two substrates carrying N-
alkyl groups failed. Mechanistic studies supported an analogous
N—H PCET process to that proposed by Hong.'”*
Waldvogel and co-workers have reported related protocols
for the electrochemical synthesis of N-aryl phenanthridinones
and carbazoles from 2-biarylamides via the stepwise generation
of an amidyl radical intermediate and subsequent intra-
molecular arene C(sp*)—H amidation (Scheme 35).179176
These protocols utilize an undivided electrochemical cell
assembly with a graphite anode and a Ni cathode, operating
under constant current conditions with n-Bu,N*PF,~ as a
supporting electrolyte in HFIP. In total, 13 examples of N-aryl

phenanthridinone synthesis were reported in yields of 40—
85%. Typically, electron-withdrawing N-aryl substituents gave
optimal reactivity (35.1, 35.2). The reaction was tolerant of
halogen (35.3, 35.4), ester, nitro, nitrile, and ketone functional
groups, and the transformation was demonstrated on gram
scale. In the latter report, 16 examples of carbazole synthesis
were presented in yields of 31—86%. In some cases, a 15%
aqueous co-solvent was added. N-benzoyl (35.5—35.8) and N-
acyl protecting groups both enable the efficient formation of
products. An N-protected carprofen derivative (35.7) was also
prepared in this work in 65% yield.

The authors’ proposed mechanism for N-aryl phenanthridi-
none and carbazole synthesis considers N—H bond homolysis
through an initial discrete substrate anodic oxidation step,
prior to deprotonation by HFIP anion (pK,y = 10.7 in
DMSO)"” generated through cathodic reduction of solvent.
The resulting amidyl radical cyclizes in a 6-exo-trig manner,
then undergoes re-aromatization through further anodic
oxidation and deprotonation. CV studies indicated that
substrate oxidation is required prior to deprotonation to
successfully yield product. Upon amidyl radical generation, a S-
exo-trig cyclization then occurs. Further anodic oxidation and
deprotonation lead to re-aromatization as before. Concomitant
cathodic reduction of protons leads to the evolution of
molecular hydrogen.

Lei and co-workers in 2019 reported an electrocatalytic
intramolecular C(sp*)—H sulfonamidation reaction of arylsul-
fonamide-appended N-aryl indoles for the synthesis of 10H-
benzo[4,5]imidazo[1,2-a]indole derivatives (Scheme 36)."7”

Scheme 35. Synthesis of N-Aryl Phenanthridinones (A) and
Carbazoles (B) via Electrochemical Intramolecular Arene
C(sp’)—H Amidation (Waldvogel, 2018 and 2020)“
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Scheme 36. Electrochemical Synthesis of 10H-
Benzo[4,5]imidazo[1,2-a]indoles through Sulfonamidyl
Radical Generation and Cyclization (Lei, 2019)
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Optimized reaction conditions involved substrate electrolysis
in an undivided cell with graphite anode and Ni plate cathode
under constant current conditions, with n-Bu,N*BF,”
supporting electrolyte and Fc as a redox catalyst in MeCN/
EtOH (1:1) at 70 °C. A scope of six examples was presented,
in yields of 48—83% (36.1—36.4).

A proposed mechanism involves discrete sulfonamide
deprotonation (e.g,, for benzenesulfonanilide, pK, = 12.6 in
DMSO)'”® by cathodically generated ethoxide (pK, = 29.8 in
DMSO0),"”” followed by oxidation mediated by anodically
generated ferrocenium. Cyclization of the resulting sulfona-
midyl radical onto the indole C2-position generates a stabilized
benzylic radical, which is further oxidized and deprotonated to
restore aromaticity and furnish the product.
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Li and co-workers recently reported an electrochemical
dehydrogenative synthesis of benzimidazolones from trisub-
stituted N,N’-diaryl ureas through an anodic oxidative C—N
coupling reaction (Scheme 37).'*° Optimized reaction

Scheme 37. Electrochemical Dehydrogenative Synthesis of
Benzimidazolones from Trisubstituted N,N’-Diaryl Ureas

(Li, 2020)
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conditions consisted of constant current electrolysis in an
undivided cell equipped with an RVC anode, a Pt cathode,
Me,N*BF,” as an electrolyte, and NaOMe as a base in MeOH
at 60 °C. Carbonate bases also gave rise to product, but with
reduced yields compared to methoxide. In this work, 20
examples of oxidative annulation were reported in yields of
65—87%. With respect to the arene undergoing the C—H
amidation reaction, variation of the electronic nature of
substituents (37.1, 37.2) and the introduction of polycyclic
(37.3) and heterocyclic (37.4) aromatic systems had little
impact on the reaction efficiency. N-alkyl ureas were not
effective substrates, likely due to reduced N—H bond acidity
compared to optimal anilide substrates.

Observations were consistent with a mechanism proceeding
via the stepwise deprotonation and oxidation of the N—H
bond for N-centered radical generation. The addition of
TEMPO under otherwise standard conditions gave no
product. CV experiments indicated that the oxidation potential
of a model substrate (37.1) in the presence of sodium
methoxide (E,, = +0.72 V vs Ag/AgCl in MeOH),"*" was
significantly reduced from that of the neutral substrate or base
alone. Following N-centered radical generation, S-exo-trig
cyclization onto the pendant arene generates a delocalized
cyclohexadienyl radical, which undergoes further anodic
oxidation and deprotonation to restore aromaticity and yield
the benzimidazolone product. At the cathode surface,
reduction of MeOH liberates molecular hydrogen and
regenerates the base, though a stoichiometric quantity of
sodium methoxide added at the start of the reaction was
required for maximum efliciency.

2.1.3. Intramolecular C—N Bond Formation Proceed-
ing through Aryl or Alkyl Migration. In addition to these
above highlighted methods for C—N bond formation
proceeding through N-centered radical generation and
addition across a tethered olefin or to an arene, several
creative methods for C—N bond formation have been devised
which involve the migration of an aryl or alkyl group from a
remote position of the substrate to the site of nitrogen
centered radical generation.lgl’182 In 2017, Nevado and co-
workers demonstrated that transient sulfonamidyl radicals
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promote aryl group migration with concomitant remote C-
centered radical generation in a class of y,y-diaryl triflamides
(Scheme 38).'% Following C—N bond formation and remote

Scheme 38. Remote C-Centered Radical Generation via N—
H Bond Homolysis and Subsequent Aryl Group Migration
(Nevado, 2017)“
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radical generation in this manner, the group demonstrated
subsequent C—C bond formation by trapping with Michael
acceptors and Nozaki allyl sulfone reagents, C—H bond
formation via HAT from a silanethiol additive, and finally C—
Br bond formation via HAT from BrCCl;. The combination of
Ir(III) photocatalyst [Ir(dF(CF;)ppy),(dtbbpy)]PF([Ir-
6]PF,) and a stoichiometric quantity of K,HPO, Brensted
base in a mixture of PhCF;/PhCl/H,0 (1:1:1) proved optimal
for this transformation.

In total, 25 examples of remote C—C bond formation with
aryl migration were reported, in yields of 47—95% (e.g., 38.1).
A set of competition experiments between differently
substituted y,y-diaryl sulfonamides revealed high selectivity
for migration of the more electron-rich arene (e.g., 38.2), even
when the arenes exhibit similar electronic properties.
Replacement of the triflate group with other N-protecting
groups was not tolerated. An additional four examples of
remote C—H bond formation were demonstrated (38.4) in
yields of 68—82%, and two examples of C—Br bond formation
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(38.5) in yields of 53% and $4% were reported with the
addition of TIPS-SH and BrCCls, respectively.

The group proposed a stepwise mechanism of discrete PT
and subsequent ET for N—H bond homolysis due to the high
N-H acidity of these triflimide substrates (e.g., for
trifluoromethanesulfonamide, pK, 9.7 in DMSO).'"”
Following sulfonamidyl radical generation, C—N bond
formation occurs in a S-exo-trig ipso-cyclization onto one of
the arene substituents, forming a spiro radical intermediate,
which collapses via C—C bond cleavage to yield an N-aryl
triflamide and the remote C-centered radical. The observed
preference in migratory aptitude of electron-rich arenes is
ascribed to polarity matching to the electron-deficient nature
of the N-centered radical. In the case of trapping with a Nozaki
allyl sulfone reagent, a new C—C bond is formed through an
addition—elimination pathway with extrusion of phenylsulfonyl
radical. This radical is in turn reduced by the Ir(Il) state of the
photocatalyst (Ey, Ir(ID)/Ir(II) = —1.37 V vs SCE in
MeCN),%® regenerating the ground-state Ir(IIl) catalyst and
phenylsulfinate anion. Other trapping reagents also generate
readily reduced radical products (a-acyl, silanethiyl, and
trichloromethyl radicals) which interact with the Ir(Il) state
in an analogous fashion to regenerate the Ir(III) complex. This
report is noteworthy in that a mild set of conditions is found
for unstrained C—C bond activation, with flexibility offered in
the subsequent functionalization of the reactive intermediate.

The synthesis of medium-sized (loosely defined as 8—12-
membered) saturated carbocyclic and heterocyclic rings via
cyclization of a linear precursor is challenging due to entropic
penalties for ring closure.'®* A research team led by
Ackermann and Ruan in 2020 devised an electrochemical
strategy for the synthesis of 8—11-membered benzo-fused p-
keto-lactams via N—H bond activation and subsequent C—C
bond cleavage (Scheme 39)."*°

An electrochemical cell assembly consisting of graphite
anode and Pt cathode operating under constant current
conditions with n-Bu,N*BF,” as a supporting electrolyte in aq.
MeCN at room temperature was employed in this trans-
formation. A series of N-aryl-1-acetamido-1-naphthols were
prepared in a single step by adding the lithium dianion derived
from the corresponding acetanilide to an a-tetralone.
Electrolysis under these conditions led to ipso-arene amination
with C—C bond cleavage. The alcohol moiety was further
oxidized to the ketone providing p-keto-lactam products
through this sequence of ring fusion/ring expansion. With
this method, 24 examples of the preparation of nine-
membered-ring benzo-fused N-aryl f-keto-lactams in this
manner were reported in yields of 30—98% (39.1, 39.2).
Typically, an electron-poor N-(3-(trifluoromethyl)phenyl)
group was required for maximum efficiency, with electron-
neutral and moderately electron-rich substituents giving
reduced yields. Substitution at aryl and alkyl positions of the
naphthol moiety was tolerated without impact on reaction
efficiency. Examples of pyridine-containing substrates are
included, and the reaction could be conducted on gram scale
with extended reaction times and without major reductions in
yield. In addition to these nine-membered-ring lactams derived
from tetralones, the group reported two examples of indanone-
derived eight-membered-ring lactams (39.3), one example of a
chromanone-derived nine-membered-ring lactam product
containing a cyclic ether, two examples of benzocyclohepta-
none-derived 10-membered-ring lactams, and one example of a
benzocyclooctanone-derived 11-membered-ring lactam (39.4),
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Scheme 39. Electrochemical Synthesis of Medium-Sized
Benzo-Fused f-Keto-lactams via C—C Bond Cleavage
(Ackermann and Ruan, 2020)°
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all with efficiency comparable to that of the above nine-
membered-ring examples.

A plausible mechanism for this transformation was proposed
to involve the homolytic activation of the N—H bond. While
the authors did not speculate on whether this occurs through a
stepwise or concerted PCET mechanism, the reaction
conditions are similar to those employed by Xu for the
intramolecular amidooxygenation of olefins,'*’ who invoke a
PCET step facilitated by electrogenerated hydroxide. The
strong dependence seen here of the N-aryl group, which
impacts the acidity of the amide N—H bond, could suggest that
a stepwise pathway may be operative. Following bond
activation, the resultant amidyl radical undergoes S-exo-trig
cyclization onto the arene at the ipso-position with respect to
the naphthol moiety. Supporting DFT studies show that the
ipso-5-exo-trig cyclization pathway is energetically favored over
an ortho-6-exo-trig pathway by 5.2 kcal mol™". The resultant
radical then triggers C—C bond scission with ring expansion
and neutral ketyl radical generation. Finally, this species is
converted to the ketone product through further anodic
oxidation and deprotonation. The authors note that the
possibility of a cationic pathway for ring closure remains.
Cathodic proton reduction leads to the liberation of
dihydrogen.

https://doi.org/10.1021/acs.chemrev.1c00374
Chem. Rev. 2022, 122, 2017-2291


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch39&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch39&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

In 2020, Guo and co-workers reported an electrocatalytic
approach to the heteroarylation of sulfonamides via intra-
molecular aryl group migration (Scheme 40).'*° Optimized

Scheme 40. Electrocatalytic Sulfonamide Heteroarylation
via Heteroaryl Group Migration (Guo, 2020)
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reaction conditions for this transformation consisted of the
constant current electrolysis of sulfonanilide substrates in an
undivided cell equipped with carbon cloth anode and Pt plate
cathode, in the presence of N-phenyl phenothiazine (PTZ)
(40.A) redox catalyst and n-Bu,N*BF,” electrolyte in MeCN/
TFE (6.5:3.5) at 70 °C. A significant decrease in yield was
observed without the TFE cosolvent. A total of 23 examples of
sulfonamide heteroarylation products were reported in this
work in yields of 77—93%. The reaction tolerated broad
variation of electronic nature of substituents on the (hetero)-
arylsulfonyl group: an electronically diverse scope of arenes,
heteroarenes, as well as ethyl and cyclopropyl substituents were
reported. Benzothiazoles (40.1, 40.2), thiazoles (40.3), and
imidazoles (40.4) were all reported to be effective in
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migration. The reaction proceeded smoothly on gram scale
as well.

The authors conducted CV experiments to probe the
mechanism of this aryl migration reaction. For the neutral
substrate, no oxidation peak was observed upon scanning up to
+2.0 V vs Ag/AgCl in MeCN. Meanwhile, the N-Ph-PTZ
catalyst showed a reversible oxidation wave at E,/, = +0.84 V
vs Ag/AgCl in MeCN."® Since the N-Ph-PTZ catalyst 40.A
cannot directly oxidize the substrate, the authors propose that
the sulfonanilide is first deprotonated prior to mediated ET,
with cathodically generated trifluoroethoxide (pK, = 23.6 in
DMSO)'"” acting as base for this process. This two-step
process generates a neutral N-centered sulfonamidyl radical,
which adds in a S-exo-trig fashion to the tethered heteroarene.
The spiro-heterocycle radical intermediate collapses with C—C
bond cleavage to release a stabilized neutral ketyl radical, which
undergoes either anodic or PTZ-mediated ET to yield the
ketone product.

Guo and co-workers later reported an alternate, photo-
catalytic strategy to promote the same migratory hetero-
arylation of sulfonamides in this substrate class (Scheme
41).""” Authors note that these conditions avoided the use of

Scheme 41. Photocatalytic Sulfonamide Heteroarylation via
Heteroaryl Group Migration (Guo, 2020)
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stoichiometric tetraalkylammonium salts which were utilized as
the electrolyte in the above protocol, which were difficult to
separate from the products. N-Ph PTZ—utilized as a redox
mediator in the above electrocatalytic method—now func-
tioned as an efficient photoredox catalyst under blue-light
irradiation. When subjecting sulfonanilide substrates to these
conditions in the presence of Ag,CO; as a stoichiometric
oxidant and KH,PO, as Brensted base at 60 °C in dioxane
solvent, 23 examples of sulfonamide migratory N-heteroar-
ylation were reported with yields ranging from 19% to 88%.
While varying substituents on the sulfonamide functional
group did not result in large differences in yields compared to
the electrocatalytic method (41.1—41.3), change in the
heteroaryl group undergoing migration was significantly less
tolerated (41.4, 41.5).

The authors propose that upon visible-light irradiation,
excitation of the PTZ photocatalyst followed by oxidative
quenching with Ag,CO; gives access to the PTZ radical cation.
A similar stepwise pathway for N-centered radical generation is
invoked, involving the additive base and this transient catalyst
radical cation. Thereafter, the same sequence of ipso-
substitution via C—N bond formation and C—C bond
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cleavage, and further oxidation of the resultant neutral ketyl
radical, leads to product generation.

In 2020, Zhang and co-workers reported an electrocatalytic
synthesis of triazolopyridones from 2-hydrazidopyridines via
oxidation to the diazocarboxylate followed by cyclization and
an unusual enantiospecific C-to-N alkyl migration (Scheme
42)."%" Triazolopyridones feature in a number of medicinally

Scheme 42. Electrocatalytic Synthesis of N-Alkyl
Triazolopyridines via C-to-N Alkyl Migration (Zhang,

2020)
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relevant molecules, yet a general synthetic route to secondary
and tertiary N-alkyl substitution was elusive prior to this
report. This transformation was carried out in an undivided
cell under constant current conditions with a graphite anode
and Pt cathode in the presence of (4-BrC¢H,);N as a redox
catalyst and n-Bu,N*BF,~ as a supporting electrolyte in MeOH
at 70 °C.

A total of 62 examples were presented in yields of 27—99%.
Isolated hydrazidopyridines or those prepared in situ could
both be used effectively as substrates. A broad functional group
tolerance was showcased. Hydrazides derived from primary

NN
CN(«N-R
o]

2049

(42.1), secondary (42.2), and tertiary alkyl carboxylic acids
(42.3) effectively underwent oxidative cyclization and
migration. However, no examples of aryl carboxylic acid
substrates were presented. This reaction was demonstrated on
numerous drug-, amino acid (AA)-, and natural-product-
derived substrates, including from diclofenac (42.5) and
clofibrate (42.6). When a-chiral secondary alkyl carboxylic
acid-derived substrates were employed, an enantiospecific alkyl
migration reaction occurred with complete retention of
configuration ((R)-42.7). This reaction could be performed
on a decagram scale and be applied to the preparation of
intermediates en route to analogs of a stearoyl-CoA desaturase
inhibitor analog and trazodone antidepressant.

A series of mechanistic experiments were performed.
Crossover experiments involving the co-electrolysis of two
different hydrazide substrates showed that the C-to-N alkyl
migration was an intramolecular event. Two radical rearrange-
ment substrates were prepared and subjected to the optimized
electrocatalytic reaction conditions, but yielded products
without indicative cyclopropane ring opening or allylbenzene
cyclization, respectively, suggesting that the migration step also
did not involve radical intermediates. Experiments were also
performed to rule out a carbocation intermediate triggering
migration. The authors observed a diazocarboxylate inter-
mediate as a byproduct in one reaction. Subjecting this to
optimized reaction conditions, or to simple reflux in MeOH,
led to conversion to the triazolopyridine product, thus
implicating this as an intermediate in the reaction. On the
basis of these observations, their mechanistic model involves
anodic oxidation of the triarylamine to the corresponding
aminium radical cation (E;,™ = +1.20 V vs Ag/AgCl in
MeOH)"*® which mediates single-electron transfer (SET) with
the hydrazide substrate (E,,™ = +0.84 V vs Ag/AgCl in
MeOH)"*® to yield the hydrazidium radical cation. Two-steps
of deprotonation mediated by cathodically generated meth-
oxide yield a distonic radical anion intermediate which
undergoes a further step of mediated ET to generate the
diazocarboxylate intermediate. A low barrier cis/trans-isomer-
ization and nucleophilic attack of the pyridine nitrogen onto
the carbonyl then triggers the enantiospecific alkyl group
migration with retention of configuration. Details on this final
step remain somewhat unclear.

2.1.4. Intermolecular C—N Bond Formation through
Addition to Alkenes, Alkanes, and (Hetero)arenes.
2.1.4.1. With Amides and Sulfonamides through Reactions
with Olefins. The following examples of intermolecular
reactivity of (sulfon)amides and olefins have been reported,
for olefin hydro(sulfon)amidation and the net oxidative [3+2]
annulation of sulfonanilides and styrenes. In 2018, Knowles
and co-workers reported photocatalytic conditions enabling
the intermolecular hydrosulfonamidation of unactivated olefins
with arylsulfonamides (Scheme 43).'*% Reaction conditions
involved Ir(III) photocatalyst [Ir(dF(CF;)ppy),(5,5'-d(CF;)-
bpy) |PF¢([Ir-9]PF), n-Bu,N*(n-Bu0O),(O)PO~ Brensted
base co-catalyst, and TRIP thiol as a HAT donor under
blue-light irradiation of substrate solutions in PhCF;. These
reaction conditions were able to mediate the eflicient
intermolecular hydrosulfonamidation of a diverse series of
functionalized olefins with exclusive anti-Markovnikov selec-
tivity, with 30 examples presented in yields of 15—89%. The
reaction typically required electron-rich 4-methoxybenzene-
sulfonamide to work with high efficiency, but primary and
secondary (43.5) sulfonamides carrying this arene were
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Scheme 43. Intermolecular Hydrosulfonamidation of
Unactivated Olefins Proceeding through Concerted PCET
(Knowles, 2018)“
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tolerated. Terminal (43.7), 1,1-disubstituted (43.1, 43.3), 1,2-
disubstituted (43.2, 43.6), trisubstituted, tetrasubstituted,
cyclic, acyclic olefins, and silyl enol ethers (43.4) were
demonstrated to serve as competent coupling partners. Silyl
enol ether substrates gave facile access to valuable protected
vicinal amino alcohol products. The reaction also tolerated
ketone, ester, primary alkyl chloride, Boc-amine (43.3), and
AA functionality on the olefin partner, and several examples of
natural product-derived coupling partners were included
(43.7). These reaction conditions also permitted intra-
molecular reactions through a S-exo-trig mode of cyclization
(see section 2.1.1.1 for details and discussion of the mechanism
of operation).

In 2019, Knowles and co-workers reported a single example
of the intermolecular hydroamidation reaction between 4-
methoxybenzamide and 2,2,4-trimethyl-1-pentene, leading
exclusively to the anti-Markovnikov monoalkylation product
44.1 in 67% yield (Scheme 44).°® This proceeded under the

Scheme 44. Intermolecular Hydroamidation between 4-
Methoxybenzamide and 2,2,4-Trimethyl-1-pentene
(Knowles, 2019)
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20 mol% n-BuyN*(n-BuO),P(0)O~

20 mol% TRIP-SH
10 mol% TRIP,S,

j\ Me CHCl3, Blue LEDs, Tt. )OL Y
Hoos tB
AN A tBu Ar H’\f/\t Bu
H 67% Me
1.0 equiv. 4.0 equiv. 1

Ar = 4-MeOCgHy—

blue-light irradiation of an amide and olefin (4.0 equiv)
solution in CHCI,, in the presence of Ir(Ill) photocatalyst
[Ir(dF(CF;)ppy),(S,5'-d(CF;)bpy) |PF4([1Ir-9]PFy),

Bu,N*(n-BuO),(O)PO~ Bronsted base, TRIP thiol as an
HAT mediator, and TRIP disulfide additive. Similar reaction
conditions also promoted the intramolecular hydroamidation
of olefin-tethered N-alkyl amides (see section 2.1.1.1 for
details, and discussion of the mechanism of operation). While
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the authors note that the reaction was limited to this electron-
rich benzamide and a simple olefin in excess, this is to our
knowledge the only reported example of an intermolecular
anti-Markovnikov hydroamidation reaction of an unactivated
olefin proceeding under photocatalytic activation.

In 2020, Zhang, Lei, and co-workers reported an electro-
catalytic strategy for the [3+2] annulation of N-protected
anilines with styrenes to form indoline derivatives (Scheme
45)."*” The reaction was generally carried out on small scale in

Scheme 45. Electrocatalytic Synthesis of Indolines via
Intermolecular [3+2] Annulation (Zhang and Lei, 2020)
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an undivided cell under constant current conditions with
carbon rod anode, Pt cathode, in the presence of DDQ redox
catalyst, AcOH Bronsted acid additive, n-Bu,N"BF,” electro-
lyte, in MeCN/1,2-DCE (2:1) solvent mixtures. The reaction
was also shown to be scalable in a flow reactor, showing
efficiency with a more economic Ni cathode and lowered
loadings of DDQ and AcOH under electrolyte-free conditions.
A variety of electron-rich anilides and sulfonanilides were
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demonstrated to be viable substrates—halogen substitution at
the meta-position (45.1) and methyl substitution at the ortho-
position (45.2) were both tolerated. A number of N-protecting
groups were also reported, including sulfonamides (45.1, 45.2)
as well as carbamates (45.3). a-Substitution of the styrene
generally improved reaction yields, and the olefin scope was
extended to include trans-stilbene (45.4) and 2-isopropenylth-
iophene (45.5). Addition of catalytic TEMPO at the end of
this [3+2] annulation process and further electrolysis in a one-
pot, two-step fashion allowed for the direct isolation of the
corresponding indole product.

Oxidation of the anilide substrate at the anode (e.g., for N-
(4-methoxyphenyl)-4-toluenesulfonamide, E,/,, = +1.49 V vs
Ag/AgCl in MeCN/1,2-DCE (2:1))"*’ followed by deproto-
nation results in formation of a delocalized aniline radical in a
stepwise sequence of ET and PT. The aniline radical then
reacts through C2 in an intermolecular C—C bond-forming
step with the styrene component, generating a benzylic radical
which is oxidized to the corresponding carbocation by either
DDQ or at the anode. Intramolecular cyclization and
subsequent deprotonation afford the indoline product.
Reduced DDQH, is re-oxidized to DDQ at the anode, while
reduction of AcOH at the cathode serves to generate acetate
base. Kinetic studies suggest that anilide oxidation is rate-
determining. CV experiments provide evidence for the initial
anilide oxidation, while radical trapping and electron para-
magnetic resonance (EPR) experiments support the existence
of an anilide radical intermediate where the radical character is
delocalized over the arene. We note the disclosure of a related
transformation proceeding through ground-state iron catalysis
in the presence of stoichiometric DDQ_oxidant, published in
2018 by Zhong and co-workers.'”’

2.1.4.2. With Amides and Sulfonamides through Alkyl
C(sp’)-H and (Hetero)aryl C(sp?)—H (Sulfon)amidation.
Pandey and Laha in 2015 reported a photocatalytic method
enabling the oxidative inter- and intramolecular amidation of
benzylic C(sp*)—H bonds through the intermediacy of amidyl
radicals (Scheme 46)."”" Employing the organic photocatalyst
9,10-dicyanoanthracene (DCA), irradiation at 410 nm of
MeCN solutions of alkylbenzene and N-methoxyamide
substrates open to air yielded the desired amidation products,
with 30 examples documented in yields of 50—75%. In
addition to these C—N coupling products, a minor amount of
aryl ketone side product was typically observed alongside. A
range of molecules containing primary (46.1), secondary
(46.2), and tertiary benzylic C(sp®)—H bonds were competent
substrates, with reactivity increasing with increasing substitu-
tion as expected. A series of para-substituted methylbenzenes
revealed that the electronic nature of the arene has little effect
on the reaction efficiency. In the case of xylenes and mesitylene
substrates, exclusive mono-amidation was observed. A
secondary benzylic C(sp’>)—H bond underwent preferential
reaction in the presence of a primary benzylic C(sp*)—H bond
in 4-ethyltoluene (46.3), and a secondary benzylic C(sp®)—H
bond reacted exclusively in the presence of a distal, non-
benzylic tertiary alkyl C(sp*)—H bond in isopentylbenzene
(46.4). Amides or amines not carrying the methoxy moiety
were unreactive.

A mechanistic model for this transformation involved
photoexcitation of the DCA catalyst prior to reductive
quenching with the methoxyamide coupling partner, yielding
the amide radical cation and DCA®™. The amide radical cation
is then proposed to undergo discrete PT mediated by an in situ
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Scheme 46. Oxidative Benzylic C(sp®)—H Bond Amidation
(Pandey, 2015)
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generated base (proposed by the authors to be hydroxide
arising from reaction of superoxide and water) to yield a key
amidyl radical intermediate. This stepwise proposal of
sequential ET and PT is feasible based on the expected
oxidation potential of an amide (e.g, for N-methylacetamide,
E,;;™ = +1.81 V vs SCE in MeCN)'* and the excited-state
oxidation potential of this dye (E,,, *DCA/DCA*™ = +2.17 V
vs SCE in MeCN)."”® However, PCET involvement cannot be
ruled out, especially as the reaction progresses and the
concentration of in situ-generated basic species increases,
which would increase the driving force for ET. Catalyst
turnover is achieved through ET between DCA®” and
molecular oxygen, forming superoxide as a byproduct.
Superoxide, or hydroperoxide anion, may be the base
responsible for the PT step. The intermediate amidyl radical
is then proposed to abstract a benzylic C—H bond in a HAT
event to yield the benzylic radical and reform the closed-shell
amide. Through a proposed further turn of the photocatalytic
cycle, thus requiring absorption of a second photon, the
benzylic radical is oxidized to the carbocation before trapping
with the nucleophilic amide and forging the new C—N bond.

Support for this HAT pathway was provided by the addition
of TEMPO under optimal conditions, affording the trapping
product of the benzylic radical intermediate. Additionally, the
appearance of ketone side products implies a minor pathway of
trapping this radical with dioxygen and further oxidation.
However, C—N bond formation is proposed to proceed
through nucleophilic trapping of a carbocation—as opposed to
a mechanism of radical-radical coupling. The addition of
AcOH co-solvent as an alternative nucleophile afforded a C—H
acetoxylation product alongside the C—H amidation product
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providing support for the nucleophilic trapping of a
carbocation intermediate.

In 2018, Zeng and co-workers reported an electrocatalytic
intermolecular C(sp®)—H amination of xanthenes with N-
alkoxyamides (Scheme 47)."”* The authors observed efficient

Scheme 47. Electrochemical Intermolecular C(sp*)—H
Amidation of Xanthenes (Zeng, 2018)
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reaction upon constant current electrolysis in an undivided cell
furnished with a carbon electrodes with substrate admixtures in
the presence of Fc as a redox catalyst, Na,CO; additive, and
LiClO, serving as the supporting electrolyte in MeCN/CH,Cl,
(1:1). In total, 18 examples of C(sp*)—N coupled products
were reported in 40—77% yields. A variety of N-alkoxy amides
were tolerated, including aryl (47.1) and alkyl (47.2) amides.
The scope of the coupling partner was limited to substituted
xanthenes (47.3), as other substrates with benzylic or a-
heteroatom C—H bonds afforded no product.

The authors noted that the neutral substrate could not be
oxidized by the Fc redox mediator, but a catalytic current was
observed upon stoichiometric deprotonation of substrate with
t-BuOK. Therefore, in the authors’ proposed mechanism of
this transformation, the Fc redox mediator is first oxidized at
the anode to generate ferrocenium in situ. This species
undergoes SET with the amide anion, generated via discrete
deprotonation of the neutral precursor by carbonate base, to

2052

yield an amidyl radical intermediate. However, there is a
substantial offset between the pK, of the carbonate base (pK,4
= 10.3 in DMSO) and that of the methoxy amide substrate
(e.g, for N-methoxyacetamide, pK, = 17.1 in DMSO; for N-
benzyloxybenzamide, pK, = 14.4 in DMSO)*’ suggesting full
PT is unlikely, and a concerted PCET mechanism for N-
centered radical generation may be operative. The generated
amidyl radical then undergoes intermolecular HAT with the
xanthone substrate, generating a highly stabilized doubly
benzylic radical. Further oxidation of this species affords a
carbocation intermediate which undergoes nucleophilic
trapping by the N-alkoxy amide. The unique reactivity of N-
alkoxy amides is proposed to be due to captodative
stabilization of the intermediate N-centered radical.'”’
Reduction of protons at the cathode generates molecular
hydrogen as a byproduct.

In 2016, Yu and co-workers disclosed a photocatalytic
method to achieve the net oxidative intermolecular C(sp*)—H
sulfonamidation of heteroarenes via stepwise N—H bond
homolysis and sulfonamidyl radical generation (Scheme
48A)."° This reaction involved blue-light irradiation of a

Scheme 48. (A) Photocatalytic C2-Selective C(sp?)—H
Sulfonamidation of Indoles, Pyrroles, and Benzofurans (Yu,
2016) and (B) Photocatalytic C3-Selective C—H
Sulfonamidation of Imidazo[1,2-a]pyridines (Sun, 2017)“
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dioxane solution of heteroarene substrate and N-alkyl or N-aryl
p-toluenesulfonamide with [Ir(ppy),(dtbbpy)]PF([Ir-3]PFy)
acting as a photocatalyst and aq. NaOCI solution as a
stoichiometric terminal oxidant. In total, 48 examples of the
C2-selective C(sp*)—H sulfonamidation of indoles (48.1—
48.4), azaindoles, pyrroles, and benzofurans (48.5) were
reported in yields of 41—92%. The reaction was broadly
tolerant of many heteroarene ring- and N-substituents, and
many potentially reactive functional groups were handled
without incident, including alkenes, alkynes, esters, and
halogens. Impressively, the electron-rich heteroarenes in this
work did not suffer electrophilic chlorination or oxidation
under these photocatalytic reaction conditions. These
conditions also permitted intramolecular C(sp*)—H sulfona-
midation when these functional groups were tethered to the
heteroarene. Later, in 2017, Sun extended the scope of this
transformation, under the same conditions, to include
imidazo[1,2-a]pyridines, giving exclusively C3 sulfonamidation
products.'”® A scope of 28 examples was reported in yields of
36—92% (Scheme 48B, 48.6—48.10).

Interestingly, the mechanism of the reaction was shown to
not involve the formation of an N-chlorosulfonamide, despite
previous reports suggesting NaOCl is a competent chlorinating
agent for forming these species.'”’ ' Subjecting an indole
substrate to an independently prepared N-chlorosulfonamide
under these reaction conditions gave none of the desired arene
sulfonamidation product, but instead heteroarene amino-
chlorination with low efficiency, presumably via an electro-
philic chlorination pathway. Instead, through steady-state SV
studies, the authors show that NaOCI quenched the emission
of the Ir(IlT) photocatalyst (E,/, Ir(IV)/*Ir(1lI) = —0.96 V vs
SCE in MeCN),*® forming an Ir(IV) species. The authors
propose that joint action of this Ir(IV) oxidant (E,,, Ir(IV)/
Ir(Il) = +1.21 V vs SCE in MeCN)® and hydroxide base
present in the commercial sodium hypochlorite solution effect
N—H bond homolysis via PCET, generating a reactive
sulfonamidyl radical intermediate. This radical then engages
with the heteroarene substrate, forming a new C—N bond.
Further oxidation of the resultant C-centered radical, either
photocatalyst mediated or directly by sodium hypochlorite and
subsequent deprotonation restores aromaticity to yield the
product.

Recently, Zhang, Ackermann and co-workers disclosed a
protocol for the electrochemical C(sp*)—H sulfonamidation of
heteroarenes via N—H bond concerted PCET activation in an
N-alkyl sulfonamide coupling partner (Scheme 49).>°° Optimal
conditions consisted of the constant current electrolysis of
heteroarene and sulfonamide coupling partners in 1,4-dioxane/
H,O (1:1) solution in an undivided electrochemical cell
equipped with graphite felt anode and Pt cathode at 80 °C.
K;PO, served as both the electrolyte and the Bronsted base
additive. The researchers reported 40 examples of heteroarene
sulfonamidation in 15—80% yields. A variety of indoles (49.1—
49.3), pyrroles, benzofurans (49.4), and benzothiophenes
were demonstrated. With respect to substitution on the
heterocycle, the reaction tolerated both electron-rich (49.2)
and electron-deficient (49.3) substituents at various positions.
Variation of the N-alkyl N-aryl sulfonamide constituent
revealed that the reaction tolerated alcohols (49.5).

Radical trapping experiments with butylated hydroxytoluene
(BHT) under the electrolytic conditions afforded a sulfona-
mide-BHT adduct, suggesting the involvement of a neutral N-
centered sulfonamidyl radical. Furthermore, CV experiments
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Scheme 49. Electrochemical C(sp*)—H Sulfonamidation of
Heteroarenes (Zhang and Ackermann, 2020)
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revealed that the addition of aq. K;PO, significantly negatively
shifted the oxidation potential of the sulfonamide (e.g., for N-
methyl p-toluenesulfonamide, E,,,™* = +2.50 V vs Ag/AgCl in
MeCN, compared to E;,,”™ = +1.00 V vs Ag/AgCl in MeCN/
0.2 M ag. K;PO, solution),”” suggesting that K;PO, serves as
both the electrolyte and base to facilitate concerted PCET
activation of the sulfonamide substrate. Based on these studies,
the authors propose a mechanism wherein the sulfonamide
substrate undergoes concerted PCET at the anode to generate
an intermediate N-sulfonamidyl radical. This radical undergoes
intermolecular addition to the indole, generating a C—N bond
and a stabilized C-centered radical. Further anodic oxidation to
the corresponding carbocation and deprotonation re-estab-
lishes aromaticity to afford the product. The protons lost
during this process are reduced at the cathode, generating
molecular hydrogen as a byproduct.

Weng, Chiang, and Lei recently reported an electrochemical,
oxidative formal [4+2] annulation between indole- and
pyrrole-1H-carboxamides, and indoles leading to
tetrahydropyrimido[S,4-bJindolinones with exquisite regiose-
lectivity (Scheme 50).*°" Such structures have several reported
biological and pharmaceutical applications, including anti-HIV-
1 inhibitors and a;-adrenoceptor antagonist.”””~*** Prior
[4+2] annulation reactions of 2,3-indole double bonds through
Diels—Alder reactions have been reported, either as the 27 or
part of the 47 component, but with strict limitations on
substituents due to the inherent electron demand requirement
for efficient cycloaddition.””>™*°” This work was an extension
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Scheme 50. Electrochemical Oxidative [4+2] Annulation of
Indole-1H-carboxamides and N-Alkylindoles (Lei, 2020)
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to a previously published method from this group for the
oxidative annulation of phenols and indoles via O—H bond
homolysis (for a discussion, see section 3.3.2.2).”°® Electrolysis
was carried out in an undivided cell operating under constant-
current conditions with Pt plate electrodes, Et,N'BF,” as a
supporting electrolyte, and NaOBz as a Bronsted base additive
in a mixture of CH,Cl,/HFIP (2:1). Here, 32 examples of the
oxidative annulation were reported, in yields of 50—89%. The
reaction proved highly functional group tolerant with respect
to indole N- and ring-substituents. Aryl and alkyl halogen, alkyl
azide (50.2), unprotected primary alcohol, nitrile, alkene, and
alkyne functionality (50.3) were demonstrated, whereas only
N-alkoxy carboxamides were suitable substrates for N-centered
radical generation. A number of complex and densely
functionalized indoles were competent partners, demonstrating
the ability of this method to carry out late-stage derivatization.

The authors invoke a PCET mechanism for N—H bond
homolysis based on CV experiments and EPR studies. They
observed that the onset of oxidation of an indole-1H-
carboxamide coupling partner was lowered by ca. 500 mV
upon the introduction of exogenous NaOBz (for the indole-
1H-carboxamide leading to 50.1 and 50.2 in the absence of
base E_,..>* = +1. 10 V vs Ag/AgCl in CH,CL,/HFIP (2:1),
compared to E = +0.60 V vs Ag/AgCl in CH,Cl,/HFIP

onset
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(2:1) in the presence of NaOBz).””' The PCET activation of
the carboxamide substrate lowers the oxidation potential
requirement to approximately equal to that of the N-
alkylindole substrate (Ey”* = +0.60 V vs Ag/AgCl in
CH,ClL,/HFIP (2:1)),””" meaning both indole radical cation
and amidyl radical are formed simultaneously through anodic
oxidation. In keeping with their earlier proposal,”*® the authors
proposed a radical-radical coupling elementary step to
account for the first C—N bond-forming step of the annulation
at the C3 position between a persistent indole radical cation
and transient amidyl radical. Following this initial bond
formation, a Friedel—Crafts-type SpAr followed by proton
loss completes the formal [4+2] annulation reaction.
Concomitant cathodic reduction of HFIP liberates dihydrogen,
and the resultant alkoxide can either act as the base (pK, =
10.7 in DMSO)'"” for PCET directly, or regenerate the
additive benzoate base (pK, = 11.1 in DMSO)."

2.1.4.3. With Imides and Sulfonimides through (Hetero)-
aryl C(sp?)—H (Sulfon)imidation. In 2017, the Itoh group
reported a photoredox strategy for a net oxidative C(sp*)—H
imidation protocol of indoles and related electron-rich
heteroarenes under oxidative aerobic conditions (Scheme
51).”” The method utilizes phthalimide (PhthH) or related

Scheme 51. Intermolecular Oxidative Heteroarene C(sp?)—
H Imidation via Phthalimidyl Radicals (Itoh, 2017)
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imides as the imidation reagent, and is mediated by 2-tert-
butylanthraquinone (2-t-Bu-AQN) photocatalyst and K,CO;
Bronsted base co-catalyst in DMF solution under air with
visible-light irradiation. In total, 30 examples of heteroarene
C(sp*)—H imidation were reported in 13—93% yields. In
exploring the scope of the reaction, substitution at both indole
nitrogen and C2 of the indole were shown to be essential.
Substrates with electron-rich groups at C2 (51.1) generally
performed the best, and the scope was extended to include

O

6.
P

0, Oz

https://doi.org/10.1021/acs.chemrev.1c00374
Chem. Rev. 2022, 122, 2017-2291


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch51&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00374?fig=sch51&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

pyrroles (51.2) as well as 2-phenylbenzothiophene (51.3),
though with low to moderate yield. When the indole carried a
C3-phenyl substituent, C2 functionalization was achieved in
54% vield (51.4). Use of nitro- and amino-substituted
phthalimides as substrates resulted in little to no product,
though 1,8-naphthalimide was demonstrated to generate
product in moderate yield (51.5).

Formal N—H homolysis of the imide (e.g,, for PhthH, pK, =
8.3 in H,0)”'? is proposed to occur via stepwise
deprotonation by K,CO; and single-electron oxidation
mediated by the excited state of the photocatalyst, generating
the corresponding N-centered radical. This imidyl radical adds
to the C3-position of the indole substrate, resulting in a C-
centered radical localized at the C2-position. Meanwhile,
molecular oxygen is proposed to undergo single-electron
reduction by the reduced state of the photocatalyst to form
superoxide. Oxidation and deprotonation or HAT of the indole
radical by superoxide or hydroperoxide radical generates the
re-aromatized indole product. The authors note that it was not
possible to rule out an alternative mechanism where the indole
is oxidized to the corresponding radical cation by the
photocatalyst, followed by nucleophilic addition of PhthH,
but they disfavored this pathway due to the poor
nucleophilicity of the imide.

Also in 2017, Itami and co-workers reported a photocatalytic
oxidative (hetero)arene C(sp*)—H sulfonimidation reaction
proceeding through an N-centered radical intermediate formed
through stepwise N—H bond homolysis (Scheme 52).*'" Blue-
light irradiation of typically equimolar mixtures of electron-rich

Scheme 52. Photocatalytic Arene and Heteroarene C(sp*)—
H Sulfonimidation (Itami, 2017)
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(hetero)arene and various sulfonimides in the presence of Ru
photocatalyst [Ru(bpy);]Cl,-6H,0 ([Ru-1]ClL,-6H,0) and
the hypervalent I(III) reagent IBB (52.1) as a stoichiometric
oxidant in 1,2-DCE solution gave access to 29 examples of C—
H sulfonimidation products in yields of 35—87%. Control
experiments revealed the critical requirement for both
photocatalyst and visible-light irradiation. A variety of arene
coupling partners underwent efficient reaction, including
naphthalene (52.2, 52.3) and higher polyaromatic hydro-
carbons. Electron-rich heteroarenes also underwent efficient
amination, including thiophene (52.4), bithiophene (52.5), a
benzofuran (52.6), and an oxazole (52.7). Naphthalene
underwent regioselective mono-sulfonimidation at CI1. Sym-
metrical and unsymmetrical sulfonimides, including those
holding both aryl and alkyl substituents, were reactive under
these conditions. A selective mono-desulfonylation reaction of
an imide product was demonstrated using ethylenediamine to
yield the corresponding sulfonamide in 98% yield, thus serving
as an entry point to other aromatic amine derivatives.

A mechanism was proposed based on CV measurements.
Photoexcitation of the Ru(Il) photocatalyst produces a long-
lived photoexcited state capable of engaging in productive ET
(Ey/, Ru(III)/*Ru(1I) = —0.81 Vvs SCE in MeCN)®* with the
hypervalent iodine reagent through oxidative quenching
(E,/,™** IBB = —0.60 V vs Fc'/Fc in 1,2-DCE).”"" This leads
to the formation of an A*-iodanyl radical intermediate and
butoxide following mesolytic cleavage of the resultant radical
anion and the generation of an oxidized Ru(III) complex. The
Ru(IlI) complex was suggested to be sufficiently oxidizing
(Ei/, Ru(Ill)/Ru(Il) = +0.95 V vs Fc'/Fc in DCE)*'" t
engage in productive ET with the neutral sulfonimide substrate
(Ep2™ = +0.25 V vs Fc'/Fc in 1,2-DCE).”"" However, the in
situ generation of butoxide and benzoate bases suggests that a
discrete sulfonimide PT prior to ET or a PCET mechanism is
operative to accelerate this process. Following N-centered
radical generation in this manner, addition to the arene
component leads to a delocalized cyclohexadienyl radical
intermediate. Finally, ET between the iodanyl radical and
subsequent PT restores aromaticity to the arene. An
intramolecular KIE experiment between deuterated and non-
deuterated positions on a phenanthrene substrate was taken as
evidence that C(sp*)—H bond cleavage is not rate-determining
(ky/kp = 1.06). This mechanism is distinct to related work
from Nicewicz, Lei, Yoshida, and Hu, demonstrating arene
C(sp*)—H amination with azoles and alkylamines, where the
arene component is first oxidized to its corresponding radical
cation followed by addition of the closed-shell nucleo-
phﬂe.75,212—216

Itami and co-workers also reported a protocol for the direct
C(sp?)—H sulfonimidation of naphthalene (53.1, §3.2), an
oxazole (53.3), and flavone (53.4) with diarylsulfonimides
upon blue-light irradiation in the presence of DDQ as a
stoichiometric oxidant (Scheme 53).”'” Out of a selection of
eight common quinone oxidants, only DDQ _gave any product
formation, which was also shown through control experiments
to require irradiation. While narrow in scope with respect to
the (hetero)arene undergoing C(sp?)—H sulfonimidation,
several symmetrical and unsymmetrical sulfonimides bearing
both alkyl and aryl groups were competent coupling partners.
Phthalimide and diphenylamine were unreactive coupling
partners.

A mechanistic proposal was made based on experimental
observations and literature precedent of photochlorination
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Scheme 53. Direct (Hetero)arene C(sp>)—H
Sulfonimidation Mediated by Visible-Light Irradiation of
DDQ (Itami, 2017)
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from Fukuzumi’'® Irradiation of DDQ produces a strong
photoexcited-state oxidant (E,,, *DDQ/DDQ®™ = +3.18 V vs
SCE in MeCN)>"” capable of engaging in ET with the
sulfonimide reagent. PT, either concurrently or in a discrete
second step generates two neutral radical intermediates—an
N-centered sulfonimidyl radical and a semiquinone (SQ)
radical. The former species adds to the arene substrate and
then DDQ_semiquinone radical mediates re-aromatization to
yield the closed-shell product, through either HAT or ET and
PT steps. Reduced DDQH, is produced as a stoichiometric
byproduct of this process. The narrow scope with respect to
arene is proposed to be due to competing non-productive
charge transfer (CT) to the arene rather than the sulfonimide
in unsuccessful cases.

In 2019, the Lei group reported a synthetic procedure for
the electrochemical intermolecular C(sp?)—H sulfonimidation
of electron-rich arenes (Scheme 54).””° The reaction setup
consisted of a carbon rod anode and Pt plate cathode in an
undivided cell. The reaction was run under constant current
conditions with a CH,Cl,/MeCN/HFIP (20:4:1) solvent
mixture and 7-Bu,N*AcO~ as the supporting electrolyte.
Under these reaction conditions, 56 examples of arene
sulfonimidation were reported, ranging from 28% to 97%
yields. Electron-rich heterocycles and arenes such as
thiophenes (54.1) and naphthalenes (54.4) were the most
effective substrates; however, 2,6-diphenylpyridine (54.2) also
underwent efficient imidation. The Lei group also demon-
strated that this procedure is amenable to the manipulation of
natural product and drug-like molecules, such as caffeine
(54.3). While benzenesulfonimide was the primary electro-
phile utilized in the scope studies, unsymmetrical sulfonimides
(54.5) and N-acyl sulfonamides (54.6) could also be
employed in the reaction.

In addition to arene C(sp*)—H sulfonimidation, the authors
demonstrated that alkene C(sp?)—H bonds were competent
coupling partners (Scheme S55). Now, nine different alkenes
were demonstrated in the reaction, bearing either 1,1-

CN

ET/PT
or PCET

ET/PT

or HAT OH

2056

Scheme 54. Electrochemical C(sp*)—H Sulfonimidation of
(Hetero)arenes (Lei, 2019)
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Scheme 55. Electrochemical C(sp*)—H Sulfonimidation of

Olefins (Lei, 2019)
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disubstitution (55.1) or trisubstitution (55.2). A single
example of the sulfonimidation of a non-activated alkene
(from methylene cyclohexane, 55.3) was included as part of
the reaction scope. Although the yield in this case was modest
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(30%), it is noteworthy that exclusively the endocyclic
trisubstituted alkene product was obtained.

The authors performed CV studies and determined that the
current response for the oxidation of benzenesulfonimide
increased with increasing concentrations of n-Bu,N*AcOT;
based on these data, the authors proposed a plausible
mechanism that begins with a concerted PCET process to
generate a neutral N-centered radical intermediate. The
electrophilic sulfonimidyl radical is then proposed to undergo
bimolecular C—N bond formation with the arene (or alkene)
to generate a stabilized cyclohexadienyl, or benzylic/tertiary
alkyl radical respectively. Anodic SET followed by PT
generates the product. Concomitant cathodic reduction of
the protons generated in this process generates an equivalent
of H, and obviates the need for any additional external
chemical oxidant.

2.1.5. Remote Bond Formation through 1,5- and 1,6-
HAT Processes. In addition to the above studied methods
enabling C—N bond formation to occur at the nitrogen-
containing functional group, photocatalytic and electro-
chemical methods have been developed to instead selectively
homolyze a remote C(sp’)—H bond for C-centered radical
generation. From this intermediate, a variety of C—C and C—
N bond-forming reactions have then been demonstrated.
These pathways proceed through N—H bond homolysis for
neutral N-centered radical generation, and thereafter a
subsequent 1,x-HAT step leads to remote C—H bond scission.
We highlight these methods in the following discussion.

2.1.5.1. C—C Bond Formation through 1,5- and 1,6-HAT
under Photocatalytic Activation. In 2016, the Knowles and
Rovis groups independently published concurrent reports of
the remote, &-selective, C(sp’)—H alkylation of amides with
electron-deficient olefins.””**" In these publications, an amidyl
radical, generated through formal homolysis of the amide N—
H bond, is leveraged to undergo selective 1,5-HAT to abstract
from a distal C(sp’)—H bond—analogous to the classical
Hofmann—Loffler—Freytag (HLF) reaction.”**~*** The result-
ing C-centered radical is then trapped by a Michael acceptor in
a Giese-type reaction, forming a new C—C bond remote to the
site of N—H activation. While both groups utilize the innate
reactivity of the amidyl radical to achieve site selectivity in C—
H bond activation, the two groups applied distinct, yet
complementary approaches to the generation of the amidyl
radical. While the Knowles lab described a concerted PCET
process to generate the amidyl radical from N-benzoyl amides,
the Rovis group leveraged the increased acidity of the N—H
bond in trifluoroacetamide substrates to affect formal
homolysis through a stepwise deprotonation/oxidation proc-
ess.

The report from Knowles and co-workers utilized a joint
catalytic system comprising Ir(III) photocatalyst [Ir(dF(CF;)-
ppy)2(5,5'-d(CF3)bpy) IPFs ([1r-9]PF) and n-Bu,N"(n-
BuO),P(O)O~ Bronsted base co-catalyst under blue-light
irradiation to effect the formal homolysis of an amide N—H
bond, prior to alkylation with electron-deficient olefins
(Scheme 56). In this work, 27 examples of remote alkylation
with yields ranging from 29% to 87% were reported. These
included alkylated products $6.1 and $6.2, formed by
generation of a tertiary carbon-centered radical after 1,5-
HAT followed by addition into enone and methylene malonate
Michael acceptors, respectively. Product 56.3 demonstrated
amidyl radical abstraction to form a sterically encumbered 2°
C-centered radical. Additionally, electron-deficient amide and
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Scheme 56. Catalytic Remote Alkylation of C(sp®)—H
Bonds in N-Acylamines (Knowles, 2016)
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sulfonamide substrates generate alkylated products 56.4 and
56.5 respectively. A substrate with a quaternary center
blocking abstraction at the J-position afforded instead the
1,6-HAT product in 57% yield (56.6). This group later
demonstrated that 4-methoxybenzenesulfonamides also permit
amidyl radical generation and 1,5-HAT using this same catalyst
system."** This combination of this Ir(III) photo oxidant (E,
#1r(111) /Ir(11) = +1.30 V vs Fc*/Fc in MeCN)* and Brensted
base (pK, = 13 in MeCN)* provides an effective BDFE for
N—H bond abstraction of 103 kcal mol™". While marginally
endergonic, this system was sufficient to activate the N—H
bond of the N-alkyl amide substrates (ca. 107 kcal
mol™1)*****” through a concerted PCET process. SV
quenching experiments and the thermodynamic constraints
imposed by the substrate and catalyst oxidation potentials and
pK.’s support a concerted mechanism for the generation of the
amidyl radical.

In contrast, the Rovis group employed a stepwise sequence
of discrete PT and subsequent photocatalytic ET, enabled by
the highly acidified N—H bond of a trifluoroacetamide
substrate (pK, = 17.2 in DMSO)""” (Scheme 57A). Under
the biphasic conditions reported, K;PO, is sufficiently basic to
deprotonate the trifluoroacetamide substrate (pK, = 12.7 in
H,0).”*® The resulting conjugate base is readily oxidized (e.g,,
for N-propyl trifluoroacetamide potassium salt, E, = +0.77 V vs
SCE in MeCN)**' by the employed Ir(Ill) photocatalyst
(Ir(dE(CF;)ppy),(dtbbpy) JPFs ([Ir-6]PFe) (E,,, *Ir(Il)/
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Scheme 57. (A) Catalytic Remote Alkylation of C(sp>)—H
Bonds in N-Trifluoroacetamides (Rovis, 2016) and (B) y-
Selective C(sp®>)—H Alkylation of Imides (Rovis, 2017)
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Ir(I1) = +0.89 V vs SCE in MeCN),*® generating an amidyl
radical which can then facilitate 1,5-HAT. The authors report
25 examples of remote alkylation in this manner with yields of
39—83%. In addition to enone-derived acceptor product 57.1,
radical addition into acrylate and acrylamide Michael acceptors
(57.2—57.6) was demonstrated. This was due to the increased
ability of the Ir(I) state of [Ir-6]PF4 (E,,, Ir(IlI)/Ir(I) =
—1.37 V vs SCE in MeCN)® to reduce the resulting a-
carbonyl radical and close a redox-neutral photocatalytic cycle,
when compared to the more-oxidizing photocatalyst required
in the method from the Knowles group (e.g., for [Ir-9]PF,,
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E,, Ir(Il1)/Ir(ll) = —1.07 V vs Fc'/Fc in MeCN).”
Additionally, the authors presented a number of amide
substrates to showcase the reactivity and selectivity of the
amidyl radical for 1,5-HAT. Product $7.3 demonstrates
abstraction from a methylene carbon, generating a less-
stabilized secondary radical. Product 57.4 shows selectivity
for 1,5-HAT over 1,6-HAT in the presence of another
activated C—H at the & carbon. Products 57.5 and 57.6
demonstrate the selectivity of this method for the 1,5-
functionalized product in the presence of other tertiary C—H
bonds, demonstrating complementary selectivity to other Rh-
or Ir- catalyzed C—H functionalization reactions.”*” Under
these conditions, the authors propose a stepwise mechanism
for amidyl radical generation. The similarity of the substrate
and base pK,’s indicate that the amide is likely deprotonated.
The observation of a minor amide conjugate addition adduct
provided additional support for this anionic amide conjugate
base intermediate. Furthermore, SV and CV studies demon-
strated that the trifluoroacetamide conjugate base can quench
the photocatalyst. These data support a primarily stepwise PT/
ET mechanism under optimized conditions, although obser-
vation of product formation albeit with lower efficiency when
the weaker base Cs,CO; (pK, = 10.0 in H,0)*** was used
suggests that concerted and stepwise pathways could be
simultaneously operative.

Following the concurrent 2016 reports from the Rovis and
Knowles groups on the remote alkylation of amine derivatives,
the Rovis group disclosed a similar remote alkylation strategy
in 2017 that instead proceeded through activation of carboxylic
acid-derived imide functional groups (Scheme 57B).”*" Under
similar reaction conditions, these authors reported 35 examples
of y-alkylated carbonyl compounds, ranging in yield from 14%
to 78%. A variety of olefin acceptors were employed as
alkylating agents, including vinyl phosphonates, sulfonates, and
amides (57.7—57.9). The authors also demonstrated a variety
of substitution patterns on the distal carbon undergoing C—H
abstraction; however, the majority of the examples either were
tertiary C—H bonds (57.7—57.10) or secondary C—H bonds
adjacent to a heteroatom (57.11). In a mechanistically related
fashion, once again a stoichiometric phosphate base (pK, =
12.7 in H,0)**" deprotonates the acidic N—H bond of the
imide substrate (e.g., for succinimide, pK, = 14.8 in
DMSO).>** Oxidation of this conjugate base by [Ir(dF(CE,)-
ppy),(dtbbpy) IPE¢ ([Ir-6]PFy) (E,, *Ir(IIT)/Ir(II) = +0.89
V vs SCE in MeCN)®® affords the N-centered radical that then
carries out an intramolecular 1,5-HAT to generate the requisite
7-C-centered radical for distal alkylation.

The Rovis group later extended these methods in 2019 to
include alkyl bromides as the alkylating reagent, intercepting
the distal radical following 1,5-HAT with an alkyl Ni(II)
complex to furnish the C(sp*)—C(sp®) cross-coupled product
(Scheme 58).>% Following optimization studies, the authors
found that the combination of [Ir(dF(CF;)ppy),(dtbbpy)]PF;
([Ir-6]PF;) as photocatalyst, Ni(glyme)Cl, as Ni source, and
(4,4'-dMe)bpy as ligand were the most effective catalysts for
this remote alkylation.

A variety of structural variations to the trifluoroacetamide
were well tolerated (15 examples, 35—82% yield, 58.1—58.6),
though the authors found that increasing the degree of
substitution adjacent to the nitrogen promoted a more efficient
reaction, presumably through a Thorpe—Ingold effect. With N-
(2-cyclohexylethyl)trifluoroacetamide as the model substrate, a
variety of alkyl halides were employed in the reaction. In all
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Scheme 58. y-Selective C(sp®)—H Alkylation of
Trifluoroacetamides with Alkyl Bromides (Rovis, 2019)
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cases, the observed diastereomeric ratio was >20:1 for the
trans:cis isomers. Diverse functionality was tolerated in the
reaction, including polar groups (58.4) and nitrogen hetero-
cycles (58.5). It was also noteworthy that the authors observed
alkylation of a substrate containing an aryl halide, highlighting
the selectivity of this method for oxidative addition in alkyl
halides (58.6).

In their mechanistic model, a remote C-centered radical is
generated from the trifluoroacetamide substrate through
discrete steps of PT, PET, and 1,5-HAT as exemplified
previously. Concurrently, oxidative addition of the alkyl
bromide partner occurs at a Ni(I) center, generating an alkyl
Ni(III) complex. This is reduced to the corresponding alkyl
Ni(II) intermediate by the Ir(II) state of the photocatalyst
(Ey, Ir(I)/Ir(11) = —1.37 V vs SCE in MeCN).*® The
substrate-derived C-centered radical intercepts this alkyl Ni(1I)
complex, resulting in a dialkyl Ni(IlI) intermediate, which
facilitates reductive elimination to yield the product and
restore Ni(I). Interestingly, Martin, Montgomery, and co-
workers later found conditions for the Ni-catalyzed a-
alkylation and a-arylation of similar benzamide substrates,
rather than the S-alkylation demonstrated here.”**

Expanding on the scope of distal C—C bond formation
through a 1,5-HAT manifold following photocatalytic N—H
bond homolysis, in 2019 Tambar and co-workers reported the
distal allylation of unactivated C(sp®)—H bonds (Scheme
59).%*° The authors initially observed that blue-light irradiation
of a model trifluoroacetamide substrate and an allyl chloride
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Scheme 59. y-Selective C(sp®>)—H Allylation of
Trifluoroacetamides with Allyl Chlorides (Tambar, 2019)
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reagent with photocatalyst [Ir(dF(CF;)ppy),(dtbbpy)]-
PF,([Ir-6 |PF4) and K;PO, in MeCN afforded product 59.1
in 48% yield. However, with the addition of Ni(COD), co-
catalyst and of BiOX ligand 59.A, the yield increased to 72%.
The addition of Ni(I) precursors instead of Ni(0) proved
detrimental to the yield. The researchers report 25 examples
with yields ranging from 38% to 78%. In addition to variation
in the amide component, the authors demonstrated successful
coupling with a variety of allyl chlorides, including aromatic
(59.2, 59.3) substituents at the C2-position of the allyl
chloride, trimethylsilane (59.4), and terminal alkene (59.5)
substituted products were all incorporated efficiently. Allyl
chlorides with electron-deficient substituents at the C2-
position afforded the C-allylated product in lower yields, as
significant amounts of N-allylation were also observed.

The authors proposed a catalytic cycle wherein an amidyl
radical intermediate is generated through a stepwise sequence
of PT/ET involving K;PO, and photoexcited- state Ir(10I) (E, ),
*[r(II1)/Ir(II) = +0.89 V vs SCE in MeCN), respectively.
This aligns with the proposal of Rovis.””' The amidyl radical
then undergoes 1,5-HAT to generate the distal C-centered
radical. This radical is proposed to undergo addition to the
Ni(0) ligated allyl chloride reagent, resulting in a C-centered
radical. This intermediate undergoes f-scission to furnish the
product and chlorine radical (E,;, CI*/Cl” = +0.52 V vs Fc in
MeCN),>* the latter of which is subsequently reduced by
Ir(11) (E,;, Ir(I)/Ir(II) = —1.37 V vs SCE in MeCN)68
regenerate the Ir(III) photocatalyst ground-state complex and
chloride anion. While the exact role of the nickel catalyst was
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ill-defined, the authors proposed that the improvement in yield
observed is due to electrophilic activation of the allyl chloride
through 7-coordination, rather than facilitating a Ni-mediated
redox cycle involving oxidative addition, radical capture, and
reductive elimination steps such as that invoked by Rovis in
their related Ni co-catalyzed remote alkylation work.”*?
Whereas Knowles and Rovis demonstrated that N-acyl-
amines””**"*** and carboximides”®' undergo 1,5-HAT upon
concerted or stepwise N—H bond homolysis, simultaneous
reports from Duan, Roizen, and Shu in 2019 showed that
sulfamoyl radicals generated in this fashion instead facilitate
1,6-HAT for remote C-centered radical generation and
subsequent C(sp®>)—C bond formation (Scheme 60).>*"~*%

Scheme 60. Remote Alkylation of C(sp*)—H Bonds of
Sulfamate Esters through N—H Bond Homolysis and 1,6-
HAT (Duan, Roizen, and Shu, 2019)
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Intramolecular 1,n-HAT processes, where n # 5, are rare due
to the disordered geometry of transition states for
abstraction.”*”**! Roizen argues that the unusual selectivity
observed in these processes is a result of elongated S—O and
S—N bonds (ca. 1.58 A) and a compressed O—S—N bond
angle (ca. 103 °C) which favors a seven-membered-ring
transition state over the usual six-membered-ring. 242,243

In the first report from Duan, the optimized reaction
conditions comprised of [Ir(dF(CF;)ppy),(dtbbpy)]PF, ([Ir-
6]PF,) and K;PO,3H,0 in DMF at ambient temperature,
enabling the y-alkylation of N-tert-butyl sulfamate esters of
alcohol substrates with electron-deficient olefins and styrenes
(Scheme 60A). In total, 47 examples of remote alkylation were
presented, in yields of 25—88% (60.1—60.3). A wide range of
electron-deficient olefins were tolerated, including unsaturated
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esters and lactones, fumarates, ketones, amides, nitriles,
sulfones and phosphates. The reaction was restricted to the
use of N-tert-butyl sulfamate esters, and typically required a
tertiary or otherwise stabilized C-centered radical at the distal
position to work with high reaction efficiency.

The subsequent Roizen optimized conditions are similar,
employing [Ir-6]PF; as photocatalyst, K,CO; as Bronsted
base, in MeCN solution (Scheme 60B). A total of 35 examples
were reported in yields of 11—98%. In this work, radical
generation at secondary carbon atoms was demonstrated, but
these substrates typically exhibit poor control in mono- vs di-
alkylation, as the tertiary C—H bond in the initial mono-
alkylation product is weaker than the secondary C—H bond of
the starting substrate. Two complex natural product-derived
sulfamate esters were competent substrates for this trans-
formation (60.4, 60.5). The use of an enantiopure methylene
oxazolidinone as radical acceptor, first described by Beck-
with,”** enabled a highly diastereoselective Giese-type
addition, yielding a protected a-AA product (60.6).

The Shu report utilized the alternative photocatalyst
[Ir(dF(Me)ppy),(dtbbpy) JPF([Ir-5]PF¢)with Na,HPO, in
a biphasic solvent system of 4-chlorotoluene/H,0 (2:1) to
facilitate the remote functionalization of N-trifluoroethyl
sulfamate esters (Scheme 60C). A range of electron-deficient
olefins and styrenes were shown to be competent partners
(60.7—60.9). Here, 49 examples were presented in yields of
41—-89%. Again, mostly tertiary or otherwise stabilized C-
centered radicals were required for favorable 1,6-HAT to
occur. Electron-deficient olefins and styrenes were successful
coupling partners. In addition to the title transformation, these
authors demonstrated that the sulfamate ester products of this
reaction can be deprotected under mild conditions to liberate
the y-functionalized alcohol, or can act as a leaving group via
Sx2 displacement with iodide, azide, acetate, and thioacetate
nucleophiles, increasing the synthetic utility of this method.

Mechanistically, a stepwise pathway for N—H bond
homolysis is likely operative. The acidity of the N—H bond
of the sulfamate ester (calculated aqueous pK, of an N-fert-
butyl sulfamate 12.7, calculated aqueous pK, of a
trifluoroethyl sulfamate ester = 9.2)*** means that the three
bases employed (K;PO, pK, = 12.3, K,CO; pK, = 10.2,
Na,HPO, pK, = 6.8) can generate an equilibrium concen-
tration of the sulfamate anion to enable more facile oxidation
by the photoexcited-state dyes (e.g., for [Ir(dF(CF;)-
ppy),(dtbbpy) IPE¢ ([Ir-6]PF), E, , *Ir(III)/Ir(Il) = +0.89
V vs SCE in MeCN, for [Ir(dF(Me)ppy), (dtbbpy)]PF6 ([Tr-

S]PFy), E, ), *Tr(II1) /Ir(IT) = +0.59 V vs Fc*/Fc).”>** Roizen
also established through SV quenching studies that the
independently prepared n-BuyN salt of N-tert-butyl sulfamate
propyl ester quenches the photoexcited state of the [Ir(dF-
(CF3)ppy)2(dtbbpy)]PF6 ([1r-6]PF) efficiently (k =27 X
10° M~ s71).**® Similarly, CV of this isolated salt (EP/Z‘”‘
+0.78 V vs SCE in MeCN)*** showed thermodynamically
favorable ET is possible with photoexcited [Ir-6]PF.

Following sulfamoyl radical generation through either a
stepwise or concerted manner, the authors propose distal C—H
abstraction yields the C-centered radical which then adds
across the electron-deficient olefin or styrene. Huang measured
a KIE through parallel reactions in this 1,6-HAT reaction of
ky/kp = 4.69, indicating that C(sp*)—H bond cleavage is rate-
limiting in these processes. The Ir(1I) state of the photocatalyst
(e.g, for [Ir(dF(CF;)ppy),(dtbbpy)]PF, ([Ir-6]PF,), E,,,
Ir(II1) /Ir(II) = —1.37 V vs SCE in MeCN, for [Ir(dF(Me)-
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ppy)2(dtbbpy) PE ([Ir-5]PF), E, , Ir(III) /Ir(I1) = —1.43 V
vs SCE in MeCN)®** reduced the a-acyl or benzylic (e.g,, for
the benzylic radical deriving from ethylbenzene (PhCH-Me),
E;;;® = =160 V vs SCE in MeCN),"** radical to the
corresponding anion, which through PT steps regenerated the
base co-catalyst. Relative to the Knowles report of amidyl
radical generation and 1,5-HAT,” these processes with
sulfamate substrates have a greater scope with respect to the
electron-deficient olefin component of the reaction and
proceed through stepwise PT and ET. The use of the highly
oxidizing [Ir(dF(CF;)ppy),(S,5'-d(CF;)bpy)]PF, photocata-
lyst ([Ir-9]PFq) (E,,, *Ir(1I1)/Ir(I1) = +1.30 V vs Fc*/Fc in
MeCN)? to facilitate N-centered radical generation in the
earlier Knowles report, meant that conversely the Ir(II) state of
this photocatalyst was relatively poorly reducmg (Eqy, Ir(111)/
Ir(Il) = —1.07 V vs Fc*/Fc in MeCN),”” and unable to
mediate the reduction of ester-derived a-acyl radicals or
benzylic radicals, for example, to turn over a catalytic cycle in
reactions with acrylate esters or styrene coupling partners. The
less photooxidizing photocatalysts employed in these processes
then give a more-reducing Ir(II) ground-state complex able to
engage in SET with a broader range of olefin coupling partners.

2.1.5.2. C—N Bond Formation through 1,5-HAT under
Electrochemical Activation. Simultaneous reports from the
groups of Muniz and Lei in 2018 disclosed related methods to
facilitate the dehydrogenative intramolecular C(sp*)—H
amination of N-alkyl amides and sulfonamides via anodic
oxidation (Scheme 61 and Scheme 62, respectively).*****

Scheme 61. Electrochemical Remote C(sp*)—H
Sulfonamidation through an ET/PT Manifold (Muhiz,

2018)“
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Scheme 62. Electrochemical Remote C(sp*)—H
Sulfonamidation through a Concerted PCET Manifold (Lei,

2018)
A
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Similar electrolytic cell assemblies were reported, both
undivided cells equipped with carbon anode and Pt cathode,
running under constant current conditions in HFIP or 1,2-
DCE/HFIP solvent systems at ambient temperatures. The
major difference between the two setups, however, was the
electrolyte employed—n-Bu,N"BF,” in the former case, and n-
Bu,N*OAc™ in the latter—which impacted upon the scope of
the transformation in the two cases as well as their proposed
mechanism of operation. While Mufliz and co-workers
proposed a mechanism of initial arene oxidation, the use of
n-Bu,N"OAc™ in Lei’s report suggests the substrate is activated
by an N—H PCET mechanism.

The Muniz method provided access to five- and six-
membered-ring N-sulfonyl and N-acylamines carrying an a-
aryl substituent, with 24 examples of pyrrolidine synthesis in
yields of 30—89% (61.1—61.3), and 17 examples of piperidine
synthesis in yields of 24—81% (61.4, 61.5) (Scheme 61). The
reaction was largely insensitive to the nature of the aryl
substituent at the - or e-position, with electron-rich, electron-
neutral, electron-poor, and heterocyclic substituents all
tolerated well. The Lei method was shown to have a broader
scope with respect to substitution at the d-position of the N-
alkyl sulfonamide substrates, with benzylic (62.1—62.3),
tertiary (62.4, 62.5), a-heteroatom (62.6), and a limited
number of secondary centers capable of participating in
cyclization, but proved to be limited to pyrrolidine products
(Scheme 62). In this work, 30 examples of N-sulfonyl
pyrrolidine synthesis were reported in yields of 35—98%, and
through changing the solvent to MeCN/HFIP, five additional
examples of N-acyl pyrrolidine synthesis in yields of 72—92%
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were possible. The group observed a Thorpe—Ingold effect in
this reaction, with substrates carrying gem-disubstitution in the
alkyl backbone performing more efficiently compared to linear,
unsubstituted examples.

These differences in scope between the two reports can be
understood when considering the mechanisms of operation
and the effect of the supporting electrolyte. Muniz and co-
workers, working with the non-basic electrolyte n-Bu,N"BF,",
show through CV studies of model substrates featuring either
only the arene moiety (e.g,, for butylbenzene, E, ,** = +1.77 V
vs Ag/AgNO3),”** or only the sulfonamide moiety (e.g., for N-
(4-cyclohexylbutyl)toluenesulfonamide, E,,*™ = +2.02 V vs
Ag/AgNO;),”* that the site of initial substrate oxidation is the
arene ring, forming the corresponding arene radical cation
through anodic oxidation. Then, through proposed rapid PT
from the now-acidified benzylic position (e.g, the pK, of
toluene radical cation is ca. =9 to —13 in MeCN)*** a benzylic
radical forms. Through further anodic oxidation of this radical
at a lower applied potential than the initial arene oxidation
(e.g, for the benzylic radical resulting from ethylbenzene
(PhCH-Me), E, ;™ =+0.37 Vvs SCE in MeCN),"* a benzylic
carbocation is generated. Finally, cyclization of the tethered N-
nucleophile onto the carbocation and subsequent PT gives the
product. Cyclization is possible in both the five- and six-
membered-ring product classes. Through cathodic reduction,
the liberated protons go on to evolve molecular hydrogen.

In contrast, Lei and co-workers invoke a PCET mechanism
for substrate oxidation via N—H bond homolysis at the
sulfonamide functional group, where the acetate additive plays
a dual role of supporting electrolyte and Bronsted base.”*’ 'H
NMR studies indicated hydrogen bonding between the N—H
group and the acetate anion and a decrease in the oxidation
potential requirement for these substrates is observed in the
presence of acetate anion via CV. Control experiments support
this involvement; replacing the supporting electrolyte with n-
Bu,N'BF,” gave complete loss of reactivity, which could be
recovered through the addition of exogenous NaOAc.
Following N—H bond activation through this PCET
mechanism, the resulting sulfonamidyl radical is proposed to
undergo 1,5-HAT, generating a distal carbon-centered radical,
provided there is some ability to stabilize the reactive
intermediate at this J-position. Relative rate data for
intramolecular HAT at different sites imply that this trans-
formation is kinetically limited to the formation of five-
membered-ring products. Further anodic oxidation of this
radical gives the corresponding carbocation prior to N-
nucleophile cyclization and PT to yield the product. Cathodic
proton reduction liberates molecular hydrogen. Comparison of
these two protocols serves to highlight the effect of a relatively
small change in reaction conditions to turn on a different
pathway for substrate activation. This change in mechanism
can in turn lead to complementary scopes, leveraging the
inherent differences in reactivity and selectivity based on the
nuances of each mechanism of activation.

Rueping and co-workers shortly thereafter presented a
similar electrochemical method for the remote intramolecular
C(sp®)—H sulfonamidation of activated benzylic and tertiary
alkyl C—H bonds through a 1,5-HAT pathway (Scheme
63).* Optimized conditions involved the constant current
electrolysis of sulfonamide substrates in MeOH using an
undivided cell equipped with graphite anode and stainless-steel
cathode. NaOMe was employed as both the supporting
electrolyte and Bronsted base additive. A total of 18 examples
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Scheme 63. Electrochemical Remote C(sp*)—H
Sulfonamidation through a PT/ET Manifold (Rueping,

2019)
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of pyrrolidine synthesis through C(sp*)—H sulfonamidation
were reported in yields of 30—82% (63.1—63.4). The use of
methoxide as base led to the proposal of discrete PT from the
sulfonamide substrate prior to anodic oxidation for formation
of a neutral N-centered radical intermediate. This N-centered
radical promotes a 1,5-HAT process to generate a distal C-
centered radical, which is further oxidized at the anode to the
corresponding carbocation before intramolecular cyclization of
the pendant amine group. Reduction of MeOH at the cathode
surface continuously regenerates the Breonsted base and
liberates molecular hydrogen. In this work, the authors also
showed that the addition of KBr to the reaction system
expanded the scope of this transformation to include the
sulfonamidation of primary and secondary alkyl C(sp*)—H
bonds through in situ N—Br formation prior to N-centered
radical generation. C—N bond formation then occurred after
proposed 1,5-HAT, trapping with bromine radical, and Sy2
reaction in an electrochemical variant of the HLF reaction.
These three comparative studies illustrate how impactful a
PCET mechanism can be in lowering the energy requirement
to homolyze a strong N—H bond, as compared to stepwise
pathways of ET/PT or PT/ET. The choice of mechanism
promoted ultimately determined the scope and mildness of
these transformations.

2.1.6. Intra- and Intermolecular N—N Bond Forma-
tion. In 2016, Waldvogel and co-workers reported the
electrochemical synthesis of pyrazolidine-3,5-diones from di-
anilide precursors via intramolecular amidyl diradical coupling
(Scheme 64).>°° Optimized conditions consisted of an
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Scheme 64. Electrochemical Synthesis of Pyrazolidin-3,5-
diones through Intramolecular N—N Bond Formation

(Waldvogel, 2016)
c Fﬁ Pt
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undivided cell with graphite anode and Pt cathode under
constant current electrolysis. n-Bu,N'PF;~ served as the
supporting electrolyte in HFIP solution. Under these
conditions, the authors observed N—N bond formation for a
variety of symmetric di-anilide precursors, including di-anilides
with electron-deficient (64.1) and electron-rich (64.2)
aromatic substituents. Additionally, two examples of non-
symmetric substrates were presented, including 64.3, contain-
ing aryl chloride and bromide substituents. Amidyl radical
generation is proposed to occur through coupled steps of
electron and proton transfers,, though the order of these events
was unclear. Cathodically generated HFIP anion (pK,y = 10.7
in DMSO)"" is proposed to mediate PT steps.

In a follow-up mechanistic study, the authors then dissect
two possible mechanisms for N—N bond formation in this
system (Scheme 65A).”>" First, (i) a cationic pathway—where
an amidyl radical intermediate undergoes a second anodic
oxidation to generate an anilidium cation. N—N bond
formation then occurs through nucleophilic trapping by the
other pendant anilide. Second, (ii) a diradical pathway—
involving additional steps of ET and PT at the second amide
functional group to yield an N,N’-diradical intermediate, where
N—N bond formation then occurs via intramolecular radical
coupling. To assess these possibilities, the authors synthesized
a number of unsymmetrical di-anilides and subjected them to
bulk electrolysis and CV studies. In the bulk electrolysis
studies, they observed two classes of products: 65.1—an
adduct incorporating HFIP at the C2-position of the arene,
and 65.2—the N—N coupled product (Scheme 65B). In cases
where the HFIP adduct was observed, the second oxidation
potential of the amidyl radical of one moiety (E, ;") is
notably lower than the first oxidation potential at the other
neutral closed-shell anilide (E,,,”"). This leads to two coupled
steps of single-electron oxidation at the more readily oxidized
aniline to the anilidium cation followed by nucleophilic attack
at the aromatic ring by HFIP, rather than cyclization of the
tethered amide. In the cases of the N—N bond formation, the
oxidation of the second anilide occurs at a lower potential than
the oxidation of the amidyl radical, resulting in the generation
of a diradical and radical—radical coupling to form 65.2. As
their synthetic results are consistent with these CV studies, the
authors propose that a N,N-diradical coupling is a reasonable
mechanism for N—N bond formation.

In 2018, Waldvogel and co-workers reported the synthesis of
N,N’-diaryl phthalic hydrazides from the corresponding
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Scheme 65. Investigation of the Mechanism of
Intramolecular N—N Bond Formation in Dianilide
Substrates (Waldvogel, 2017)“
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diamide, through dehydrogenative anodic N—N bond
formation (Scheme 66).>> This was enabled via constant

Scheme 66. Electrochemical Synthesis of Phthalic
Hydrazides through N—N Bond Formation (Waldvogel,

2018)
A,
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current electrolysis in an undivided cell, with graphite anode,
Pt cathode, n-Bu,N*PF(~ as a supporting electrolyte, in HFIP
solution. A scope of 15 examples of this transformation was
presented with yields of 34—89% yields. Variation in the N-aryl
groups included chloride-substituted 66.1, and unsymmetrical
N,N-diarylhydrazines 66.2 and 66.3. Additionally, variation on
the phthalic acid backbone was tolerated including pyridine
derivative 66.4. The authors showed that upon treatment of
these reaction products with an excess of hydrazine in MeOH,
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and further aerobic oxidation, azobenzene products resulted. A
similar diradical pathway to that discussed above was assumed
to be operative.

In 2020, Waldvogel and co-workers expanded these
protocols to now enable the intermolecular N—N homo-
coupling of N-aryl amides for the synthesis of N,N’-
diacylhydrazines (Scheme 67).>* This reaction was developed

Scheme 67. Electrochemical Intermolecular Homo-
Coupling of Anilides via N—N Bond Formation (Waldvogel,

2020)
i
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in an undivided cell equipped with graphite electrodes under
constant current electrolysis in AcOH/MeCN (5% v/v). A
KOAc supporting electrolyte proved crucial for desired
product formation. The authors provided 16 examples,
including CF;-substituted anilide 67.1, which was isolated in
66% yield on 8.0 mmol scale. While a variety of groups on the
aniline portion were tolerated, including bromo- (67.2) and
cyano-substituted (67.3) anilides, other acyl protecting groups
beyond acetyl (Ac), such as benzoyl (67.4), resulted in
diminished yields. Additionally, the authors demonstrated
removal of the Ac groups with methanolic NaOH, providing
access to symmetric N,N’-diarylhydrazines.

2.1.7. Other Processes of Amides, Sulfonamides,
Carbamates, and Ureas. In 2017, Waldvogel and co-workers
described a novel electrochemical route to benzoxazoles from
readily available anilide starting materials via amidyl radical
generation and C(sp*)—O bond formation (Scheme 68).”**
This transformation was achieved via constant current
electrolysis of HFIP solutions of anilide substrate in an
undivided cell with RVC or graphite anode, Pt wire cathode,
and n-Bu,N'PF;” as a supporting electrolyte. HFIP was
essential to the above method, with other solvents leading to
substrate degradation and low product yields. A total of nine
examples were presented, in yields of 56—86% (68.1—68.4).
Electron-donating substituents on either of the substrate aryl
groups had a beneficial effect on the yield. Although aryl halide
and triflate functionalities were tolerated, amides derived from
primary or secondary alkyl carboxylic acids were not
competent substrates as they led to unselective degradation.

Regarding the mechanism of reaction, the authors consider
that deprotonation of the anilide substrate (e.g., for
benzanilide, pK, = 18.8 in DMSO)*® by cathodically
generated HFIP anion (pK,y = 10.7 in DMSO0)'"” may
precede anodic oxidation. However, analysis of the offset here
in relative pK, values between the substrate and base leads us
to suggest that there may be a degree of concerted PCET
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Scheme 68. Electrochemical Synthesis of Benzoxazoles

(Waldvogel, 2017)
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involvement in this substrate activation. The resulting amidyl
radical can cyclize through its C-centered resonance form,
forging a C—O bond. Subsequent oxidation and deprotonation
restore aromaticity, yielding the benzoxazole product. The
radical character on the aryl ring is supported by the
observation of undesired intermolecular para-coupling prod-
ucts in substrates lacking a substituent at that position. The
authors also note that polar mechanism involving oxidation of
the aryl radical to the corresponding carbocation, followed by
an oxo-Nazarov-type electrocyclization is also a plausible
mechanistic pathway.

Methods for the synthesis of 2,2’-diaminobiaryls are valuable
due to the prevalence of this scaffold in ligands for transition-
metal catalysts. In a 2017 report, Waldvogel and co-workers
developed a method to selectively cross-couple anilide
derivatives for the preparation of nonsymmetric 2,2'-
diaminobiaryls (Scheme 69).>*° The anodic oxidation was
conducted in an undivided cell outfitted with glassy carbon
electrodes in a 18% HFIP/MeOH solution with n-
Bu;NMe*O;SOMe™ as the electrolyte under constant current
conditions at 50 °C. Unprotected anilines were incompatible
under these conditions since their electron-rich nature and low
oxidation potentials tended to lead to overoxidation and
oligomerization. This challenge was addressed by using a
number of acyl-protected anilines with higher oxidation
potentials. In order to statistically favor the cross-coupling
product over the homo-coupling product, the group utilized
two anilides with sufficiently differentiated oxidation potentials
so that one would undergo SET preferentially. The anilide
bearing the lower oxidation potential was held as the limiting
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Scheme 69. Electrochemical Anodic Cross-Coupling of
Anilides (Waldvogel, 2017)“
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reagent with a 2-fold excess of the anilide with a higher
oxidation potential, leading to higher yields of the cross-
coupled product. Under the optimized reaction conditions, 10
different nonsymmetric 2,2’-diaminobiaryls were synthesized
in moderate to good yields (38—74%). The method’s scope
included a range of substituted (69.2, 69.3) and 7-extended
anilides (69.1) as successful heterocoupling substrates. One of
the notable functional group compatibilities of this method is
its tolerance of unprotected phenols on highly substituted
anilides. A chloro-substituted acetanilide with a free phenol
was coupled to an Ac- and a pivalyl-protected anilide (69.2,
69.3) in 56% and 51% yield, respectively. A variety of other
electron-rich anilides bearing various substitution and differ-
entiated protecting groups could be coupled with moderate
efficiency (69.4—69.9, 38—74% yield). A 2018 report extended
this method to the synthesis of cross-coupled formanilides
under similar electrochemical conditions, with 13 examples
reported in 16—56% yields.”®” Coupled steps of electron and
proton transfers of the lower oxidation potential substrate lead
to N-centered radical generation; however, the forward
pathway to C—C bond formation was unclear.

Xue, Chen, and Xiao reported examples of styrene 1,2-
allylsulfonylation in a class of ortho-vinyl sulfonanilides. These
reactions proceeded through stepwise N—H bond homolysis,
but led to products where the sulfonamide functional grou
had not undergone C—N bond formation (Scheme 70).>**
Optimized conditions consisted of blue-light irradiation of a
DMF solution containing sulfonanilide substrate, Nozaki
allylsulfone reagents, [Ir(ppy),(bpy)]PF4 ([Ir-4]PF,) photo-
catalyst, and K,CO; Bronsted base at room temperature. While
many photocatalytic methods utilize these reagents for radical
allylation, methods resulting in net incorporation of both allyl
and sulfonyl components are rare. In this work, 33 examples of
styrene difunctionalization were reported, in yields of 41—92%.
S-Aryl- and S-alkyl-substituted sulfonanilides groups were
successful substrates (70.1, 70.2). A broad number of anilide
functional groups such as ether (70.3), halogen (70.4, 70.5),
ester, aldehyde (70.6), and nitrile were tolerated. Although
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Scheme 70. 1,2-Allylsulfonylation of ortho-Vinyl
Sulfonanilides (Xue, Chen, and Xiao, 2019)“
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different allyl sulfone reagents were incorporated, electron-
deficient olefins were necessarily required (70.8). In contrast
with the ortho-vinyl substrates, meta- and para-vinyl
sulfonanilide substrates underwent N-allylation in addition to
styrene 1,2-difunctionalization. Notably, N-methyl sulfonani-
lide was unsuccessful, showcasing the necessity of an N—H
bond.

Luminescence quenching studies revealed that sulfonanilide
substrate quenches the photocatalyst only in the presence of
K,CO;, which was subsequently shown through 'H NMR
experiments to fully deprotonate the substrate. Further radical
trapping experiments carried out with TEMPO and diphenyl
diselenide implied the intermediacy of an N-centered radical in
the mechanism of the reaction. These results led the
researchers to propose a stepwise process of discrete PT and
subsequent ET from photoexcited-state Ir(III) catalyst (E,/,
#[r(1I1)/Ir(11) = +0.61 V vs SCE in MeCN)*® to generate a
neutral sulfonamidyl radical intermediate. DFT experiments
were used to rule out styrene oxidation and generation of the
corresponding olefin radical cation. After generation of the N-
centered radical, intermolecular addition to the allylsulfone
reagent through an addition—elimination mechanism leads to
N-allylation and extrusion of arylsulfonyl radical. Subjecting an

https://doi.org/10.1021/acs.chemrev.1c00374
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independently prepared N-allyl sulfonanilide to optimized
reaction conditions in a crossover experiment demonstrated
that this was a viable intermediate in the reaction.

In other photocatalytic reactions using these allylsulfone
reagents, the extruded arylsulfonyl radical is typically reduced
to the corresponding sulfinate by a ground-state Ir(II) complex
(Ey ), Ir(11)/Ir(11) = —2.05 V vs SCE in MeCN)* to close a
redox-neutral catalytic cycle and yield an allylated product. In
this work, however, the arylsulfonyl radical adds to styrene in
an anti-Markovnikov fashion, generating a benzylic radical. The
researchers used DFT to study subsequent steps in the reaction
pathway. Two possible pathways were identified, which varied
in the order of ET and C—C bond formation. The first
involved 7-endo-trig cyclization of the benzylic radical onto the
sulfonamide-tethered Michael acceptor (AG* 12.3 keal
mol™"), then Ir(I1)-mediated reduction of the resultant a-acyl
radical to the enolate anion. The second pathway involved
Ir(II)-mediated reduction of the benzylic radical followed by a
polar Michael addition in a 7-endo-trig fashion to generate the
same enolate intermediate (AG¥ = 11.3 kcal mol™"). From this
common enolate intermediate, a retro-Michael reaction occurs
(AG* = 5.8 kcal mol™) to promote overall N-to-C allyl group
migration and furnish the allylsulfonylated product. This
research group later established that a sulfonanilide catalyst
could promote styrene 1,2-allylsulfonylation in an intermo-
lecular reaction where substrates did not necessarily incorpo-
rate a nitrogen functional group (see section 2.9.2).

2.2. Transformations of Thioamides and Thioureas

In this collection of works, the transformations of thioamides
and thioureas initiated via oxidative N—H bond PCET are
discussed. Whereas amides and sulfonamides subject to this
activation mode then react through a N-centered radical (see
section 2.1), in thioamide and thiourea substrates, reaction
occurs instead through sulfur, leading to C—S, N—S, and S—§
bond formation.

2.2.1. Intramolecular C—S Bond Formation through
Addition to (Hetero)arenes and Alkenes. In 1979,
Tabakovic and co-workers reported the first examples of the
electrochemical synthesis of benzothiazoles and related
heterocycles through the anodic oxidation of thiocarboxamides
(Scheme 71).**” Reactions were carried out using a divided
cell under constant potential electrolysis with Pt gauze
electrodes and Et,N*ClO,” as supporting electrolyte in
MeCN. In total, nine heterocyclic products were prepared in

Scheme 71. An Early Example of Electrochemical
Benzothiazole Formation through C—S Bond Formation

(Tabakovi¢, 1979)“
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this manner, in yields of 60—95%. The cyclization of the
thiocarboxamide onto electron-deficient arenes (e.g, 71.1) in
particular was demonstrated. An example of S—N bond
formation in the cyclization of a thiocarboxamide of 2-
aminopyridine was included (71.3). A coumarin substrate also
underwent efficient C—S bond formation (71.4). The
operating potentials of these reactions were typically held
above the measured substrate oxidation potentials (e.g, for
thiocarboxamide substrate leading to 71.1, E, ,°* = +1.55 V vs
SCE in MeCN, with E_; = +1.80 V), 259 suggesting that the
mechanism of this reaction involves initial ET preceding PT.
Then C—S bond formation occurs, followed by re-aromatiza-
tion through anodic oxidation.

An early example of a photocatalytic method arising from
the homolytic activation of an N—H thioamide bond came
from the Li research group in 2012, which reported the
oxidative synthesis of benzothiazoles from thiobenzanilides
with O, as a terminal oxidant (Scheme 72).*%° Irradiation of

Scheme 72. Aerobic Photocatalytic Synthesis of
Benzothiazoles from Thiobenzanilides (Li, 2012)

1 mol% [Ru-1](PFg),
1.0 equiv. DBU
R 5% O, in N, atmosphere
MeCN, White CFL, rt.

Ar
! 23 examples

10-91% Yields

R\ s
X

A
@Nb_ '
Selected examples:

Clm Ol OO GO

1,84% 2,R=F91%

3, R = OMe 85%

: N
DBUH DBU
C-S bond
©\ s* formation s
»)—Ph
® ® A CL

0,
\1{: HAT
)

hv HO,

Cr-

thiobenzanilide substrates in the presence of [Ru(bpy);](PFs),
([Ru-1](PFy),) photocatalyst and DBU as a stoichiometric
Bronsted base additive under a 5% O, in N, atmosphere in
DME resulted in efficient C—S bond formation. No reaction
was observed in the absence of base. The reaction efficiency
displayed a strong dependency upon the concentration of
oxygen, with low concentration optimal. Using an air
atmosphere (~21% O,) resulted in partially diminished
yield, and under 100% O, no desired cyclization was observed.
This was due to the competing conversion of the substrate
thioanilide (C=S) to the corresponding anilide (C=O0),
which was impeded at lower O, concentration. The reaction
could be driven directly by sunlight as opposed to artificial
light sources without great loss in efficiency (e.g., for 72.1, 84%
with CFL lamps compared to 65% under sunlight irradiation).
A substrate scope of 23 examples was demonstrated in yields of
10—91%. Halogenated substrates (Br and I) underwent
competing protodehalogenation under these reaction con-
ditions. Mildly electron-withdrawing and -donating groups

4,83% 1,69%

Proposed mechanism:
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were well tolerated on the N-aryl (e.g, 72.2 and 72.3,
respectively) and 2-aryl groups (e.g, 72.4 and 72.5,
respectively). A thioether functional group was tolerated
without oxidation to the sulfoxide, which had previously
been reported under similar photocatalytic aerobic conditions
by Zen.**!

A mechanism was proposed to involve stepwise PT and ET
leading to S-centered radical generation and cyclization. DBU
(pK,q = 13.9 in DMSO)*® promoted substrate deprotonation
(pK, of thiobenzoyl anilide is approximately 10.0 in
DMSO0),*** prior to ET mediated by the oxidized Ru(III)
complex (E;, Ru(Ill)/Ru(Il) = +1.26 V vs SCE in MeCN),**
generated from oxidative quenching of the photoexcited-state
Ru(II) complex (E,,, Ru(Ill)/*Ru(ll) = —0.81 V vs SCE in
MeCN)®* with molecular oxygen (E;/,"! = 0,/0,*” = —0.87
V vs SCE in MeCN).*® This step was proposed based on the
observation of green coloration upon irradiation of the solution
under O,, which was taken as qualitative evidence for the
persistence of a Ru(IlI) catalytic resting state.

Following S-centered radical generation, S-exo-trig cycliza-
tion yields a delocalized cyclohexadienyl radical. Superoxide
generated through Ru(III) formation mediates a HAT step to
liberate aromatized product and hydroperoxyl radical as a
byproduct. Hydroperoxyl radical has also been invoked in
Ru(Ill) formation and HAT steps in related aerobic photo-
catalytic methods.”>*'**%*

Lei and co-workers in 2014 reported the oxidative synthesis
of benzothiazoles from thiobenzanilides, jointly mediated by
the action of a Ru(I) photosensitizer, a Co(III) proton-
reduction co-catalyst, and a Brensted base additive under
visible-light irradiation (Scheme 73).”*® The reaction likely
proceeds via stepwise PT and ET events at the acidic N—H
group, resulting in S-centered radical generation and

Scheme 73. Dehydrogenative Synthesis of Benzothiazoles
from Thiobenzanilides via N—H Bond Homolysis (Lei,
2015)“
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cyclization. Hydrogen gas generation was quantified in
addition to isolated benzothiazole product yield. The optimal
reaction conditions for the conversion of 2-arylthiobenzani-
lides consisted of visible-light irradiation of substrates in the
presence of [Ru(bpy);](PFs), ([Ru-1](PF4),) as a photo-
sensitizer, [ Co(dmgH),(DMAP)CI] as a proton-reduction co-
catalyst, and sodium glycinate as a Bronsted base in MeCN
solution. The pK, of the basic additive was a key parameter in
the optimization, requiring one sufficiently basic to (partially)
deprotonate the substrate, with its conjugate acid sufficiently
acidic to act as a proton donor for the hydrogen liberation step.
Thus, bases with pK, values in the range of 9—12 were optimal.
While carbonate bases were effective in promoting high yields
of benzothiazole formation, their use resulted in lower yield
than theoretical yields of dihydrogen. The authors propose that
in these cases, liberated CO, is hydrogenated with in situ
generated hydrogen gas, which has been reported to occur
under ambient temperatures and pressures with [Co-
(dmpe),H] as a catalyst by Linehan and co-workers.”*® For
2-alkylthiobenzanilides substrates, the stronger Breonsted base
co-catalyst n-Bu,N*OH™ was required, due to the less acidic
N—H bond in these substrates. When the stoichiometric
chemical oxidants (e.g., O,, K,S,0q or H,0,) were used in
place of the Co(III) co-catalyst, significantly lower yields of the
desired product were obtained, while the corresponding
benzanilide was observed as the major product in these
cases. Notably, this protocol required no external oxidant, with
molecular hydrogen gas liberated as the sole byproduct.

In this work, 20 examples of the synthesis of 2-
arylbenzothiazoles in yields of 45—99%, and eight examples
of 2-alkylbenzothiazole synthesis in yields of 59—99% were
reported. The electronics of the N-aryl group affected the
reaction efficiency, with electron-donating OMe (e.g., 73.2)
and electron-withdrawing CF; substituents leading to
diminished yields, presumably due to the impact on substrate
pK,. However, moderately electron-withdrawing halogen
functionality was well tolerated. Substituent effects of the 2-
aryl group were less impactful on product yields. tert-Butyl
(e.g, 73.3) and cyclohexyl groups were competent substituents
for the synthesis of 2-alkylbenzothiazoles. The reaction was
demonstrated on gram scale, and the synthesis of a
benzothiazole displaying potent anti-tumor activity (73.4)
was reported in 78% yield.**’

A series of SV quenching experiments indicated that the
substrate did not quench the photoexcited state of the Ru(1I)
complex, but that the pre-prepared sodium salt did. The
Co(III) catalyst also resulted in emission quenching, but to a
lesser extent. This result was supported by CV experiments,
indicating that the neutral substrate (e.%., for thiobenzanilide,
E,S™ = +0.94 V vs SCE in MeCN)*® did not undergo
thermodynamically favorable ET with the Ru dye (E;),,
*Ru(II)/Ru(I) = +0.77 V vs SCE in MeCN),** but SET
becomes feasible upon substrate ionization (e.g, for the
sodium salt of thiobenzanilide, E,™* = +0.53 V vs SCE in
MeCN).>*® Running the reaction with deuterated anilide
substrate resulted in formation of mixtures of H,, HD, and D,,
whereas running the reaction with non-deuterated substrate
but in MeCN-d; produced H, exclusively. This showed that
hydrogen evolution occurred ultimately from substrate, as
opposed to a mechanism involving solvent as a proton-shuttle.
An intramolecular KIE experiment also revealed that C(sp?)—
H bond cleavage was not the rate-limiting step (ky/kp = 1.06).
In order to probe reaction kinetics, in situ IR monitoring was
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used. Initial rate experiments showed that the reaction was
zero-order in substrate and photocatalyst, but first-order in
Co(IIl) co-catalyst. These data indicate that the interaction
between the proton-reducing Co(III) co-catalyst and a proton
source was likely rate-limiting.

Based on these collected observations, the following
mechanism was proposed. The interaction of the basic additive
and substrate generates an equilibrium concentration of the
ionized form. Photoexcitation of the Ru(II) dye produces a
long-lived photoexcited state capable of engaging in favorable
SET with the ionized substrate, generating an S-centered
radical and the reduced-state Ru(I) complex. The Ru(I)

complex can regenerate the ground-state Ru(II) complex (E, /,
Ru(Il)/Ru(I) = —1.33 V vs SCE in MeCN)®* through
reduction of the Co(IIl) co- catalyst (Eyj, Co(Il)/Co(Il) =
—0.83 V vs SCE in MeCN).”*® The S-centered radical
undergoes cyclization onto the pendant arene, yielding a
delocalized cyclohexadienyl radical. This is proposed to react
through SET (e.g,, for the parent cyclohexadienyl radical, E,,,**
= —0.34 V vs SCE in MeCN)*® with the transient Co(II)
complex (E,,, Co(II)/Co(I) = —1.08 V vs SCE in MeCN),***
yielding a carbocation and a Co(I) species. Through PT, the
aromatized product is furnished. The reduced-state Co(I)
complex reacts with the conjugate acid of the Brensted base
additive, yielding a Co(IlI) hydride, which is further
protonated to liberate molecular hydrogen and regenerate
the ground-state Co(III) complex.

Lei and co-workers in 2017 presented an electrochemical
synthesis of 2-aminobenzothiazoles from aryl isothiocyanates
and secondary alkylamines (Scheme 74).”’° Electrolysis of
admixtures of these substrates was performed in an undivided
cell equipped with a graphite rod anode and a Pt plate cathode
in 10% aq. MeCN with #-Bu,N'BF,” as a supporting
electrolyte at 70 °C. Here, 22 examples of 2-amino-
benzothiazole synthesis were reported in yields of 70—99%.
The reaction was tolerant of a broad range of functional groups
including halogen (74.2), trifluoromethyl (74.3), acetal,
sulfide, and ketone. Cyclic (74.1-74.3) and acyclic (74.4)
secondary amines were permitted. In this work, in addition to
2-aminobenzothiazoles, under similar electrolysis conditions,
2-alkyl- and 2-arylbenzothiazole formation was demonstrated
from pre-formed thioamide substrates, with 12 examples in
yields of 20—98%.

The combination of aryl isothiocyanate and amine substrates
first generates an N-arylthiourea in situ through nucleophilic
addition. Water is a necessary co-solvent, allowing generation
of hydroxide base through cathodic reduction to enable
discrete substrate deprotonation. Anhydrous MeCN provided
only poor yields of the benzothiazole product. Thereafter,
single-electron oxidation of the resultant anion yields an S-
centered radical which cyclizes onto the pendant arene.
Further anodic oxidation and deprotonation restores aroma-
ticity to yield the product 2-aminobenzothiazole. This stepwise
proposal of PT and ET is supported by CV studies. Phenyl
isothiocyanate showed no oxidation onset below +2.0 V vs Ag/
AgCl in MeCN/H,0 (9:1).””° An authentic sample of the
neutral thiourea formed between phenyl isothiocyanate and
morpholine showed a peak potential E,* = +0.98 V vs Ag/
AgCl in MeCN/H,0. 270 Addition of hydroxide led to a
negative shift in the oxidation peak potential to E,” = +0.43 V
vs Ag/AgCl in MeCN/H,0,””° demonstrating 1n1t1a1 discrete
PT facilitating subsequent ET

Scheme 74. Synthesis of 2-Aminobenzothiazoles from Aryl
Isothiocyanates and Secondary Alkylamines (Lei, 2017)
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Wirth and Xu collaborated in the development of a catalyst-
and supporting-electrolyte-free continuous-flow electrochem-
ical synthesis of benzothiazoles and thiazolopyridines from
thioamide starting materials via C(sp?)—S bond formation
(Scheme 75).>”' The Wirth group had used this same
electrochemical flow microreactor in earlier work involving

. . . . . 151 P
intramolecular olefin amidofunctionalization.”” Optimized
Scheme 75. Catalyst- and Electrolyte-Free Flow
Electrochemical Synthesis of Benzothiazoles and
Thiazolopyridines (Wirth and Xu, 2018)“
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electrolytic conditions involved flowing a reagent solution in
MeCN/MeOH (1:1) through this cell assembly equipped with
graphite anode and Pt cathode. Importantly, no supporting
electrolyte or catalyst was required. This compares favorably to
an earlier report from Xu, where batch mode electrolysis on
the same substrate class required 20 mol% n-Bu,N*BF,” and 5
mol% TEMPO to fulfill these roles.””” A scope of 28 examples
was presented in yields of 33—97%. Both aryl (75.1) and alkyl
(75.2, 75.3) thioamides reacted smoothly, and many func-
tional groups were tolerated, including unprotected alcohol,
esters, carbamates, sulfonamides, and phosphine oxides.
Cyclization onto both aryl and heteroaryl moieties proceeded
well (75.4, 75.5), enabling access to both benzothiazoles and
thiazolopyridines, and a thiazolo[4,5-c]quinoline, 75.6, which
is an intermediate in the synthesis of CL075, a TLR8 receptor
agonist.273

The authors propose deprotonation of the thioamide
substrate by electrogenerated methoxide base and oxidation
of the resultant anion at the anode, yielding an S-centered
thioamidyl radical. Cyclization onto the pendant arene
followed by further anodic oxidation and proton loss furnishes
the product. A different mechanism is proposed by Xu when a
TEMPO redox catalyst is added, wherein anodic oxidation of
TEMPO forms the corresponding oxoammonium ion. This
then reacts with the thioamide substrate in a polar fashion to
form the S-bound TEMPO adduct.””*> The weak S—O bond
then undergoes homolysis to generate the S-centered radical,
before cyclization and aromatization in the same manner.

Gustafson and co-workers in 2019 reported a photocatalytic
synthesis of benzothiazoles from the corresponding thiobenza-
mides (Scheme 76).””* An optimized set of reaction conditions
consisted of blue-light irradiation of substrate solutions in
MeCN/H,0 (1:1) in the presence of [Ru(bpy);]Cl,-6H,0
([Ru-1]Cl,-6H,0) photocatalyst, pyridine Bronsted base, and
Na,S,05 oxidant. A markedly detrimental effect on reaction
performance was observed in the absence of pyridine (e.g, for
example 76.1, a 57% vyield was realized in the absence of

Scheme 76. Photocatalytic Synthesis of Benzothiazoles
(Gustafson, 2019)
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pyridine, compared to 79% in its presence). A total of 15
examples of this transformation were reported, in yields of 30—
79% (76.1—76.4). Primary, secondary, and tertiary alkyl and
aryl substituents at the thioamide were amenable under these
conditions.

Authors invoke a concerted PCET mechanism for
thioamidyl radical generation, by noting that the oxidation
potential of a thioamide substrate (e.g, for N-phenyl fert-
butylthioamide, E,;, = +1.50 V vs SCE in MeCN)*"* is
negatively shifted in the presence of the pyridine additive (e.g.,
for N-phenyl tert-butylthioamide in the presence of 1 equiv of
pyridine, E,/, = +1.20 V vs SCE in MeCN).”’* Therefore, this
mechanistic proposal involves initial oxidative quenching
between the photoexcited Ru(Il) complex (E,, Ru(IIl)/
*Ru(II) = —0.96 V vs SCE in MeCN)®* and persulfate oxidant
(E,2™ = +2.01 V vs SCE in MeCN)*”* to generate an Ru(III)
complex and sulfate radical anion. The joint action of this
Ru(IIl) oxidant (E;;, Ru(IlI)/Ru(Il) = +1.21 V vs SCE in
MeCN)®* and pyridine Bronsted base (pKy = 12.5 in
MeCN)* mediatess N—H bond homolysis via concerted
PCET for thioamidyl radical generation. Thereafter, cyclization
via an S-centered radical onto the pendant arene, and further
steps of ET mediated by sulfate radical anion, then PT, yields
the aromatized product.

Ahmed and Wirth reported the electrosynthesis of
thiazolidin-2-imines from N-allylthioureas through N—H
bond activation and subsequent C—S bond formation (Scheme
77).27° An electrochemical flow microreactor was used in this
work, which was developed and previously demonstrated by
the Wirth group.””"””" Optimized electrolytic conditions
involved flowing a solution of thiourea substrate, TEMPO
radical trap, and BnMe;N* HO™, as both Brensted base and
electrolyte through this electrochemical cell equipped with a
graphite anode and a Pt cathode in MeCN/H,O (19:1) at
room temperature. When N-allyl-N-arylthioureas were used in
this protocol, the desired thiazolidin-2-imines were formed
exclusively through C—S bond formation, with 16 examples
showcased in yields of 10—93% (77.1—77.4). When N-allyl-N-
alkylthioureas were instead employed as substrates, mixtures of
thiazolidin-2-imines and cyclic thioureas typically resulted. In
three cases, comparisons to batch electrolysis in both
commercial and custom electrochemical cells demonstrated
that flow electrolysis provided superior yields.

A plausible mechanism involves discrete deprotonation of
the thiourea substrate by hydroxide base prior to mediated ET
from the oxoammonium ion, produced via anodic oxidation of
TEMPO (E,,™ = +0.29 V vs Ag*/Ag in MeCN).”””*”® The
resulting radical can undergo a S-exo-trig cyclization onto the
pendant olefin through either sulfur or nitrogen depending on
the thiourea N-substituent. Termination through trapping with
TEMPO vyields the major oxysulfurization or minor oxy-
thioamidation products, respectively. Cathodic reduction of
H,O regenerates the requisite hydroxide base and liberates
molecular hydrogen.

2.2.2. Intramolecular S—S and N—S Bond Formation.
Waldvogel and co-workers reported an electrochemical
method enabling dehydrogenative S—S bond formation in an
intramolecular cyclization reaction of dithioanilides, giving 3,5-
diimido-1,2-dithiolanes.””” Optimized reaction conditions
involved constant current electrolysis of substrates in an
undivided cell equipped with graphite anode, Pt cathode, n-
Bu,N*PF,~ supporting electrolyte in MeOH solution (Scheme
78). A scope of 12 examples of dehydrogenative S—S bond
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Scheme 77. Electrosynthesis of Thiazolidin-2-imines from
N-Allylthioureas (Ahmed and Wirth, 2019)
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Scheme 78. Electrochemical Synthesis of 3,5-Diimido-1,2-
dithiolanes (Waldvogel, 2018)“
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formation were reported, including both symmetrical (78.1)
and unsymmetrical (78.2) dithioanilides (33—87% yields).
Substrates carried a gem-dimethyl group between the two
thioamide groups to facilitate cyclization through the Thorpe—
Ingold effect. A variety of substituted arenes were tolerated,
including halogenated and multiply substituted. The authors
do not propose a mechanism for the transformation, though
PT from the N—H substrate and subsequent ET could lead to
an S-centered radical. This could then add across the second,
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neutral thioamide, before further anodic oxidation and proton
loss would lead to the product. Cathodic reduction of MeOH
solvent could generate methoxide and liberate H,.

Liu, Yang, Zhou, and co-workers reported an electro-
chemical synthesis of 3-substituted S-amino-1,2,4-thiadiazole
heterocycles through N—S bond formation from imidoylth-
iourea precursors which were readily prepared through the

union of an amidine and isothiocyanate (Scheme 79).**°

Scheme 79. Electrochemical Synthesis of 3-Substituted 5-
Amino-1,2,4-thiadiazoles (Liu, Yang, and Zhou, 2020)
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Substrates were electrolyzed in an undivided cell with carbon
rod anode and Pt plate cathode, operating under constant
current conditions with n-Bu,N*"BF,” supporting electrolyte in
MeCN solution. A scope of 26 examples was presented, with
yields of 74—92%. Imidoylthiourea substrates derived from
(hetero)aryl (79.1—79.3) and alkyl amidines (79.4) were
successful in this reaction. Additionally, substrates derived
from both aryl and alkyl (79.5) isothiocyanates were
competent. The reaction was further demonstrated on
substrates containing pyridine and pyrazole heterocycles.

A proposed mechanism involved substrate anodic oxidation
(e.g, for the substrate leadln(g to thiadiazole 79.1, E,,™ =
+1.10 V vs SCE in MeCN),”*” and subsequent proton loss at
the thiourea N—H bond to yield an S-centered radical
intermediate. S—N bond formation via cyclization onto the
amidine follows, before further anodic oxidation and
deprotonation yield the product. Cathodic reduction of
liberated protons leads to hydrogen evolution.

2.3. Transformations of Alkylamines, Anilines, and Azoles

2.3.1. Inter- and Intramolecular C—N Bond Formation
through Alkyl C(sp®-H and (Hetero)aryl C(sp?)-H
Amination. 2.3.1.1. With Alkylamines. Here we present
two methods for heteroarene C(sp*)—H amination with
alkylamines proceeding via coupled steps of ET and PT for
neutral aminyl radical generation. These are nucleophilic
radicals in nature, and add readily to electron-deficient z-
systems.”®' 7*** This reactivity contrasts that of aminium
radical cations, which are electrophilic species and add readily
to electron-rich olefins and arenes for C—N bond formation.***
In 2018, Ackermann and co-workers reported a protocol for an
electrochemical dehydrogenative heteroarene C(sp*)—H ami-
nation with aliphatic amines under catalyst- and reagent-free
conditions (Scheme 80).”*> This amination reaction pro-
ceeded efficiently in an undivided cell equipped with a RVC
anode and Pt cathode under constant current electrolysis. The
authors noted that the addition of AcOH was sufficient to
observe high yields of the product without additional
electrolyte. Using this procedure, 40 examples of heteroarene
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Scheme 80. Electrochemical C(sp*)—H Amination of
Heteroarenes with Alkylamines (Ackermann, 2018)
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C(sp?)—H amination products were reported, with yields of
33—95%. Primarily benzoxazoles were studied in this method
(80.1—-80.3), with a variety of alkyl, aryl, and halogen groups
appended. Benzothiazole (requiring addition of 20 mol%
Zn(OAc), catalyst) and several oxadiazole heterocycles were
also included in the scope (80.5). A necessary requirement for
successful reactivity was the use of a secondary alkylamine
coupling partner, but cyclic (80.1—80.7) and acyclic amines
(80.8) were permitted. Appended to this component included
examples of olefin, alkyl chloride, and carbamate functionality.
Additionally, anilines also provided the desired product, albeit
at elevated temperatures (80 °C). An indole failed to undergo
C(sp?)—H amination under these conditions.

The authors then studied the mechanism of the reaction
through a variety of experimental and computational means.
Competition experiments probing the reactivity of oxazole
partners indicated preference for reaction of the substrate with
electron-donating substituents. CV experiments indicate that
oxidation of the amine (e.g, for morpholine, E, ,™ = +1.19 V
vs SCE in MeCN),”®* occurs ca. 800 mV below that of the
oxazole (e.g, for S-methylbenzoxazole, E,n™ = +2.02 V vs
SCE in MeCN).”® Furthermore, addition of BHT as a radical
trap, suppressed C(sp*)—N product formation and afforded
the BHT-amine adduct instead. In kinetic experiments, the
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authors observed that the rate was zero-order for both the
amine and oxazole substrates, and was only dependent on the
concentration of AcOH and applied operating current. The
former dependency is consistent with results of DFT
calculations indicating that protonation of the oxazole
component facilitates addition of the aminyl radical. With
these results, the authors propose a mechanism wherein the
amine undergoes stepwise anodic oxidation, followed by
deprotonation to generate a neutral aminyl radical. This
nucleophilic aminyl radical then engages the protonated
oxazole for C—N bond formation, generating a de-aromatized
radical cation intermediate. Stepwise ET and PT forms the
product, and protons lost during this process are reduced at
the cathode, generating molecular hydrogen as a byproduct.
In 2018, Wei, Zhou, and co-workers reported a protocol for
the photocatalytic C3-selective C(sp*)—H amination of
quinoxalinones with primary and secondary aliphatic amines
proceeding through a progosed neutral aminyl radical
intermediate (Scheme 81).*° These optimal conditions

Scheme 81. Photocatalytic C(sp*)—H Amination of
Quinoxalinones with Alkylamines (Wei and Zhou, 2018)
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consisted of visible-light irradiation of a solution containing
quinoxalinone and amine substrates, and EY photocatalyst in
THEF under air. A total of 30 examples of 3-aminoquinoxalin-
2(1H)-ones were reported with yields ranging from 45% to
849%. Variation of the N-substituent on the quinoxalinone was
well tolerated, with N-propargyl (81.1) and N-aryl (81.2)
substituted products produced in good yields. Additionally, an
unprotected N—H quinoxalinone underwent efficient C—H
amination in 81% vyield (81.3). N-Acyl quinoxalinone
presented a limitation in the scope, providing no amination
product. A wide variety of aliphatic amines were also tolerated,
including pyrrolidine (81.4) and acyclic secondary amines
(81.5). Additionally, sec-butylamine reacted efficiently, afford-
ing C—N coupling product in 58% yield (81.6).
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To probe the mechanism of this transformation, the authors
conducted radical trapping experiments with S,5-dimethyl-1-
pyrroline-N-oxide (DMPO). Under light irradiation, they
observed a spin-trapped DMPO-morpholine adduct, indicating
that the reaction proceeds through the intermediacy of a
nitrogen-centered radical, as opposed to oxidation of the
quinoxalinone to the corresponding radical cation and addition
of the closed-shell nucleophilic amine. Furthermore, the
authors determined the necessity of oxygen in the trans-
formation, observing only trace amounts of the product when
the reaction was performed under a nitrogen atmosphere. With
this information, the authors proposed a mechanism where the
amine substrate is oxidized (e.g,, for pyrrolidine, E,,™ = +0.89
V vs SCE in MeCN)*' by the excited state of EY (E,,, *EY/
EY'™ = +0.83 V vs SCE in MeCN),’" generating the
corresponding aminium radical cation and EY®™. The reaction
of the reduced photocatalyst with O, regenerates ground-state
EY and O,°". Deprotonation of the aminium radical cation
intermediate provides the neutral N-centered radical, which
adds into the quinoxalinone. The authors then propose re-
aromatization of this radical species by further oxidation and
proton loss to generate the product.

2.3.1.2. With Arylamines. In 2017, Xia and co-workers
reported a photocatalytic dehydrogenative cross-coupling
reaction between diarylamines and phenols proceedin%
through a radical-radical coupling pathway (Scheme 82).*°
Optimal conditions consisted of blue-light irradiation of acyclic
diarylamine and phenol substrates in the presence of organic
photocatalyst 2,4,6-triphenylpyrylium BF, ([TPP]BF,) and
(NH,),S,04 oxidant in CH,Cl, solution at room temperature.

Scheme 82. Photocatalytic C(sp>)—H Amination of Phenols
with Diarylamines (Xia, 2017)
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Under these conditions, 33 examples of C—N bond formation
were reported with yields of 23—94%. A number of electron-
rich diarylamines were successful partners, but diphenylamine
was not, providing the corresponding coupling product in less
than 5% yield. A variety of substituted phenols were competent
substrates, including those containing alkyne (82.3) and
halogen (82.4) substituents. However, the phenol scope was
limited to para-methoxy-substituted phenols as other sub-
stituents at this position afforded no product.

The authors then turned to investigate the mechanism of
this cross-coupling reaction, proposing that C—N bond
formation occurs through radical—radical coupling of a neutral
phenoxyl and neutral aminyl radical. Control experiments
revealed that both photocatalyst and (NH,),S,05 were
required to observe product formation. Additionally, the
authors observed an EPR signal consistent with neutral aminyl
radical formation based on literature precedent, which was
consistent with the researchers’ observation of efficient
quenching of the photocatalyst excited state by amine substrate
in luminescence quenching experiments. The authors also
measured a quantum yield for the reaction (® = 19),
indicating that a chain process is operative. Based on these
data, the authors propose a mechanism wherein the diaryl-
amine is activated via single-electron oxidation from the
excited state of the photocatalyst (E,/, *TPP*/TPP* = +2.02
V vs SCE in MeCN)," to form the corresponding aminium
radical cation. Simultaneously, the phenol component is
oxidized by SO,*”, which is generated via decomposition of
persulfate upon light irradiation. The aminium radical cation
intermediate is also proposed to act as a redox mediator of
phenol oxidation. Deprotonation of the phenoxyl and aminium
radical cation intermediates results in neutral phenoxyl and
diaryl aminyl radicals, which then undergo radical—radical
coupling to form a C—N bond. Tautomerization of the C—N
coupled intermediate provides the product. The ground state
of the photocatalyst is regenerated by SET (E,,, TPP*/TPP* =
—0.32 V vs SCE in MeCN)™* to SO,"".

In a 2018 report, Lei and co-workers demonstrated an
electrochemical C2-selective intermolecular C(sp*)—H amina-
tion reaction of ghenols with phenothiazines and phenoxazines
(Scheme 83).**" Optimized reaction conditions consisted of
the constant current electrolysis of substrate admixtures in an
undivided cell equipped with graphite rod anode and Ni plate
cathode. n-Bu,N*"BF,” served as supporting electrolyte in a
solvent mixture of MeCN/MeOH (4:1). A total of 20
examples of phenol C2-amination were given with yields of
21-93%. For phenols with C2-substitution, C4-amination was
observed, and a further two examples given. Unsubstituted
phenol reacted to form an unselective mixture mono-C2- and
di-C2,C4-amination products. The reaction was highly tolerant
of substitution on the phenol, with both EWGs and EDGs
demonstrated. Halogen, ester, acetamide, and primary alcohol
functional groups were compatible (83.1—83.4). In addition,
substitution on the PTZ component was permitted. Phenox-
azine was a capable amine coupling partner (83.5), but other
diarylamines proceeded poorly (e.g., di-p-tolylamine gave 20%
yield). A decagram-scale synthesis was performed, and the
reaction could be run open to air without detriment.

CV indicated that phenoxazine component (e.g., for
phenoxazine, EP/2°X +0.70 V vs Ag/AgCl in MeCN/
MeOH)**® was preferentially oxidized to the corresponding
radical cation compared to the phenol substrate (e.g., for 4-
methoxyphenol, E, , = +0.95 V vs Ag/AgCl in MeCN/MeOH,
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Scheme 83. Electrochemical C(sp*)—H Amination of
Phenols with Phenothiazines (Lei, 2018)
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for 4-chlorophenol, E,;, = +1.35 V vs Ag/AgCl in MeCN/
MeOH).”*® When thls reaction was performed under a
constant applied potential of +0.70 V, the products were still
observed in good yield. Based on these observations, the
authors propose that PTZ is first oxidized to its corresponding
radical cation at the anode, which then reacts with the closed-
shell phenol through either the aminium radical cation or
neutral aminyl radical after deprotonation. Thereafter, further
anodic oxidation with proton loss restores aromaticity and
yields the amination product. Cathodic reduction of methanol
cosolvent leads to the in situ generation of methoxide base to
mediate PT steps, and the liberation of molecular hydrogen.
The next year, Lei in collaboration with Weng and Chiang,
adapted the above method to now enable site-selective
bioconjugation of tyrosine residues in polypeptides and
proteins with PTZ and its derivatives (Scheme 84).**
Tyrosine is considered an attractive target for the labeling of
biomolecules due to its low natural abundance, yet methods
for the selective blocon]ugatlon of C(sp*)—H bonds in
aromatic AA side chains are rare.””” At the outset, CV studies
were carried out in order to study the compatibility of an
electrochemical method for protein bioconjugation of PTZ
derivatives. These revealed that PTZ is oxidized (E,/,™
+0.80 V vs Ag/AgCl in MeCN/ H,0)** at significantly lower
applied potentials than the aromatic amino acids Tyr, Trp,
Phe, and His, and thus was expected to permit the selective
generation of the reactive electrophilic PTZ radical. Second,
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Scheme 84. Electrochemical C2-Selective Bioconjugation of
Tyrosine Residues with Phenothiazines in (A) Isolated
Amino Acids, (B) Tyrosine-Containing Dipeptides, and (C)
Complex Polypeptides (Lei, Weng, and Chiang, 2019)
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the more electron-rich nature of the phenol functional group of
Tyr compared to other aromatic amino acids favored this C2-
position as the preferential site of bioconjugation. The reaction
was proposed to occur through the same mechanism as above
in small molecule phenol C2-amination.

Initial experiments devised conditions to permit the C2-
selective amination of tyrosine with several functionalized
PTZs on the model isolated amino acid Ac-Tyr-OMe (Scheme
84A). Constant current electrolysis in an undivided cell
equipped with graphite rod anode and Ni plate cathode of AA
and PTZ substrates, in the presence of Na,SO, electrolyte in
MeCN/H,0 at room temperature gave access to the desired
products. A series of seven substituted PTZs carrying a variety
of functional groups including aryl chloride, thioether, nitrile
and an azide tag were demonstrated in the C2-amination of
Ac-Tyr-OMe, in yields of 33—85%. To study the selectivity for
bioconjugation at tyrosine over other AA residues, a series of
tyrosine-containing dipeptide models were subject to elec-
trolysis now in mixtures of MeCN/PBS (pH 7.3), which now
required no exogenous electrolyte (Scheme 84B). This
demonstrated the compatibility of this method with Gly,
Leu, Met, Phe, Trp, His, Lys, Ser, and Asp AA residues.
However, an experiment with a Cys-containing dipeptide was
unsuccessful due to incompatibility of the thiol functional
group under the electrolytic conditions. Next, a series of

https://doi.org/10.1021/acs.chemrev.1c00374
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tyrosine-containing oligopeptides from S-mer to 29-mer were
subject to this electrolytic PTZ bioconjugation method,
including N-Ac-RGD peptide, kisspeptin, angiotensin Y,
tyrosine kinase, and glucagon (Scheme 84C). These peptides
carried tyrosine either at the N-terminus, C-terminus, or within
the chain. Glucagon, containing two tyrosine residues at the i
and i+3 positions, reacted with selective monoamination.
These all gave >99% conversion of substrate polypeptide in 30
min at room temperature. A PTZ moiety modified with the
drug probenecid, and another with a biotin tag were shown to
selectively react at the tyrosine residue of the pentapeptide
YAGFL. The PTZ incorporation was also shown to be
fluorescent under UV irradiation, raising the prospects of use
as a biological fluorophore. Finally, the electrochemical
bioconjugation of insulin (5808 Da) and myoglobin (16.7
kDa) with excess PTZ was studied. Insulin displayed tagging at
four distinct tyrosine sites, as revealed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-ToF) MS anal-
ysis, and myoglobin selectively incorporated only one PTZ tag,
shown through liquid chromatography/mass spectrometry
(LCMS) analysis. CD spectroscopy revealed that the electro-
chemical modification had negligible effect on the structure of
either protein.

In 2019, Lei and co-workers reported a para-selective
electrooxidative cross-coupling reaction between electron-rich
arenes and N,N-diarylamines, for the preparation of triaryl-
amine products via a proposed radical-radical coupling
mechanism (Scheme 85).*”" The optimal reaction conditions
consisted of constant current electrolysis of the arene and
diarylamine components in MeCN/MeOH (7:3) solvent with
n-Bu,N"BE,” supporting electrolyte in an undivided cell
equipped with a graphite rod anode and a Pt plate cathode.
The authors provided 40 examples with 21—98% yields. The
scope of diarylamine included PTZ (85.1) and phenoxazine
derivatives, as well as acyclic N,N-diarylamines including
estrone-derived 85.4. A variety of electron-rich arenes and
heteroarenes such as N,N-dimethylaniline (85.1), indole
(85.3), pyrrole, and imidazopyridine served as competent
cross-coupling partners. When both PTZ and acyclic N,N-
diarylamines were used as coupling partners, selective C—N
bond formation of the PTZ was observed (85.2).

CV and EPR experiments indicated that under the reaction
conditions both electron-rich arene (e.g., for N,N-dimethylani-
line, Ey o™ = +0.65 V vs Ag/AgCl in MeCN/MeOH (7:3))*"
and diarylamine (e.g, for PTZ, E, > = +0.50 V vs Ag/AgCl
in MeCN/MeOH (7:3))*”" could be oxidized to their
corresponding radical cations. Further evidence for this
hypothesis is provided by the observation of homo-coupling
side products of both reaction components. Based on these
collected data, the authors propose a mechanism wherein both
species are oxidized to their respective radical cations at the
anode surface. Subsequent deprotonation of the diarylamine
generates a neutral aminyl radical species, which the authors
were able to observe by EPR. Radical—radical coupling
between this aminyl radical and the aniline radical cation
forges the C—N bond through the para-position. Proton loss
generates the product, and proton reduction at the cathode
generates molecular hydrogen as a byproduct.

In a similar report, Li, Song, and co-workers reported an
electrooxidative para-selective C(sp?)—H amination reaction
of anilines with PTZs and phenoxazines to synthesize
triarylamine products (Scheme 86).>”> Reported conditions
consisted of constant current electrolysis of the reaction
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Scheme 85. Electrochemical C(sp?)—H Amination of
Anilines and Electron-Rich (Hetero)arenes with

Diarylamines (Lei, 2019)
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Scheme 86. Electrochemical C(sp*)—H Amination of
Anilines with Diarylamines (Li and Song, 2019)
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components in a solution of MeCN with n-Bu,N"PF¢~
supporting electrolyte in an undivided cell equipped with a
carbon rod anode and Pt cathode. The authors reported 32
examples with yields ranging from 30% to 94%. Variation of
the aniline was tolerated including N,N-dialkyl (86.1, 86.2)
and N-naphthylen-2-yl substituents on the aniline nitrogen.
Additionally, use of 3,5-dimethoxyaniline afforded product
86.3 in good yield, demonstrating tolerance to primary aniline
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functionality. Variation of the secondary amine was limited to base to yield the corresponding nitrogen anion. Thereafter
variously substituted PTZ derivatives including nitrile, ketone, anodic single-electron oxidation yields a stabilized nitrogen
and alkene (86.4) functionality in addition to a single example radical, which can delocalize across both arylamine and
of a phenoxazine cross-coupling partner (86.5). The authors pyridine N-sites. In CV experiments, addition of n-Bu,N"OH"~
propose an analogous mechanism to that put forth by Lei and to a solution containing substrate resulted in a substantially
co-workers.*”! negatively shifted oxidation potential (E,,** = +0.44 V vs SCE
Chen and co-workers recently reported an electrochemical in MeCN),” compared to the neutral substrate (B, =
synthesis of medicinally important pyrido[1,2-a]- +122 V vs SCE in MeCN),”” thus demonstrating this
benzimidazoles through the oxidative cyclization of 2- involvement of base in initial deprotonation. After oxidation,
(arylamino)pyridines via neutral aminyl radical generation cyclization via the pyridine nitrogen onto the tethered arene,
and C—N bond formation (Scheme 87).”* Electrolysis was followed by further anodic oxidation and deprotonation yields
the product. An inverse secondary KIE (ky/kp = 0.89) was
Scheme 87. Electrochemical Synthesis of Pyrido[1,2- observed in a competition experiment, which is consistent with
a]benzimidazoles (Chen, 2020)“ a change in the C-center from sp2 to sp3 hybridized, and
demonstrates that C—H bond cleavage is not rate-determining.
c F}ﬁ Pt This is mechanistically distinct from a Cu-catalyzed protocol
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The authors’ proposed mechanism involves discrete
substrate deprotonation by cathodically generated hydroxide “#2-MeTHF as solvent.
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azole N-alkylation in this manner were reported in yields of
24—85%. 2-MeTHF underwent preferential alkylation at the
more-hindered tertiary C—H position (88.5). A variety of
substitution patterns were permitted on the azole component,
and chloro- (88.4), bromo- (88.2), and iodo-functional groups
(88.3) were all tolerated. The authors report that in many
cases, yields were conversion limited, but that use of a pure O,
atmosphere instead led to poor results. Other ethereal solvents,
such as 1,4-dioxane, tetrahydropyran, and diethyl ether, gave
poor results.

In order to probe the mechanism of this transformation, a
series of EPR experiments were performed with the spin-
trapping reagent DMPO. The EPR spectrum for the spin-
adduct resulting under optimized conditions was in agreement
with established literature for an N-centered radical inter-
mediate. Also, no EPR signal was observed in the absence of
the azole coupling partner. Steady-state SV emission
quenching experiments indicated that the azole was able to
quench the photocatalyst excited state. An observed competi-
tion KIE experiment conducted in mixtures of THF and THF-
dg (ky/kp = 5.0) suggested that C(sp*)—H bond cleavage in
the THF component was rate-determining. On the basis of
these data, a mechanism was proposed involving reductive
quenching of the photocatalyst excited state (E,/, *'Acr*/Acr®
= +2.08 V vs SCE in MeCNj E,/, **Acr"/Acr® = +1.88 V vs
SCE in PhCN)”*”* with the azole substrate (e.g, for 1H-
pyrazole, E, ,** = +2.12 V vs SCE in MeCN).”" This generates
the reduced acridine radical and an azole substrate radical
cation, the latter of which undergoes deprotonation to yield
the N-centered azole radical. This PT step can plausibly occur
with superoxide or hydroperoxide generated in situ through
catalyst turnover and HAT steps. ET between the reduced-
state photocatalyst (E,/,, Acr'/Acr® = —0.55 V vs SCE in
MeCN)” and molecular oxygen returns this to its ground state
and generates superoxide as a byproduct. Superoxide is
proposed to facilitate THF radical generation through HAT
with the most hydridic C(sp®)—H bond, generating hydro-
peroxide anion as a byproduct. Through proposed radical—
radical coupling between the N-centered azole radical and
THF radical, the desired product results. Alternatively, the
authors consider a secondary coupling pathway involving
further oxidation of the THF radical to the corresponding
oxocarbenium ion and subsequent nucleophilic coupling with
the closed-shell azole substrate.

Lei and co-workers later in 2017 disclosed an electro-
chemical strategy enabling intermolecular C(sp®)—H amina-
tion with a number of azole substrates (Scheme 89).*%°
Optimized conditions for this transformation involved
constant current electrolysis of MeCN solutions of azole and
alkane substrates in an undivided cell equipped with Pt
electrodes with n-Bu,N'BF,” supporting electrolyte at 80 °C.
In the model system studying the C2 C(sp®)—H amination of
THF with 1H-benzotriazole (89.1), complete selectivity for
N1-alkylation was observed; in prior work involving oxidative
amination with stoichiometric chemical oxidants, a mixture of
N1-, and N2-alkylation was observed.”””~>”" A scope of 24
examples of azole alkylation in this manner were reported in
yields of 30—93%. In addition to a number of benzotriazole
substrates, other heterocycles including tetrazole (89.2), 1,2,3-
triazole (89.3), indazole, and pyrazole (89.4) substrates
underwent the desired reaction. A variety of alkyl substrates
carrying a-heteroatom (89.5), allylic, and benzylic C—H bonds
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Scheme 89. Electrochemical Oxidative C(sp*)—H
Amination with Azoles (Lei, 2017)
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were demonstrated, using either 20% v/v co-solvent quantity
or 10 equiv of with respect to the azole component.

While the authors performed mechanistic experiments
indicating the formation of an N-centered radical, the precise
mechanism of C—H activation and C—N bond formation
remains unclear. CV experiments established that only the
azole component was capable of thermodynamically favorable
ET (e.g., for 1H-benzotriazole, E, ;™ = +2.00 V vs Ag/AgCl in
MeCN),*” in preference to the ether substrate (e.g., for THF,
E,,™ = +2.54 V vs Ag/AgCl in MeCN)* in the operating
potential range of E_y = +1.90—2.23 V. The authors propose
that following discrete anodic oxidation, the resulting azole
radical cation undergoes PT to yield the corresponding neutral
N-centered radical intermediate. What remains to be
established is the mechanism governing the activation of the
C—H bond in the alkane component, and how C—N bond
formation proceeds. With respect to the C—H activation step,
the authors observed a competition KIE of ky/kp = 1.22 in the
reaction between 1H-benzotriazole and mixtures of THF and
THF-dg. This is a distinct observation from this research
group’s related photocatalytic method of C(sp®)—H bond
azolation (discussed directly above), where a competition KIE
of ky/kp = 5.0 was reported.”” Concomitant cathodic
reduction of protons led to the generation of molecular
hydrogen in a coupled process.

In 2019, Yang, Song, and Li reported an electrochemical
intermolecular C(sp®>)—H amination of xanthenes with
heteroaromatic azole nucleophiles (Scheme 90).>°° This
work was enabled by use of an undivided cell operating
under constant current conditions, with carbon rod anode, Pt
plate cathode, n-Bu,N'BF,” supporting electrolyte, and a
catalytic amount of methanesulfonic acid in MeCN. A scope of
29 examples of C—N cross-coupling products were demon-
strated, in yields of 40—98%. A number of functionalized
xanthenes were viable coupling partners, as were a
thioxanthene (90.2) and an N-Me dihydroacridine substrate
(90.3). With respect to the azole component, 1H-indazoles
(90.1), 1H-pyrazoles (90.4), benzimidazoles (90.5), triazoles,
benzotriazoles (90.7), a purine (90.6), and a tetrazole (90.8)
underwent this transformation successfully. This method
represents an advance from the earlier work of Zeng (see
section 2.1.4.2) achieving intermolecular C(sp*)—H amidation
of xanthenes with N-methoxyamides,'”* with respect to the
breadth of scope of both reaction components.

To determine the mechanism of this transformation, the
authors conducted CV experiments. These studies indicated
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Scheme 90. Intermolecular Electrochemical C—H
Amination of Xanthenes with Azole Nucleophiles (Yang,

Song, and Li, 2019)
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that xanthene (E,™ = +1.80 V vs Ag/AgCl in MeCN)** and
azole (e.g., for 1H-indazole, E,** = +1.82 V vs Ag/AgCl in
MeCN)*™ are oxidized at similar potentials, suggesting that
both reaction components are oxidized to their respective
radical cations at the anode. Subsequent deprotonation would
yield the neutral C-centered and N-centered radicals, which
could undergo radical—radical cross-coupling to f