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Abstract

Photoredox catalysis (PRC) is a cutting-edge frontier for single electron-transfer (SET) reactions, enabling the generation of reac-
tive intermediates for both oxidative and reductive processes via photon activation of a catalyst. Although this represents a signifi-
cant step towards chemoselective and, more generally, sustainable chemistry, its efficacy is limited by the energy of visible light
photons. Nowadays, excellent alternative conditions are available to overcome these limitations, harvesting two different but corre-
lated concepts: the use of multi-photon processes such as consecutive photoinduced electron transfer (conPET) and the combina-
tion of photo- and electrochemistry in synthetic photoelectrochemistry (PEC). Herein, we review the most recent contributions to
these fields in both oxidative and reductive activations of organic functional groups. New opportunities for organic chemists are
captured, such as selective reactions employing super-oxidants and super-reductants to engage unactivated chemical feedstocks, and
scalability up to gram scales in continuous flow. This review provides comparisons between the two techniques (multi-photon
photoredox catalysis and PEC) to help the reader to fully understand their similarities, differences and potential applications and to
therefore choose which method is the most appropriate for a given reaction, scale and purpose of a project.

Review

1 Introduction

Owing to the unique reactivity patterns of free radicals that tive due to its abilities i) to generate reactive intermediates
often provide access to new dimensions of synthetic chemical under mild conditions for both oxidative and reductive reac-
space, the field of single electron transfer (SET) in organic syn-  tions and ii) to use photons as traceless reagents to drive reac-
thesis has expanded considerably in the past two decades. tions in a “greener” manner [1-6]. As depicted in Figure 1, for

Among this area, photoredox catalysis (PRC) is highly attrac-  an oxidative PRC cycle, the excited photocatalyst (*PC) firstly
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Figure 1: Oxidative and reductive activations of organic compounds harvesting photoredox catalysis.

undergoes oxidative quenching by SET with an electron
acceptor (A), leading to PC** and A*~. The ground state photo-
catalyst is then regenerated by an SET reaction with an electron
donor (D), affording also D**. Both species described can be
further involved in various organic transformations to form the
target products (or byproducts). In a complementary manner,
*PC generates A*~ and D** within a reductive quenching cycle
via SET reactions. The milder conditions that PRC enjoys to
access potent redox agents guarantees sustainable and safer pro-
cesses when compared to classical methods of equivalent redox
power. For example, in the context of deeply reductive reac-
tions, dissolving alkali metal conditions have remained the most
commonly employed both in academia and industry for over a
century and even to date continue to be used despite their
hazards, poor selectivity and chemical waste [7-10]. Nowadays,
excellent alternative conditions are available via PRC (vide
infra).

However, even if PRC provides elegant methods to circumvent
these issues, it comes with its own set of limitations. In particu-
lar, the accessible energy for photocatalytically-driven transfor-
mations is generally limited by the energy of a single visible
light photon (400-700 nm; 1.8-3.1 eV). In addition, this energy
is also diminished by as much as ~25% through vibrational re-
laxation, internal conversion and intersystem crossing [11] and
hence, many highly stabilized molecules including important
feedstock molecules such as arenes, haloarenes or olefins
remain inert to direct photoredox activation powered by visible
light [12]. Irradiation with UV photons that intrinsically pos-
sess higher energy, however, is generally unfavorable due to the
high expense and thermal footprint of the reactors. Although

most organic molecules directly absorb photons in the UV

region, side reactions and selectivity issues arise upon direct ex-
citation of organic molecules. In recent years, two conceptually
distinct but mechanistically related strategies have emerged that
enable access to excited state catalysts wielding i) higher redox
power than standard monophotonic photoredox catalysts and
ii) energy that parallels the energy of UV-driven transformat-
ions, but under cheaper, safer conditions and in a more selec-
tive manner by indirect substrate activation via a catalyst. These
are: a) multi-photon processes that accumulate visible light
photon energies for electron transfer processes and b) photo-
electrochemistry (PEC) in which electronic and photonic ener-
gies are either compiled or productively utilized. This Review
summarizes key examples of both strategies, presents their
respective advantages and drawbacks and aims to draw compar-
isons that can help readers decide which strategy is a more suit-
able fit for a given purpose. In order to do so, the scope of our
Review is thus restricted to electron transfer redox processes
and does not include energy transfer or atom/group transfer pro-
cesses. Particularly interesting are instances where the same
active catalytic intermediate is proposed in conPET and PEC
reactions (e.g., a photoexcited radical anion), yet different reac-
tivity outcomes arise; the underlying reasons for such are dis-
cussed. Finally, we provide our perspective on current chal-
lenges and target areas for future exploration.

1.1 Multi-photon processes

As mentioned, the energy accessible for a PRC reaction relying
on a single visible photon is limited and does not suffice for
many desirable target organic substrates. Direct cumulative
absorption of visible light photons by a given molecule is
extremely challenging, since the short lifetimes of excited states

generally do not allow their accumulation in appreciable con-

1056



centrations to absorb a subsequent photon and be further photo-
excited. In biological photosynthesis — nature’s omnipresent ex-
ample of light-driven reactions — this limitation is overcome by
transferring the energy of an initial photoexcitation process at
photosystem II (PSII) via an electron transfer chain to photo-
system I (PSI) where a second photoexcitation occurs [13,14].
Mimicry of this “Z-scheme” led to a seminal disclosure the
concept of consecutive photoinduced electron transfer (conPET)
by Konig and co-workers in 2014 for the generation of super-
reductants [15] and by Wagenknecht in 2018 for the generation
of super-oxidants [16]. Herein, initial excitation of the photocat-
alyst by a single photon is followed by reduction or oxidation
by a sacrificial SET donor (e.g., Et3N [15]) or acceptor (e.g.,
SFg [16]) to yield the catalyst radical anion or radical cation. As
a semi-stable, higher energy ground-state entity, this can accu-
mulate in sufficient concentration under the reaction conditions
to absorb another photon and thereby generate a super-reducing
or super-oxidizing excited state (Figure 2 left). In addition to
‘radical ion’ conPET, this Review will also cover deviating
variants such as neutral (acridine) radical conPET as well as
polysulfide or ‘tandem’ photoredox catalysis that similarly rely
on the absorption of two photons to access activated catalyst
states that engage redox-inert substrates.

Other two-photon processes where the photoredox-active
species is generated by an initial energy transfer process — such
as triplet-triplet annihilation (TTA) upconversion — are
excluded from this Review as i) they are comprehensively
and elegantly reviewed elsewhere [17], and ii) comparisons
are not straightforward to make with PEC, a main theme
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of this Review. Protocols for sensitization-initiated electron
transfer (Senl-ET) relying on a dual catalytic system of transi-
tion-metal based photocatalysts and pyrenes to generate highly
reductive species are also excluded as such reported transfor-
mations are now equally achievable by a single catalyst entity
[18-21].

1.2 Photoelectrochemistry (PEC)

Another important vehicle for SET is synthetic organic electro-
chemistry (SOE) [22,23]. While undoubtedly powerful, electro-
chemistry can suffer limitations in reaction selectivity because
the constant application of high magnitude potentials can lead
to uncontrolled reactions due to the accumulation of reactive
intermediates within proximity of the electrode surface. Com-
pared to homogeneous photocatalytic processes that lend them-
selves to high selectivity for taming radical intermediates by
taking place in bulk solution, direct electrolytic reactions taking
place at the heterogeneous interface presents an additional layer
of complexity to mechanistic understanding and conferring
selectivity. Nonetheless, SOE has enjoyed a dramatic rise in
popularity in the last decade [24-27], partly driven by reactor
standardization but also thanks to developments in technology
(flow, alternating polarity) and understanding that fundamen-
tally improve selectivity. Among these is its innovative merger
with PRC (synthetic PEC) in a fashion that tackles the issues of
both parent techniques and has risen to the forefront of methods
for SET chemistry.

In the context of synthetic molecular photoelectrochemistry,
there are various sub-fields classified depending on how the
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Figure 2: General catalytic cycles of radical ion conPET (left) and radical ion e-PRC (right).
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electrochemical and photochemical steps interplay in the mech-
anism. This Review’s main focus is on electrochemically medi-
ated photoredox catalysis (e-PRC), where the electrochemical
and photochemical steps are intimately involved within the
same catalytic cycle, as subsequent steps. This broadly sepa-
rates into two subcategories, “radical ion e-PRC” (Figure 2,
right) and “recycling e-PRC”. Radical ion e-PRC typically im-
plicates electrogenerated radical ion doublet states which are
photoexcited to yield super-oxidants or super-reductants while
recycling e-PRC involves the turnover of a ‘standard’ (typical-
ly closed-shell) photoredox catalyst (PC) by means of anodic
oxidation or cathodic reduction [28,29]. Furthermore, a series of
new protocols using decoupled photoelectrochemistry (dPEC),
where electrochemical and photochemical components have
separate, discrete roles will be presented. This review excludes
interfacial photoelectrochemistry (iPEC) processes, where reac-
tions occur at photoelectrode surfaces. These are reviewed
exhaustively elsewhere [28].

In recent years, both multi-photon processes and PEC de-
veloped from conceptually interesting techniques into widely
applicable and well-developed methods capable of efficiently
mediating and enabling difficult chemical transformations.
Following a temporal order of discoveries, the reader will find
the first section dedicated to reductive substrate activations via
conPET and other multi-photon processes followed by more
recently developed protocols for oxidative conPET. Hereafter,
to provide continuity and highlight differences and compari-
sons between the two techniques, the Review will then focus
attention on oxidative substrate activations in PEC before re-
ductive activation examples of this field. Before plunging into
the details of the two techniques, Figure 3 offers some advice
for newcomers, a “Beginner’s guide” flowchart, to understand
which of the two techniques might be more appropriate in
certain contexts of application. Broadly speaking, it can be con-
cluded that carrying out reactions with conPET, both in acad-
emia and industry, has a lower barrier of accessibility due to
more intuitive/standardized reactor setups. Essentially, the
reactor setup can be identical to standard photoredox catalysis
reaction setups, although it should be noted that since there are
two photoactive species with often different absorption bands or
different extinction coefficients at any given wavelength, it is
necessary to use i) polychromatic wavelength which is less
well-defined or ii) dual(/multi) wavelength LEDs that compli-
cate the setup. The simpler reaction setups and lack of a hetero-
geneous surface (electrodes) can make the mechanistic investi-
gation more accessible. While quantum parameters (quantum
yield, quadratic relationships with light intensity, etc) have been
touched upon for a monochromatic light source, the impact of
relative intensities of different wavelengths (Apax ex of PC and

PC'~'*) has never been investigated.

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

Notwithstanding the above, for longer-term industrial purposes,
PEC is ultimately more suitable because only one species need
be photoactive, and in purely economic terms generating one
photon is cheaper than two (or more). Electrons (/holes, in the
form of applied potential) are cheaper than photons as well.
Regarding the additives necessary for the processes, even if
electrolytes needed to reduce the Ohmic drop in PEC reactions
are more expensive or more abundant than sacrificial reduc-
tants/oxidants employed in conPET (e.g., tetraalkylammonium
salts vs trialkylamines), it is worth emphasizing that elec-
trolytes, generally, are chemically innocent to undesired reac-
tions, whereas the byproducts of sacrificed amines may be
involved in processes that lower the efficiency and selectivity of

the reactions (vide infra, conPET section).

Electrolytes have the potential to be i) aqueous-separated and
recovered in batch, or ii) decreased, even ultimately eliminated
by flow reactors as an engineering control.

Regarding purely the chemical reactivity and scope of applica-
tions, the most marked difference between the two types of pro-
cesses, however, is that conPET is more appropriate for redox-
neutral reactions, whereas PEC is more appropriate for net
oxidations or reductions due to the radical polar crossover
nature of its reactivity [30,31]. In the former, the neutral photo-
excited catalyst must be able to engage substrates/intermediates
in PET to achieve a redox neutral process. In the latter,
following the first photoinduced electron transfer (PET) step a
subsequent electrochemical SET occurs in the same redox
direction and this subsequent SET is user-tunable by the applied
cell potential. These divergent reactivity features make the two
techniques totally complementary, allowing the exploration of a
large portion of SET-driven organic transformations using at
least one of them at a time. Since ‘radical ion’ conPET/e-PRC
are proposed to involve the same radical ion catalyst intermedi-
ate, the same catalyst can in principle be repurposed for either
technique, and mechanistic learnings will thus be highly trans-
ferrable between the fields.

Although asymmetric transformations are yet to be achieved
using conPET, the PEC section of this Review will also
describe pioneering first efforts in this direction [32,33].
Finally, both techniques are amenable to large-scale synthesis
and ideally integrated with state-of-the-art reactor technology
platforms, such as continuous flow reactors and high through-
put screening plates. Various examples of scalability will be
highlighted in this Review, with a particular emphasis on the
challenges and areas for improvement, such as the standardiza-
tion of reactors capable to conjugate applied potential and light
irradiation either in different modules or within the same flow

path.
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Figure 3: “Beginner’s guide”: comparison between advantages, capacities, and prospectives of conPET and PEC.

2 conPET in organic synthesis
2.1 Reductive activation

However, initially the procedures were generally limited to
electron-poor arenes like diazonium/iodonium salts or aryl

2.1.1 C(sp?)-X activation: In the rise of visible light-mediated  iodides with electron-withdrawing substituents as aryl radical
PRC, the generation of aryl radicals for C(sp2)—C(sp2®)  precursors, due to the limited accessible reducing power of

couplings under mild conditions (room temperature, visible photocatalysts that relied on a monophotonic excitation event.

light activation of a catalyst) was heavily investigated [34-36]. However, the vast majority of inexpensive, commercially avail-
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able aryl halides are chlorides [37,38], with potentials for reduc-
tion that almost exclusively lie beyond the threshold of
monophotonically-excited photoredox catalysts (i.e., more
deeply negative than E{, = —2.0 V vs SCE). Considering this,
state-of-the-art developments have focused on the generation of
super-reductants (*E1, > —2.0 V vs SCE) that accumulate the
energy of multiple photons. Case studies will now be presented.

Hereafter, while we quote the excited state redox potentials
from the report in question, it should be noted that these are
estimates associated with uncertainties especially in the case of
excited radical ions which oftentimes exhibit unusual wave-

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

length dependencies on catalytic efficiency. Light source wave-
lengths/input powers (radiant flux is rarely reported) are quoted
if available, readers are directed to the report in question for
details. When not available, the qualitative description is used
as per the report in question (e.g., ‘blue LEDs’).

The Konig group first reported a photocatalytic approach to
C(sp?)-X activation harnessing multiple photon energies in
their seminal work on perylene diimide (PDI) catalysts [15]. In
their proposed consecutive photoinduced electron transfer
(conPET) mechanism (Figure 4C), PDI is photoexcited and re-
ductively quenched by Et3N to form its stable, colored radical

@— reductive dehalogenation

PDI (5 mol %) ipr O O 2 ipr
o BER o L O
R —_—
N DMF, 40 °C A iPr O O iPr
455 nm LED o PDI ©
1 2
(X=1,Br, Cl) 17 examples, no light .
35-98% yield  nopDI | 1° reaction

reductive C—H arylation

R? PDI (10 mol %) R2
N X N Et3N (8 equiv) ‘N A
R{— + W ~
N DMSO, 40 °C Rl
3 455 nm LED '
_ . 11 examples,
(X=1,Br,Cl) 25-50 equiv 52-74% yield
----- Selected eXamplEs === r= s mm oo osooooeosooseosseosoosoosoooeons
r radical clock - - - - 3
~ ~ : (0] :
| |
CN ' Br !
Ac | |
CN | H |
4a, X = Br, 64% 4b, X = Cl, 61% 4c, X =Cl, 74% ' 5a,X=Br,28% !
@* proposed mechanism
o Sov—H  Solv
*PDI
™~ ( e) Z
455 nm SET Ar=X' Ar=H
Et. N Et N
(1S} AI’_ 3 2 el
PDI PDI
[5]
EtsN*® 35 T\ 55 nm Ar=Ar “
* 4 R'
EN PDI “

radical anion conPET

Figure 4: A) conPET reductive dehalogenation of aryl halides with PDI. B) Reductive C—H arylation with pyrroles (top) and selected examples from

the substrate scope (bottom). C) Proposed mechanism.
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anion PDI"” that can be photoexcited again to generate an even
stronger reductant; *PDI"~ (*E{,, = —1.87 V vs SCE) [34]. A
SET process to the aryl halide regenerates neutral PDI and
forms the aryl halide’s radical anion, which then undergoes
C(sp?)-X bond fission to afford the aryl radical as a reactive
intermediate. The aryl radical then either reacts via hydrogen
atom transfer (HAT) with solvent molecules or E;zN** in an
overall dehalogenation to furnish product 2, or it is trapped with
pyrrole derivatives 3 in a C—C bond formation to afford arylated
products 4. Based on the ultrashort lifetime of *PDI*~
(T =145 ps), the notion of its photochemistry has attracted skep-
ticism and it has been suggested decomposition products of
*PDI’” may instead serve as reductants as a theme of ongoing
debate [39]. Nonetheless, this protocol enabled the reduction of
various electron-poor aryl iodides and aryl bromides and, for
the first time, the reduction of aryl chlorides (albeit electron-
poor ones) via visible light PRC in good to excellent yields
(35-98%) (Figure 4A). Notably, the protocol was also applic-
able to 4-iodotoluene as a moderately deactivated aryl iodide
and the C(sp?)-I bond cleavage occurred chemoselectively in
the presence of a C(sp?)-Br bond. N-Methylpyrrole and various
other substituted pyrroles could be applied as trapping agents
for electron-poor aryl halides and the coupling products were
obtained in good yields (52-74%) (Figure 4B). To suppress the
rapid HAT with solvent DMF that yields the dehalogenated
product, DMSO was chosen as solvent for the C—H arylation.
When applying the catalytic protocol to 2-allyloxy-1,3,5-tri-
bromobenzene, the 5-exo-trig cyclized product 5a was obtained
— albeit only in 28% yield — corroborating a radical mechanism.
PDI catalysts have since found applications in other chemical
transformations, their photophysical properties have been inves-
tigated further [40], and new variants [41] including heterogen-

eous versions have been introduced [42-44].

Since radical ion conPET chemistry gives access to different
reducing species of the same catalyst and both are photoactive,
Konig and co-workers developed a synthetic protocol that
allows the chromoselective (wavelength-dependent) regulation
of catalytic behavior and thus enabling controlled bond activa-
tions [45]. Regarding the reductive C—C arylation, the applica-
tion of the xanthene dye rhodamine 6G (Rh-6G) as a catalyst
for the reduction of heteroarenes bearing two or three bromine
atoms (e.g., 6) under irradiation with green light (A = 530 nm)
gave monosubstituted products (e.g., 7) whereas irradiation with
blue light (A = 455 nm) provided disubstituted products 8
(Figure 5A). Additionally, adding a different trapping reagent
before switching from green to blue light allows for a sequen-
tial and controlled substitution in a one-pot reaction
(Figure 5B). 2,4,6-Tribromopyrimidine (6a), whose core pyrim-
idine structure can be found in many biologically active com-

pounds, could be sequentially substituted with 1,3,5-

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

trimethoxybenzene and N-methylpyrrole to give 8a. The
protocol also enabled the selective reductive dehalogenation at
the benzylic position of 9a with green light while the C(sp%)-Br
bond remained untouched. Subsequent irradiation with blue
light gave the sequentially substituted products 9¢ and 9d. As
with PDI, the xanthene dye rhodamine 6G (Rh-6G) can
undergo reductive quenching upon excitation with green or blue
light (Figure 5C). Considering that Rh-6G describes a chloride
salt, the photocatalyst itself is a monocationic species (Rh-6G*)
that forms a neutral radical (Rh-6G") upon reductive quenching.
The radical Rh-6G" itself (E1,, = —1.0 V vs SCE) can directly
reduce certain aryl bromides or other substrates with suffi-
ciently accessible reduction potentials whereas a second excita-
tion with blue light yields the excited state *Rh-6G" that can
reduce substrates with much more negative reduction potentials
(EPeq < —2.4 V vs SCE). The authors also demonstrated the ap-
plicability of Rh-6G for reductive arylation reactions
(Figure 5D). While the use of PDI was mostly limited to elec-
tron-poor aryl halides, *Rh-6G" could reach a step further and
reductively activate electron-rich aryl bromides such as
4-bromotoluene and 4-bromoanisole, albeit providing low (27%

and 25%) yields of the coupled products 4d and 4e, respective-
ly.

Building on this work, Konig and co-workers also demon-
strated the synthesis of pyrrolo[1,2-a]quinolines (12) and
ullazines (13) from N-arylpyrroles (10) with arylalkynes (11)
using Rh-6G (Figure 6) [46]. Additionally, the Konig group
also used Rh-6G as a catalyst for a photo-Arbuzov reaction to
generate arylphosphonates (15) from aryl halides and
trialkylphosphites (14) via a similar conPET mechanism
(Figure 7) [47]. Notably, even 4-bromoanisole could be reduc-
tively activated and phosphorylated in 58% yield (15b).

Reports from Eggins [48], Lund and Eriksen [49] have shown
that upon excitation, the radical anions of anthraquinones — a
class of organic dyes widely applied as catalysts in organic PRC
[50] — are capable of reducing aryl halides with deeply negative
reduction potentials. Starting from these premises, the Konig
group in 2017 demonstrated the use of 1,8-dihydroxyan-
thraquinone (AQN) as a suitable conPET catalyst for reductive
dehalogenations (Figure 8A), C—H arylations and olefinations
of aryl halides (Figure 8B) [51]. In addition to the classical
conPET mechanism involving the formation of *AQN"", the
authors also confirmed formation of the semiquinone anion
AQN-H" via formal addition of a hydrogen atom (e.g., through
protonation and successive reduction or HAT) that upon excita-
tion also acts as a super-reductant (Figure 8C).

Simultaneously, Jacobi von Wangelin, Pérez-Ruiz and

co-workers introduced the structurally related 9,10-dicyano-
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@7 chromoselective mono- and disubstitution
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Figure 5: A) Chromoselective mono- and disubstitution or polybrominated pyrimidines with pyrroles. B) Sequential substitution with distinct trapping
reagents. C) Proposed mechanism. D) Selected examples from the substrate scope of the C—H arylation via monosubstitution of aryl halides.
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@— synthesis of pyrrolo[1,2-ajJquinolines
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Figure 6: A) Synthesis of pyrrolo[1,2-a]quinolines. B) Synthesis of ullazines.
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Figure 7: A) Reductive phosphorylation of aryl halides via conPET. B) Selected examples from the substrate scope.

anthracene (DCA) as a conPET catalyst. Excitation of PET-
generated radical anion DCA*™ generates *DCA®™ as a super-
reductant capable of reducing aryl bromides and chlorides [52].
Due to minimal overlap in the absorption spectral bands of
DCA and DCA®", a cold-white LED (A = 410-700 nm) was
used for polychromatic irradiation. The protocol for reductive
C-H arylations with pyrroles was applicable to electron-poor
aryl halides including various heterocyclic halides, affording
their products in poor to excellent yields (4-92%) (Figure 9A).

Regarding the unsatisfactory results, the coupled products of the
strongly deactivated 4-bromoanisole (EP.q = —2.75 V vs SCE)
and 4-chloroanisole (EP..q = —2.88 V vs SCE) were only ob-
tained in yields of 6% and 4%, respectively, which the authors
attributed to insufficient redox power of *DCA"® in its D; state
(*E1p = —2.60 V vs SCE) [53]. These results strongly contrast
to the work of Lambert and Lin on e-PRC reductions with DCA
(vide infra) where these exact electron-rich aryl halides could

be engaged successfully.
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@7 reductive dehalogenation
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Figure 8: A) Reductive dehalogenation of aryl halides via conPET and selected examples from the substrate scope. B) Reductive C—H arylation and
olefination (top) and selected examples from the substrate scope (bottom). C) Photo- and redox-active species of AQN.

This contrast suggests either i) a different active species was
involved in the latter report (vide infra: Figure 60 in PEC reduc-
tive activations) or ii) that the higher steady-state concentra-
tions of DCA®™ available by electrogeneration favor a
preassembly with Ar—X that i) upon photoexcitation accesses
excited states higher than the first (D) to bolster reactivity and/

or ii) following PET assists in the Ar—X"~ fragmentation step.

The scope was expanded using triethylphosphite (P(OEt)3),
dimethyl disulfide (MeSSMe) and bis(pinacolato)diboron
(Bypiny) as trapping agents for C(sp?)—Het(Arene) couplings
(Figure 9B).

The successful activation of electron-neutral and electron-rich

aryl halides via conPET mostly remained an unsolved chal-
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@7 reductive C—H arylation
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Figure 9: A) Reductive C—H arylation of aryl halides via conPET (top) and selected examples from the substrate scope (bottom). B) Methodology
extension to C(sp?)—Het(Arene) couplings (top) and selected examples from the substrate scope (bottom).

lenge until the Nicewicz group in 2020 disclosed a modified
acridinium (Fukuzumi) salt Mes-Acr-BF4 as a suitable conPET
catalyst. Following the conPET catalytic cycle, the Mes-Acr™*
cation is excited and reductively quenched by DIPEA to yield
the acridine radical Mes-Acr® (Figure 10C) [54]. Upon excita-
tion to its twisted intramolecular charge-transfer (TICT) state,
Mes-Acr’ has an excited-state half potential (*E|,; = -3.36 V

vs SCE) even more negative than alkali metals including lithi-
um, making it one of the most potent chemical reductants ever
reported.

Owing to this exceptional reductive redox power, hydrodehalo-

genation of various electron-poor and electron-rich aryl bro-

mides and chlorides including 4-bromoanisole and 4-chloro-
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@* reductive dehalogenation
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Figure 10: A) Reductive hydrodehalogenation of aryl halides with Mes-Acr-BF4. B) Selected examples from the substrate scope. C) Photo- and

redox-active species of Mes-Acr-BF3.

anisole (2e), 1-bromo-2,4- dimethoxybenzene (2f) and
4-ethylchlorobenzene (2h) occurred in good to excellent yields

(58-99%) (Figure 10B).

Based on their exciting success with isophthalonitrile derived
compounds as electron-primed photocatalysts in e-PRC (vide
infra, Figure 69), the Wickens group developed a conPET
protocol using 2,4,5,6-tetrakis(diphenylamino)isophthalonitrile
(4-DPAIPN) for the reduction of electron-rich aryl chlorides
[55]. With 4-DPAIPN as an electron-primed photocatalyst, sub-
-3.4V vs
SCE (1c) were readily reduced and dehalogenated products ob-

strates with reduction potentials as deep as EPq =

tained in excellent yields (70-92%) (Figure 11A). Sodium
formate was found to be a more efficient terminal reductant
than trialkylamines which the authors attributed to the forma-
tion of a carbon dioxide radical anion (CO, ") upon oxidation
of the formate via SET to 4-DPAIPN and successive deproton-
ation by a second formate anion (Figure 11B). Due to its
reducing nature, CO,"~ (E9 = —2.2 V vs SCE) may promote the
photoreductant activity either by reducing another equivalent of
photocatalyst or the direct reduction of sufficiently electron-
poor aryl halide substrates (Figure 11C). While trialkylamines
like Et3N or DIPEA have been proven to be suitable terminal
reductants in conPET chemistry [15,45,46,51,54], they may still
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@ reductive dehalogenation

4-DPAIPN (10 mol %)
Cl CySH (5 mol %) H
| NaCHO, (3 equiv) R X N
R—— -
~F DMSO, rt z NC CN
; 405 nm LEDs ) /@
N N
-------------------------------------------- (ON&
2 N
N o tBu cl [ @
MeO MeO L 4-DPAIPN
t-Bu
1a, 70% 1b, 67% 1c, 92% _
EProq=—2.8V EPoy=—2.9V EProg=-34V 'C'gglyst } <2%

increa.ginglz difficult reaction no NaCHO, — no reaction

increasingly electron-rich aryl halides
S

potentials vs SCE

formation of COg'e — reduct/ve modes involving CO,

Cl

! L]
, i ! 4-DPAIPN'® ’ R co;®
H™ 0@ | Z
KC) | catalyst substrate
- . °
X reactivation reduction
0 l
él\ €] : R_'\
o) H”SOH | 4-DPAIPN T co,
@7 method extension
4-DPAIPN (5-15 mol %) "‘
Ol NaCHO; (3 equiv) N a® j *"
R | R_
> DMSO, rt, 20 h S “
405 nm LEDs
1 rad/cal anion conPET
P(OEt)s B,pin, (3 equiv), #“NHBoc ZR R = CaHys,
(5 equiv) Cs,CO3 (3 equiv) 2 5 equiv), (5 equiv), ~(CH2)20H
ySH (5 mol %) CySH (5 mol %)
(IP? Bpi NHB R'
n oc
N g o P! R N RN
.~ OH N~ L~ H .~ H
15 17 18 19
o phosphorylation - -« R borylation - - - S T I’_lydroarylation Ty T hyqroary/ation -
| 0 : ) | : (vinyl carbamate) I (unactivated alkenes):
! I | i | [
P ! Bpin | 1 NHBoc ! CeHiz !
i OBt ! /@’ N ::|\ oo |
. OBt 11 R N H LN .
I : | | : : | :
\ 15d, 63% ! | R=H, 17b, 80% L 18a, 60% O 19a, 79% |
! o o 1 !R=0OMe, 17¢,67% ! | P |
| 1 ! ) ! 1 |
P. ! B NHB
'MeO OEt! | P ool OH;
| OEt | . I : H [ :
! MeO ' | BocHN ' INC P H |
I | ! [ !
! 15e, 90% /: L 17d,92% o 18d, 64% ) 19c, 80% ;

e e e —_—— e e — == 4

Figure 11: A) Reductive hydrodechlorination of aryl chlorides with 4-DPAIPN. B) Proposed formation of CO»"~

ing CO>"~. D) Extension to phosphorylation, borylation and hydroarylation of olefins.

. C) Potential reductive modes involv-



decrease photoreductant activity via back electron transfer [56],
in contrast to CO,"~ which has an entropic driving force (evolu-
tion of COj;). Triethylphosphite P(OEt);
bis(pinacolato)diboron B,pin, were successfully applied as

and

trapping reagents for redox-neutral photo-Arbuzov and boryla-
tion reactions with good to excellent yields (Figure 11D). Addi-
tionally, the authors were able to perform the net-reductive
hydroarylation of ferz-butyl vinylcarbamate and unactivated
alkenes like 1-octene and 3-buten-1-ol although the vinyl carba-
mate substrate (EP..q = —2.2 V vs SCE) is significantly easier to
reduce than most aryl chlorides. This selectivity, especially
considering the need for an excess of the vinyl carbamate,
might indicate a preassembly between 4-DPAIPN"~ and the
aryl chloride.

Simultaneously, Zhou, Wu and co-workers demonstrated 2,4,5-
tri(9H-carbazol-9-yl)-6-(ethyl(phenyl)amino)isophthalonitrile
(3CzEPAIPN) as yet another isophthalonitrile derived photo-
catalyst suitable for conPET chemistry [57]. Similar to
4-DPAIPN, both electron-poor and electron-rich aryl chlorides
with reduction potentials up to EPeq = —2.94 V vs SCE were
readily reduced by *3CzEPAIPN"". The authors demonstrated
an impressive scope of borylation reactions with B,pin; as well
as other boronate esters (17h) and several examples of late-
stage functionalization (17i and 17j) (Figure 12A). Interest-
ingly, sodium oxalate could be used as the electron donor provi-
ded a catalytic loading of 4-cyanopyridine was added. Al-
though the role of the latter species was not proposed by
authors, it is more facile to reduce than an aryl chloride so could
act as an electron shuttle (potentially via a m-stacking
assembly).

The synthetic scope was extended to C(sp2)—P bond formations
by trapping with phosphines or phosphites (Figure 12B), and in
all these cases DIPEA was used as the electron donor
(0.5-5 equiv). Arylphosphonium chlorides 20 that are widely
used as reagents, organocatalysts, or phase transfer reagents
[58-61] were synthesized from aryl chlorides in various yields
(20-87%) under mild photocatalytic conditions whereas previ-
ously reported protocols typically relied on transition metal ca-
talysis or high temperature processes [62-64]. Arylphospho-
nates 15 were obtained in a photo-Arbuzov reaction by trap-
ping with trimethylphosphite in good to excellent yields
(62-88%) (Figure 12B). Additionally, intramolecular trapping
via dearomative hydroarylation gave access to spirocyclic
cyclohexadienes bearing dihydrobenzofuran and indoline scaf-
folds (22a,b) via a radical-polar crossover mechanism
(Figure 12C) [65], showcasing the power of conPET in dearom-
atization reactions. Finally, the synthesis of tetraphenylphos-
phonium chloride (20a) could be scaled up efficiently in an

operationally very simple continuous-flow setup with only
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2.5 mol % of photocatalyst and a productivity of 13.1 g/day
(Figure 13). Of note, only 0.5 equiv of DIPEA was required for
all reactions of aryl chlorides with triarylphosphines, suggesting
the intermediate tetraarylphosphine radical reduces DIPEA*" to
regenerating DIPEA.

Even though various organic compounds have been successful-
ly implemented as radical (anion) photocatalysts for Ar—X bond
activation in the reports of Konig, Jacobi von Wangelin and
Pérez-Ruiz, Nicewicz, Wickens, Zhou and Wu above
[15,45,46,51,54-57,66], the underlying mechanism has largely
remained elusive. While Kasha’s rule is classically applied only
for photophysical phenomena stating that emission events gen-
erally occur only from the lowest excited state of a certain
multiplicity due to very fast relaxation via internal conversion
(IC) and vibronic relaxation [67-69], it can also be adapted to
photochemical reactions stating that outer sphere ET events
generally occur only from the lowest excited state due to the
same relaxation pathways [69]. It has been largely proven that
this limitation is circumvented by the involvement of excited
radical anions and two excitation processes; to access molecu-
lar orbitals beyond the frontier orbitals of the neutral photocata-
lyst and thus, higher redox potentials. However, the identity of
the key intermediate has remained a matter of debate
[40,70,71]. Full elucidations of the mechanism toward
confirming the key(/main) active catalyst species and possible
deactivation pathways are incredibly important for the develop-
ment of new radical ion catalysts with improved photon
economies and novel applications. Lee, Cho, You, and
co-workers recently disclosed a fully elucidated mechanism of
the reductive borylation of aryl halides using three newly de-
veloped photocatalysts bearing indolocarbazole electron donor
and benzothienopyrimidine electron acceptor moieties
(Figure 14A and B) [72].

In general, three possible pathways can lead to catalyst deacti-
vation and thus, kinetically limit the overall photon economy
(Figure 14C, red arrows). Firstly, both photoinduced electron
transfer steps are competing with the intrinsic relaxation of the
excited states *PC and *PC*". In particular, the latter is com-
monly a very short-lived species (e.g., Tops(¥*PC1°7) = 64 ps vs
Tobs(¥PC1) = 2.2 ps). Secondly, even if the initial PET genera-
tion of PC"~ succeeds, it can be quickly reversed by charge
recombination via unproductive back electron transfer (PC*™ +
D't - PC + D), preventing the second excitation. The preva-
lence of this charge recombination process in conPET effec-
tively regulates a lower steady-state concentration of active
photocatalyst compared to PEC where the electrochemical
reduction to PC*~ ensures higher concentrations that are directly
user-influenced. Upon activation, PC1 could successfully

reduce various aryl halides generating borylated products in
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modest to excellent (30-99%) yields. Control experiments con-
firmed that light, catalyst and DBU as a sacrificial electron
donor were all essential for product formation. A diminished
yield of 19% under aerobic conditions indicates the involve-
ment of a triplet excited state. Addition of i) 2,2,6,6-tetra-
methylpiperidine-N-oxide (TEMPO) as a free-radical quencher
or ii) 1,4-dinitrobenzene as an electron trap inhibited product
formation which corroborates the involvement of free radicals.
The authors argued against radical chain propagation on the
basis of lack of reactivity in the dark during the light ON-OFF
cycle experiments (we note that this does not rule out chain
propagation with an efficient chain death). Investigations of the
photon stoichiometry by elucidation of the relation between
product yield and light intensity, as well as the insufficient re-
ductive power of both *PC1 (*E, = —1.56 V vs SCE) and
PC1"™ (Ej;; = —1.49 V vs SCE) for the reduction of 1d
(EPreq = —1.66 V vs SCE) confirmed the borylation is indeed a
two-photon process. DBU was found to quench the steady-state
fluorescence of *PC1 with a quenching rate constant two orders
of magnitude smaller than the diffusion rate constant in DMSO
at 298 K and one order of magnitude greater under the boryla-
tion reaction conditions (i.e., 0.20 M DBU) than the intrinsic
decay rate of *PC1. Since no quenching by 1d or B;pin; could
be observed, the formation of PC1°~ can be attributed exclu-
sively to the thermodynamically favored reductive quenching of
*PC1 by DBU. Nanosecond laser flash photolysis techniques
were employed to directly monitor the back electron transfer.
Second-order kinetics analyses revealed that rapid charge
recombination (e.g., kcg (PC1°7) = 2.6 x 108 M~! 571 is a sig-
nificant deactivation pathway in the generation of the key inter-
mediate. This deactivation by back electron transfer taking
place in the Marcus-inverted region of electron transfer can be
significantly suppressed by using photocatalysts with a more
negative reduction half potential E1,, (PC/PC") [73,74].

The involvement of an excited state radical anion *PC1°*~ was
further supported by analysis of the product quantum yield
(QY). The QY exceeded the theoretical limit of a single-photon
process when only taking the absorption of PC1 into account
but gave a reasonable value (Ppoq = 8.2%) for the two-photon
process involving excitation of both PC1 and PC1°". Electron
transfer from *PC1°~ (*E{,, = —2.25 V vs SCE) to 1d is ther-
modynamically favored. While 1d does not quench the distinc-
tive absorption band (Ap,x = 802 nm) of PC1°*~ (electrochemi-
cally generated) in the absence of light, this absorption
band rapidly vanished upon irradiation with red light
(Amax = 630 nm), corroborating *PC1°~ as the key catalytic
species. The rate constants for SET from *PC*~ to 1d were ob-
tained by transient absorption spectroscopy with femtosecond
pulsed laser excitation and were 2—3 orders of magnitude
greater (e.g., ke (*PC1°7) = 6.8 x 10'0 s71) than the diffusion
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rate in DMSO (kgigr = 4.0 x 108 57! 0f 0.12 M 1d) confirming a
preassociation of PC1°~ and the substrate prior to PET. This is
further supported by the inability of *PC3 (E{/; = -1.76 V vs
SCE) to reduce 1d in the absence of DBU although this is ther-
modynamically favored. Additionally, the UV—vis—NIR absorp-
tion spectrum of a mixture of PC1°~ and 1d does not fit the
mathematical sum of absorption spectra of both individual com-
pounds but does in fact show additional charge-transfer bands
from the preassembly. After electron transfer from *PC1°” to
1d, the C(sp?)-Br bond is cleaved and the aryl radical readily
reacts with Bopin; in a radical substitution reaction yielding the
borylated product 17k and a Bpin radical that is subsequently
quenched to HBpin by HAT from DBU"*.

As an alternative to organic radical anion conPET, the Chiba
group reported the use of homoatomic polysulfide anions as
cheap, readily available and potent photocatalysts [75]. Based
on the ground state redox potentials and the visible light absorp-
tions of S42~ and S3°~, the authors developed a catalytic system
that employs these species as photoexcited reductants and
oxidants in an elegant redox interplay of the S4"~/S4?>~ and S3*~/
S3%™ redox couples (Figure 15D). Irradiation of S42~ with blue
light generates the potent reductant *[S427] enabling the single
electron reduction of aryl halides while simultaneously gener-
ating S4°~. Upon C(sp?)-X bond cleavage, an aryl radical is
formed and trapped by a trapping reagent such as N-methylpyr-
role, yielding the open-shell species 4°. Upon irradiation of
S3°, the excited species *[S3"~] oxidizes 4° to the correspond-
ing carbocation 4 while simultaneously generating S32~.
Subsequent deprotonation of 4* yields the C-H arylated prod-
uct 4 while SET between S4°~ and S32~ regenerates the catalyti-
cally active polysulfide species $42~ and S3°~ and closes both
catalytic cycles. Showing high versatility, the direct application
of commercially available potassium (poly)sulfide (KSx) with
H;O, the top-down generation from elemental sulfur (Sg) with
sodium zert-butoxide (NaOz-Bu), and the bottom-up generation
from lithium sulfide (Li,S) or triisopropylsilanethiol (iPr3SiSH)
were all suitable methods of catalyst generation for the reduc-
tion of aryl halides. Compared to conPET chemistry with
organic photocatalysts, no terminal reductants like trialkyl-
amines or formates were required for redox-neutral transformat-
ions like the C—H arylation, borylation or phosphorylation
owing to the interplay between the two polysulfide redox
couples. However, K,CO3 was needed to quench liberated

protons.

A large variety of electron-poor aryl bromides bearing different
functional groups readily underwent SET reductions to give
biaryl cross-coupled products 4 in poor to excellent yields
(20-93%) (Figure 15A). The protocol was also applicable to

both electron-rich and electron-poor heteroaryl halides. Due to

1071



Beilstein J. Org. Chem. 2023, 19, 1055-1145.

@— C-H arylation
N

| cat. $,2°/55 918,29 N "
e N KoCO3 (1.5 equiv) AN \ hw s5©
R—! + R—— @/ l~ S 20
DMSO, <30 °C Z 4
440 nm LED (40 W) \ .
4 R
(X = Br, Cl) 20 equiv 36 examples, polysulfide photocatalysis
20-93% yields
- selected eXampPIes === - --smsnmo oo
\N \N \N \N
\ \ \ \
S S SN SN S
ey 99

Ac MeO

4a, 92% 4m, 80% 4e, 20% 4n, 60%

X =Cl, 80%
(~ polyhalogenated aryl halides - =~ - arene scope —=====-==-==—===-=-=—=-—-——-—-—--~- N
1 ! OMe !
| | : /N :
'l Br P S ] |
1 ! ~ X |
C, T N |
I I

CHO Br ! |

: : I Ac Ac O OH 1
1 ) : Ac :
' 1e, 92% 1f, 70% ' 40, 38% 4p, 50% 4q, 61% |

cat. $,22/55 98,2

N X , TMG (1.5 equiv) xBPin
R—1— + Bapiny R——
Z MeCN, <30 °C =z
440 nm LED (40 W)
1 17 6 examples,

(X=Br, ) (2 equiv) 47-84% yield

@— reductive dehalogenation

iPr3SiSH (10 mol %) H
Br DIPEA (2 equiv) (j
Jij H,0 (20 equiv) Q BOC/N
Ac

MeCN, <30 °C, 2 h
1d 440 nm LED (40 W) 2a, 96% 5b, 96% X =1, 2k, 94%

@— proposed mechanism

440 nm \
[*34261/—\
342@
(:r ﬁ/— |/ H
\

SET 3 ,\f ) |
SET = -
)\ /k (33 / 2 g
34.@ o
“ <1°© 440 nm \\[ss 9 R
£ 4 S
= S o
| ~ foow

Figure 15: A) Reductive C—H arylation scope with polysulfide conPET (top) and selected examples from the substrate scope (bottom). B) Reductive
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the inherently higher C(sp2-Cl bond dissociation energies of
reductively more inert aryl bromides or aryl chlorides [76], the
bottom-up generation of polysulfides from LiyS or iPr3SiSH
was found to provide better results than the use of K,Sy. Unac-
tivated aryl bromides such as 4-bromobiphenyl, 2-bromonaph-
thalene and 4-bromoanisole could also be reduced, but the slug-
gish reaction of 4-bromoanisole to 4e (20% yield) indicates the
limit of the reductive power of the polysulfide catalyst system.
Notably, several polyhalogenated aromatics could be chemose-
lectively engaged at one C—X bond, even for 1-bromo-4-iodo-
benzene (1f). Apart from N-methylpyrrole, other substituted
pyrroles, thiazine (40), pyrazine (4p) and electron-rich benzenes
(4q) were found to be suitable trapping reagents with varying
efficiency. The polysulfide catalyst system was also efficiently
applied for a dehaloborylation with Bypin; (Figure 15B) and a
net-reductive hydrodehalogenation (Figure 15C).

Both the C-H arylation (Figure 16A) and the dehaloborylation
(Figure 16B) of aryl chlorides were smoothly transferred to
continuous-flow providing products 4a and 17k in very good
yields and gram-scale per hour productivities demonstrating the
ease of scaling up conPET reactions in continuous flow. In
general, standardized flow photoreactors which are already
widely available enable immediate integration of conPET reac-
tions. On the other hand, PEC reactions require tailor-made
reactors that present technical challenges, although in principle

these challenges are surmountable by adapting engineering

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

from the already well-established fields of PEC water splitting/
fuel cells/photovoltaic fields. So far, the examples of large-scale
processes with PEC are limited to the use of recirculated flow

or batch (vide infra).

As another alternative to organic photocatalysts, the Polyzos
group presented a tandem photocatalytic sequence applying
[Ir(ppy),(dtbbpy)PFg ([Ir1]") in combination with Et;N to
accumulate the energy of two visible-light photons [77]. In their
previous work, the Polyzos group discovered the capability of
[Ir1]* to reduce diarylimines via SET in presence of Et3N albeit
the large difference in the oxidation potential of [Irl]0
(E1/p = —1.47 V vs SCE) and the reduction potentials of imines
(e.g., EP,.q = —2.18 V vs SCE for N-(diphenylmethylene)-1-
phenylmethanamine) [78]. Spectroscopic investigations later
revealed that the change in absorption and luminescence of
deaerated solutions of [Ir1]* and EtsN were neither related to
i) the formation of [Irl]0 via a single-excitation reductive
quenching photocatalytic cycle nor ii) *[Ir1]® via a conPET
mechanism. Rather, changes related to a chemical transformat-
ion of the dtbbpy ligand of the catalyst under the reaction condi-
tions. Charge neutrality and diamagnetism of the new catalyst
species, as well as loss of the Cy, symmetry of [Ir1]*, indicated
the nonsymmetric transformation of the dtbbpy ligand to a
monoanionic ligand. Extensive NMR analysis confirmed that
upon the formation of [Il‘l]0 via SET from Et3N to *[Ir1]*,
partial saturation of the dtbbpy ligand generates [Ir2]? and initi-

@— scale-up of C—H arylation

ST T T T \ 440 nm LEDs
WOy .
|
[ ' MeCN N

|
e —O—— D T NS
|
I 15 iv) ! L,
| (15 equiv) ' 1.9 mL/min l‘R 30 o tabar A
' iPrsSiSH (10 mol %) | i i i
! - flow back o
! T™MG (1.5 qulv) : pump photo pressure 4a; 78%
, H20 (19 equiv) | reactor  regulator (100% conv)
! MeCN (0.1 M), 27-33 °C | 1.75 g/

scale-up of dehaloborylation
440 nm LEDs

oottt T T \I (6 x 40 W)
l Br ' MeCN
! + Bypiny | @ ))))))))))))))))))))))))))))) W@ Bpin
1 Ac !
! (2 equiv) | . 56 mL, /(j
! | 2.8 mL/min tx = 20 min 1.4 bar A

I
| iPrySiSH (10 mol %) ! i i i flow back 17k, 83%
! TMG (1.5 equiv) 1 pump photo pressure (92% conv)
1 MeCN (0.2 M), 27-33 °C | reactor  regulator 6.90 g/h

Figure 16: Scale-up of A) C—H arylation and B) dehaloborylation with polysulfide photocatalysis in continuous-flow.
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ates the second catalytic cycle (Figure 17A). Upon excitation
with blue light, *[Ir2]0 reduces aryl halides via SET and is si-
multaneously oxidized to the v species [Ir2]* (Figure 17B).
[Ir2]* then undergoes SET with [Ir1]0 to regenerate both [Ir2]0
and [Ir1]*, thereby closing both catalytic cycles.

An alternative pathway for the regeneration of [Ir1]* via
proton-coupled electron transfer (PCET) from [Ir2]* could not
be ruled out. With no trapping reagents or further reactants
present, the aryl radicals generated by C(sp2)-X bond cleavage
yield hydrodehalogenated products 2 via HAT. Under irradia-
tion with blue light, [Ir2]® was found to reduce a variety of aryl
halides to their hydrodehalogenated products 2 in excellent
yields (93-99%) including the electron-rich 4-iodoanisole and
4-bromoanisole that were quantitatively reduced to anisole (2e)
(Figure 18). Notably, the C(sp%)—I bond of 1-bromo-4-iodo-
benzene was chemoselectively defunctionalized to 21 in 93%
yield under the reaction conditions.

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

In 2020, the Polyzos group also demonstrated the carbonylative
amidation of aryl halides in continuous flow with the in situ-
generated [Ir2]° (Figure 19A) [79]. This multi-photon tandem
photocatalysis protocol provides an elegant alternative to estab-
lished classical procedures for condensing carboxylic acids with
amines that typically generate stochiometric amounts of
harmful byproducts released [80,81], while simultaneously
operating under milder reaction conditions than those applied in
transition metal-catalyzed carbonylative amidation protocols
[82,83]. Following the same distinct, yet interconnected photo-
catalytic cycles as the hydrodehalogenation, an aryl radical 2° is
formed via successive PET and C(sp2)-X bond cleavage
(Figure 17B). Carbon monoxide, introduced to the reaction mix-
ture by a tube-in-tube reactor, traps the aryl radical to generate
the acyl radical 23 (Figure 17B). Nucleophilic addition of the
amine to the acyl radical and amine-assisted intermolecular
proton transfer [84] generates the a-hydroxy radical 24 from
which formation of the amide 25 proceeds either via i) oxida-
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Figure 17: A) Formation of [Ir1]° and [Ir2]° upon PET between [Ir1]* and EtsN. B) Mechanism of multi-photon tandem photocatalysis for the hydrode-

halogenation and the carbonylative amidation of aryl halides.
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tion by [Ir2]* and deprotonation or ii) radical chain propaga-
tion [85]. Electron-deficient, electron-neutral, and electron-rich
aryl halides bearing different functional groups were all well-
tolerated and their products obtained in poor to excellent yields
(27-88%). 1-Bromo-4-chlorobenzene and 1-chloro-4-iodo-
benzene were chemoselectively transformed to 26b without ac-
tivation of the C(sp?)-ClI bond.

Notably, carbonylative amidation of a borylated aryl bromide to
26d proceeded well, where a Pd-catalyzed carbonylative amida-
tion reaction would be plagued by undesired Suzuki coupling.
Several secondary cyclic and acyclic amines, as well as prima-
ry amines were successfully employed as amine coupling part-
ners. The scope of the protocol was further expanded to a
radical cyclization/aminocarbonylation cascade reaction

yielding the bis-carbonylated a-keto amide 26h in 31% yield.

2.1.2 C(sp3)—X activation: The generation of alkyl radicals
using alkyl halides as precursors proves very challenging due
their deep reduction potentials and bond dissociation energies
comparable to aryl halides [86,87]. Classical activation modes
for the homolytic C(sp3)-X bond cleavage consist of ther-
molytic or photolytic methods using high temperatures
(>220 °C) or irradiation with UV light (A < 300 nm). These
harsh conditions were later replaced by the use of unstable or
toxic radical initiators/chain carriers such as peroxides, azo-
nitriles, or very prominently Bu3SnH [88,89]. Only recently
have PRC methods emerged, that mostly relied on the use of
metal-based photocatalysts and high energy UV/near-UV light
[90,91].

In 2019, the Prato group demonstrated how the PDI catalyst
first disclosed by the Konig group (vide supra) could be lever-
aged for conPET reductions of perfluoroalkyl iodides, provid-
ing a photocatalytic alternative for the generation of perfluoro-
alkyl radicals used in atom transfer radical addition (ATRA)
reactions with alkenes [92]. Since the ATRA mechanism
involves radical chain propagation, minimal loadings of the
PDI (0.05 mol %) could be employed as an initiator together
with a sub-stoichiometric amount of sodium ascorbate for re-
ductive quenching of PDI to generate PDI'~. While terminal
olefin partners were generally well-tolerated, the protocol was
limited to perfluoroalkyl iodides. The reductive power of
*PDI"™ (*Eq, = —1.87 V vs SCE) was well-matched to the
redox potentials of perfluoroalkyl iodides, but was insufficient
for perfluorobromides (e.g., EPeq = =1.52 V vs SCE for CF3l
and EP..q = =2.10 V vs SCE for CF3Br) [93].

As a further application of conPET to atom transfer processes,
the Wirnmark group recently disclosed an alternative protocol

for the ATRA reaction of perfluoroalkyl iodides using the iron-
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based NHC complex [Fel'l(btz)31(PFg)3 (btz = (3,3’ -dimethyl-
1,1’-bis(p-tolyl)-4,4’-bis(1,2,3-triazol-5-ylidene))) as the first
example of an earth-abundant transition metal complex capable
of accumulating two photon energies via consecutive ZLMCT
and 3MLCT excitations in an overall conPET mechanism [94].
Since iron-based photocatalysts generally suffer notoriously
short excited state lifetimes [95,96], most reactions employing
such photocatalysts require special reaction design (e.g., coordi-
nation of substrates as ligands to enable intramolecular metal to
ligand charge transfer (MLCT)). Only recently have a few ex-
amples been reported that observed bimolecular quenching of
iron CT states (in the nanosecond domain) enabled by the rela-
tively longer lifetimes of e.g. Fe—-NHC complexes [97-100]. In
particular, the Warnmark group reported two sets of conditions
with and without Et3N as a sacrificial electron donor, to achieve
reductive and oxidative quenching pathways, respectively
(Figure 20A). Both protocols were able to successfully engage
perfluoroalkyl iodides and bromotrichloromethane in combina-
tion with a diverse scope of alkenes and alkynes (Figure 20B).
Products of terminal alkenes and alkynes were generally ob-
tained in good to excellent yields while also tolerating several
functional groups. Substrates bearing internal double bonds
were engaged with varying efficiencies (30c), but the reaction
showed a clear preference for terminal alkenes (30d). The reac-
tion of perfluorohexyl iodide with 3-(allyloxy)-1-propyne gave
30e and 30f as the only products, demonstrating a clear prefer-
ence for addition to alkenes even in the presence of alkyne

functionalities.

Due to basic conditions of the reductive quenching (RQ) route,
the formation of lactone side product 30h could be observed
with a carboxylic acid functionality. In the absence of Et3N, the
mechanism follows a ‘monophotonic’ oxidative quenching
(OQ) route in which [Fell(btz)3]3* is oxidatively quenched to
[Fe!Y(btz)3]** by the alkyl halide substrate after excitation with
green light. After addition of the alkyl radical to the alkene or
alkyne substrate, the catalyst is regenerated by oxidizing this
radical to the corresponding cation. In the presence of Et3N,
[FeIH(btz)3]3+ is reductively quenched after excitation to its
2LMCT excited state to generate [FeH(btz)3]2+ (equivalent to
PC*” in the classical conPET mechanism) (Figure 20C).
[Fe"(btz)3]2+ is excited again to the more strongly reducing
3SMLCT excited state (*E;j, = —1.6 V to —1.8 V vs Fc), which
then induces SET to the alkyl halide generating an alkyl radical
via cleavage of the C(sp>)-X bond. The authors propose that
this radical then engages in a radical chain propagation path-
way leading to product 30 and a new alkyl radical. This is
strongly supported by a single turnover experiment, where ex-
clusive excitation of [FeH(btz)312+ with 700 nm LEDs after in
situ generation and substrate addition in the dark generated 5%

of product even with only 0.5 mol % of catalyst present. In its
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halides with alkenes and alkynes. B) Selected examples from the substrate scope. C) conPET mechanism of the RQ pathway.

ground state, [Fell(btz)3]?* is not reducing enough to engage
the model substrate perfluorooctyl iodide and instead
*[Fell(btz)3]%* was verified as the key catalytic species by tran-
sient absorption spectroscopy; even though the strongly
reducing a-amino alkyl radical intermediate might also engage
in the reduction of alkyl halides or act as a halogen atom
transfer (XAT) agent [101].

While yields of the monophotonic oxidative quenching route
and the (biphotonic) conPET reductive quenching route were
generally well comparable, the RQ route clearly benefits from a
longer lifetime of the key catalytic species, shorter reaction
times and lower catalyst loading. The requirement for sub-stoi-
chiometric amounts of the sacrificial electron donor can be

justified. While the work of Warnmark is remarkable on a
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conceptual level, the protocol is still limited by the reductive
power of the excited state and thus restricted to rather activated

alkyl halides like perfluoroalkyl iodides.

Following their work on carbonylative amidation with
[Ir'™(ppy),(dtbbpy)IPF (vide supra), the Polyzos group
also disclosed a slightly modified procedure for the
carbonylative amidation of alkyl iodides in continuous
flow with an impressive substrate scope engaging sub-

strates with notably deep reduction potentials (e.g.,

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

EP..q = —2.33 V vs SCE for n-butyl iodide) (Figure 21A) [79].
The reaction follows the same tandem photocatalysis
mechanism as the carbonylative amidation of aryl halides
(Figure 17B).

Tertiary, secondary, and primary alkyl iodides all readily under-
went carbonylative amination with morpholine derivatives to
afford morpholinoamides in acceptable to excellent yields
(46-99%) (Figure 21B). The high yields obtained with primary
alkyl iodides are particularly noteworthy due to the competing
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SN2 reaction with amines. Several cholesterol amides were effi-
ciently prepared using this protocol in 1:1 dr (31d).

Several primary and secondary amines were successfully em-
ployed as coupling partners whereas diisopropylamine led to
diminished yield (31f), likely due to steric hindrance in reacting
with the carbonylated intermediate. Besides, primary anilines
bearing a large variety of functional groups proved suitable cou-
pling partners with no obvious influence of the aromatic ring’s
electron density on the efficiency (32a—c). The amenability of
p-haloanilines 32¢ demonstrates orthogonality of this photocata-
lytic manifold to Pd-catalyzed carbonylative amidation
protocols, while competing hydrodehalogenation was not ob-
served as a notable advantage of the former. Scale-up of the
reaction employing cyclohexyl iodide (27a) and 1-Boc-piper-
azine (24a) gave 5.17 g of 31e after a collection time of ~13 h
(Figure 21C).

Apart from C(sp3)-halogen bond activations and cleavages,
conPET also enables other C(sp*)—X bond cleavages. Ye, Yu
and co-workers very recently disclosed a protocol for the reduc-
tive C-N bond cleavage and carboxylation of cyclic amines 33
for the generation of -, y-, 6- and e-amino acids (generally re-
ferred to as 34) using the isophthalonitrile-derived catalysts
4DPAIPN and 3DPAFIPN (Figure 22A) [102]. The authors
demonstrated the applicability of the synthetic protocol with a
broad substrate scope consisting of 2-arylazetidines and
2-carbonylazetidines for formation of y-amino acids (42-95%),
2-arylaziridines for formation of B-amino acids (53-94%),
pyrrolidines for formation of d-amino acids (38—66%) and
piperidines for formation of e-amino acids (42-54%)
(Figure 22B).

Notably, the reaction of model substrate N-Boc-2-phenylazeti-
dine to 34a could be performed efficiently on a gram scale in
71% yield. Considering that cyclic amines have highly negative
reduction potentials (e.g., EPreq = —=3.0 V vs SCE for N-Boc-2-
phenylazetidine), the authors propose that 4-DPAIPN and
3-DPAFIPN undergo a conPET cycle for generation of their
excited radical anions as the active catalyst (Figure 22C). These
highly reducing compounds then engage the amine substrate 33
in a SET reduction. Upon generation of the amine radical anion
33°7, the C-N bond is then cleaved which leads to ring-opening
and formation of the benzylic radical 34°~. This was observed in
HRMS via TEMPO radical trapping experiments by the
authors. The authors propose that protonation (X = H) or
carboxylation (X = CO;) of this amide anion and a second SET
happen either consecutively or in a concerted fashion, leading to
formation of a benzylic anion (347) which then undergoes
carboxylation and protonation to generate the N-protected

amino acid 34. An alternative pathway via protonation of 34~
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and subsequent photocatalytic carboxylation of the benzylic
C-H bond with CO, was ruled out.

Interestingly, while conPET technology forges ahead in reduc-
tive processes for ring opening and functionalization of cyclic
amines that has just been summarized, PEC has recently found
applications in oxidative ring-opening/functionalization of
cyclic alcohols, again demonstrating a complementarity be-

tween the two methods (vide infra, Figure 64 and Figure 65).

2.1.3 C(spz)—C(spz) Bond activation: Alkene activation:
Since olefins present a fundamental and ubiquitous group of
commodity chemicals directly accessible from readily available
petroleum feedstocks, their activation via hydrofunctionaliza-
tion for the construction of saturated hydrocarbon scaffolds is
an extensively studied chemical transformation. Classical ap-
proaches employ Brgnsted acids or transition metal catalysts for
electrophilic activation of the target 7w bond to a cationic or
bridged intermediate for subsequent reaction with a nucleophile
that generally results in formation of Markovnikov products
[103]. Modern orthogonal approaches for the generation of
nucleophilic radical anion intermediates relying on PRC, how-
ever, are strongly limited in their scope by the highly negative
reduction potentials of unactivated olefins (EP;eq < =2 V vs
SCE) [104,105].

The Polyzos group was able to overcome this limitation by em-
ploying their tandem iridium photocatalytic system (vide supra,
Figure 17A) for generation of a super-reductants that readily
engaged in the reduction of various styrene derivatives via
transfer hydrogenation (Figure 23A/B) or by nucleophilic addi-
tion to unactivated ketones (Figure 23C) [106]. After its genera-
tion via excitation and reductive quenching of [Ir1]* with
DIPEA, [Ir2]° can be further excited effecting SET reduction of
styrenes to their radical anions 28~ (Figure 23D). In the case of
transfer hydrogenation, 28°~ is then protonated to afford
benzylic radical 35°. The alkane product 35 is obtained in the
major pathway via a second SET reduction and subsequent pro-
tonation, while a major contribution by a concerted HAT from
DIPEA** could be ruled out. Addition of formic acid was re-
quired to transform DIPEA to its formate salt and thus suppress
unproductive reaction of 28~ and DIPEA"* to form the a-amino
adduct. The hydrofunctionalization of ketones to tertiary alco-
hols 37 likely also involves 28"~ as a key intermediate, but the

mechanism has yet to be elucidated.

The transfer hydrogenation protocol tolerated both electron-
poor and electron-rich 1,1-diarylethylenes. Competing reduc-
tion of aryl halide functionalities (35¢) was not observed. Cyclic
and acyclic a-alkyl styrenes, a,f-unsubstituted styrenes and

B-substituted styrenes were all suitable substrates. For the
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@7 cyclic amines carboxylative ring-opening
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Figure 22: A) Carboxylative C—N bond cleavage in cyclic amines. B) Selected examples from the substrate scope. C) Proposed mechanism.
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@— reduction of alkenes via transfer hydrogenation

[Ir(ppy)2(dtb-bpy)]PF¢ (2 mol %)
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Figure 23: A) Formal reduction of alkenes to alkanes via transfer hydrogenation. B) Selected examples from the substrate scope. C) Hydrofunctional-

ization of alkenes with ketones and selected examples. D) Proposed mechanism for the reduction of alkenes via tandem Ir photocatalysis with

[Ir'(ppy)2(dtbbpy)]PFs.
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hydrofunctionalization of olefins with ketones, the reduction
was performed with tetramethylpiperidine derivative 36 as re-

ductive quencher using the ketone coupling partner as solvent.

The reaction proceeded slowly with limited conversion even
after 60 h, but the tertiary alcohol products could be obtained in
40-55% yield in a controlled anti-Markovnikov manner with
both acetone (37a—c) and cyclobutanone (37d).

2.1.4 Arene activation: Similar to olefins, arenes and
heteroarenes are important, readily available and versatile
commodity chemicals produced in large quantities from petro-
leum feedstocks. While functionalization of arenes (e.g., by
substitution reactions) is generally well-investigated, proce-
dures for the dearomatization via reduction to semi-saturated
cyclic products remain scarce. The most established and still
widely used method for such transformations is the classical
Birch reduction, that employs solvated electrons generated by
dissolving alkali metals such as lithium and sodium in cryo-
genic liquid ammonia [107,108]. For the sake of safety and
practicability, variations of the Birch reduction under ammonia-
free [109-111], transition metal-catalyzed [112], electrochemi-
cal [113], or photochemical conditions [114-117] were de-
veloped, however, each of these methods require harsh condi-
tions themselves or suffer other strict limitations. Reported
photochemical approaches rely on UV irradiation and large
stoichiometric loadings of strong reducing agents to overcome
the deeply negative reduction potentials of arenes (e.g.,
EPieq = —3.42 V vs SCE for benzene) [118], rendering such
methods unfavorable. While efforts to accumulate visible light
photons via conPET provided super-reducing catalysts that
should be capable of reducing arenes on thermodynamic
grounds, no dearomatized products were observed in the studies
on hydrodehalogenation of aryl halides. In 2019, the Ko6nig
group for the first time disclosed a protocol for a Birch-type
reduction by visible light iridium photocatalysis employing
[Ir{dF(CF3)ppy}»(dtbbpy)IPF¢ ([Ir'"]) in a combined energy-
transfer (EnT) and SET process (not shown) [119]. Key to
success was leveraging a triplet-triplet EnT from the excited
photocatalyst *[Ir™] (E1 = 61.8 kcal mol™!) to the substrate,
successfully lowering its reduction potential (e.g.,
E1/2 = -1.98 V vs SCE vs *EI/Z = —-0.13 V vs SCE for
anthracene). Due to requirement of this EnT step, only sub-
strates with sufficiently low triplet energies accessible to
#[[pl) (naphthalenes, etc) could successfully be reduced by
this protocol, which excludes arenes with small conjugated
system such as benzene (E1 = 84.4 kcal mol™1).

Miyake and co-workers overcame this issue by a modi-
fied conPET mechanism [120]. They demonstrated how

benzo[ghi]perylene monoimides (BPIs) could be successfully

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

reduced to their radical anions via an addition of OH™ to the
imide, followed by homolysis, whereas commonly applied tri-
alkylamines failed to achieve this. Optimal results were ob-
tained with Mey4NOH as the electron source for reductive
quenching in a solvent mixture of MeOH and r-amyl alcohol
(t-AmOH) under irradiation with blue LEDs (A = 405 nm). Of
the investigated photocatalysts, p-OMePh-substituted BPI
(PMP-BPI, see Figure 25 for structure) performed best, even in
very low catalyst loadings, but due to presumed catalyst degra-
dation the catalyst had to be added sequentially in three portions
(0.25 mol % each) over the long course of the reaction (96 h for
most substrates) to achieve sufficient conversion. With opti-
mized conditions, the authors were able to reduce various
benzene derivatives (38) to the corresponding 1,4-dihydroben-
zenes (39) in poor to high (24-91%) yields (Figure 24B).

Apart from the model substrate 2-phenylethanol (39a) and
structurally related compounds, benzene (39e) and toluene (not
shown) were also readily reduced under the reaction conditions.
Several functionalities were well-tolerated, including carba-
mates, amides and acids, albeit with diminished product yields
(e.g., 39f, 39g and 39h). Scale-up to a 10 mmol scale was per-
formed successfully for products 39a and 39i (albeit requiring
even longer reaction times and 4 X LEDs). The reaction
protocol was not applicable to electron-rich arenes, substrates
bearing alkene, alkyne, alkyl halide or unprotected amine func-

tionalities and N-containing heterocycles.

The successful reduction of benzene and toluene via this
protocol is the first and so far only example of a visible-light
photocatalytic Birch-type reduction that could engage these
simple aromatic feedstock compounds. Modification of the
reaction conditions, in particular amounts of catalyst and
NMe4OH and reaction time allowed for selective reductions
(Figure 24C). Benzophenone underwent tandem reductive
deoxygenation and Birch-type reduction to 39k. Cinnamyl
alcohol could either be reduced on the alkene functionality to
391 or further reduced to 39m while reductive ring-opening of
trans-2-phenylcyclopropane-1-carboxylic acid could be modi-

fied to yield either 39n or the Birch-type reduction product 390.

Mechanistic investigations revealed that generation of the key
catalytic species proceeds via addition of OH™ to PMP-BPI,
generating PMP-BPI-OH™ (Figure 25). After irradiation, a
hydroxyl radical is eliminated and PMP-BPI"~ can be excited
again to *[PMP-BPI'"]. While the fate of the hydroxyl radical
is unknown, DFT calculations found this PET occurring
from the lowest singlet excited state of PMP-BPI-OH™ to
be exergonic by 11.5 kcal mol~! (under irradiation with
405 nm LEDs). PMP-BPI"™ that was generated via mediation

with hydroxide or fluoride or even by bulk electrolysis
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Figure 24: A) Birch-type reduction of benzenes with PMP-BPI. B) Selected examples from the substrate scope (scale up reactions under slightly
modified conditions). C) Selective reduction by modulation of reaction conditions (reactions conducted under slightly modulated reaction conditions,

see original publication for details).

(Ecenn = —2.26 V vs SCE) all showed the same absorption. A
second photoexcitation is required due to the insufficient
reducing power of ground state PMP-BPI"™ (E;, = —1.24 V vs

SCE). Based on DFT calculations and nanosecond transient
absorption spectroscopy, the authors favored a plausible mecha-

nism via the generation of a solvated electron, rather than direct
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PMP-BPI PMP PMP-BPI-OH® PMP HH 390

Figure 25: Proposed mechanism of the OH~ mediated conPET Birch-type reduction of benzene via generation of solvated electrons.

SET from the photocatalyst. The prolonged lifetime of *PMP-
BPI"™ observed in nanosecond transient absorption spectrosco-
py with excitation at 532 nm is assumed to stem from an unre-
active quartet excited state *4PMP-BPI"~, arising from ISC
from the doublet state *2PMP-BPI'~. Owing to the absence of
significant quenching of this long-lived quarted state by arene
substrates, the authors proposed instead that photoexcitation to
the first doublet state (or higher order doublet states) *2PMP-
BPI'™ liberates a solvated electron. The solvated electron
reduces the arene substrate to its radical anion 38"~ and the 1,4-
dihydrobenzene product 39 is obtained by sequential proton-
ation, reduction by another solvated electron and a second pro-

tonation.

Alternatively, the authors could not rule out reduction of arene
substrates occurring via direct SET from a higher excited state
of *PMP-BPI'™ (D,) in an anti-Kasha fashion, which would
require a catalyst-substrate preassembly. Given the selectivity
observed for arene over amide/carbamate reductions and the ex-
tended m-system of PMP-BPI™, a m—m stacking interaction
assembly seems plausible. However, unlike the conPET study
of Lee, Chou, You and co-workers [72] and like the e-PRC

study of Barham, Konig and co-workers (vide infra, Figure 72),

the authors did not find any evidence for such an assembly of
PC*™ by UV-vis spectroscopy. Barham, and co-workers as well
as Hauer and co-workers (vide infra, Figure 37 and following
discussion) showed in their studies of organic radical cations
that a lack of change in steady-state UV—vis spectroscopy
cannot speak against a preassembly — especially with non-polar-
ized/electronically symmetrical substrates — and only transient
absorption spectroscopy kinetics is qualified to reveal the
necessary operation of a preassembly for radical ion photocat-

alysis.

2.1.5 Het-Het bond activation: N-S and O-S bond activa-
tion: In their work on reductive hydrodehalogenation of aryl
halides, the Nicewicz group also disclosed a protocol for reduc-
tive detosylation of N-tosyl amides with Mes-Acr-BF4 via a
conPET mechanism [54]. Single-electron reduction of a tosy-
lated amine 40 by the twisted intramolecular charge transfer
(TICT) state of the Mes-Acr® radical (Figure 10C) yielded its
radical anion, which supposably eliminated a tosylate anion to
generate a primary or secondary aromatic or aliphatic amines 41
(Figure 26A). Primary and secondary tosylated anilines were
efficiently transformed to the corresponding anilines in moder-

ate to excellent yields (42-99%). Detosylation occurred selec-
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@7 reductive detosylation
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Figure 26: Reductive detosylation of N-tosylated amides with Mes-Acr-BF4. B) Selected examples from the substrate scope.

tively in presence of a mesylated amine functionality (41c).
Alkylamines were readily generated from their tosylated coun-
terparts (Figure 26B). Pyrrolidine was obtained in 61% yield
(41h) whereas the introduction of an adjacent carbonyl group
increased the yield to 99% (41i). Several heterocyclic amines
including pyrrole (41e) and 1H-indazole (41f) as well as natural
products like melatonin (41j) or the AMT analogue 41k were

also successfully engaged in reductive detosylation.

The Wenger group recently disclosed a dual photoredox catalyt-
ic approach for the reductive detosylation of N-tosyl amides
40 to secondary amines 41 [121]. Herein, photoexcited
[Cu(dap),]Cl assists in the generation of DCA®™ (from DCA)
which can be photoexcited to act as a super-reductant. The gen-
eration of DCA*~ by the Cu catalytic cycle without direct exci-
tation of DCA allows for irradiation with red light whereas the
classical conPET mechanism (vide supra, Figure 9) requires
near-UV/blue light irradiation to excite DCA [52]. Red photons
(for A = 620 nm, E = 2.0 eV) intrinsically possess substantially
lower energy than blue (for A = 410 nm, E = 3.0 eV) or green
photons, which gives the impression they may be unfavorable
for photocatalytic reactions. To the contrary, however, the use
of red light provides other advantages including less photo-
damage and greater penetration depth into colored reaction
solutions [122]. Furthermore, a dual catalytic system with two

fully independent photocatalysts provides increased possibili-

ties for method optimization and development but at the same
time requires more careful reaction design. The authors initially
developed their dual PRC protocol for the benchmark hydrode-
halogenation of various aryl halides and efficiently transformed
several moderately difficult-to-reduce substrates to their dehalo-
genated products.

N-Tosyl amides were also suitable substrates, affording detosy-
lated products in mostly good to even quantitative yields with a
few exceptions (Figure 27A, B). Several carbazoles (411) and
diarylamines (41m) were readily generated, however, aryl
ethers such as di(p-anisyl)amine (41n) and phenoxazine (410)
were only obtained in modest yields (35-45%). The efficiency
seems to be influenced by electronic effects; an electron-poor
benzylic (trifluoromethyl)aniline (41p) resulted in >95% yield
whereas a more electron-rich benzylic toluidine (41q) gave
<10% yield. A ditosylated aniline was selectively detosylated
once to afford 41r in >95% yield which is in good accordance
with the low conversion observed for the detosylation of 41r to
41s. Several heteroaromatic amines including pyrrole (41e)
were also generated in good to excellent yields (67-98%).
Electron-withdrawing carbonyl functionalities enabled the effi-
cient detosylation of cyclic aliphatic amines (e.g., 41t) whereas
detosylation of unsubstituted pyrrolidine gave no product.
Several tosylated phenols including a doubly tosylated sub-

strate were efficiently detosylated under the reaction conditions

1085



Beilstein J. Org. Chem. 2023, 19, 1055-1145.

@— reductive detosylation of N-tosyl amides
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(Figure 27C). Additionally, selected examples demonstrate the
large scope of the dual catalytic system including reductive
C(spz)—S desulfonylations (44), eliminations of tosylates (45a)
and acetates (45b) and reductive anhydride cleavages (46)
(Figure 27D). Reduction of a mesylated carbazole was not
viable and resulted in minimal formation of product 411.

The authors proposed two possible mechanisms for the dual
PRC with [Cu(dap),;]Cl and DCA; one relying on PET
(Figure 28A) and another relying on triple-triplet energy
transfer (TTEnT) (Figure 28B) as the interconnection between
both catalytic cycles. For the PET mechanism (Figure 28A),
[Cul(dap),]* ([Cull*) is initially photoexcited to 3*[Cul]*
which then undergoes SET to DCA to directly access DCA™".
[Cul]* is subsequently regenerated via reductive quenching of
[Cull]2* by DIPEA to close the Cu catalytic cycle whereas
DCA"" is excited to 2*DCA"~ by the absorption of a red
photon. A second SET between 2*DCA*~ and the substrate
regenerates DCA and generates the substrate radical anion. In
the TTEnT mechanism (Figure 28B), DCA®™ is formed in a
SenI-ET via the generation of 3*DCA through energy transfer

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

of 3*[Cul]* to DCA and subsequent reductive quenching by
DIPEA. As before, DCA*~ is then excited to 2*DCA"" to enable

substrate reduction via SET.

Based on cyclic voltammetry, spectroscopic and spectroelectro-
chemical data, it was concluded that both pathways are thermo-
dynamically feasible and could simultaneously operate in
MeCN as the reaction solvent due to spectroscopic evidence for
[Cull]2* and 3*DCA. Based on relative intensity and molar
extinction coefficients of the absorption by DCA"~ and 3*DCA
upon excitation of [Cul]+, the authors provided estimations for
the concentrations of both species and thus, estimated the rela-
tive prevalences of the PET and TTEnT mechanism in MeCN
and acetone. Lower concentrations of 3*DCA than of DCA*” in
MeCN suggest that the PET mechanism herein accounts for
roughly 70% of product formation while higher relative concen-
trations of 3*DCA in acetone indicate that TTEnT dominates
here. Although this proposal has to be judged with caution due
to severe simplifications, the study nonetheless emphasizes the
critical influence of solvation on photocatalytic mechanisms

and their elucidation.

@7 PET mechanism
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Figure 28: A) Mechanism of the dual PRC based on PET between [Cu(dap)2]* and DCA. B) Mechanism of the dual PRC based on TTEnT between

[Cu(dap),]* and DCA.
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N-O Bond activation: The Gilmour group recently disclosed a
synthetically simple photocatalytic protocol for the reductive
cleavage of N-O bonds in Weinreb amides 47 for generation of

N-methyl amides 48 [123]. Initially, the authors employed

@* monophotonic N-O bond cleavage in Weinreb amides

anthracene (5 mol %)

i y DIPEA (0.5-1.0 equiv)
~Me

RN MeCN, rt, 1 h
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multiphotonic N-O bond cleavage in Weinreb amides

4CzIPN (5 mol %)
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LiBF4 (2 equiv)

X N,Me
R—— O MeCN, rt, 16 h
= e 402 nm LED
47
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anthracene as the photocatalyst and DIPEA as its reductive
quencher in a reductive quenching PET cycle, to afford the
anthracene radical anion as a potent reductant (Ej, = -1.95V

vs SCE) (Figure 29A). This monophotonic protocol — relying on
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the energy of a single UV light photon — was found to be suffi-
ciently powerful to reductively cleave several cinnamyl and
dienyl Weinreb amides, as well as electron-deficient aryl and
heteroaryl Weinreb amides, in moderate to excellent (39-97%)
yields. However, electron-neutral or electron-rich aryl Weinreb
amides could not be engaged as a redox limitation. This issue
was addressed from two distinct strategies to expand the scope
of the transformation. On the one hand, Lewis acid activation of
amides with LiBF, significantly facilitated their SET reduction.
On the other hand, the reductive power of the photocatalyst was
increased by replacing anthracene with 4CzIPN as a photocata-
lyst capable of accessing a highly potent reductant (proposed to
be *4CzIPN"") via a conPET mechanism.

Under the modified procedure, electron-rich aryl Weinreb
amides 47 were efficiently transformed to the corresponding
N-methyl aryl amides 48 in poor to excellent (25-95%) yields
(Figure 29B/C). Unsubstituted, halogenated, methylated, and
arylated N-methyl benzamides were generally readily engaged,
however, substituents in ortho- and meta-position decreased the
yield compared to para-substitution. The more electron-rich
p-methoxy-N-methoxy-N-methylbenzamide (EPyeq = —2.27 V vs
SCE) readily engaged in the reaction and gave 86% yield (48d)
while p-amino-N-methylbenzamide was only obtained in 36%
yield (48e). Additionally, the hydroxamic acid N-hydroxy-N-
methylbenzamide and N-methoxybenzamide were exposed to
the reaction conditions and successfully transformed to prod-
ucts 48g and 48h. A mechanistic proposal for the Lewis acid-
assisted reductive N-O bond cleavage following SET from
*4CzIPN"~ via conPET is shown in Figure 29D, and was sup-
ported by a near quadratic relationship between light intensity
and yield. The conPET strategy also allowed for longer wave-
length light to be employed, however, the energy efficiency
benefit of generating one single UV photon vs two near-UV/
purple photons is debatable.

2.2 Oxidative activation

While reductive bond activations via conPET — in particular the
reduction of aryl (pseudo)halides — saw considerable develop-
ment following Konig’s seminal report on PDI (vide supra)
[15], oxidative activations of substrates via conPET have only
recently been demonstrated and remain largely underexplored
to date. Since the oxidation potentials of unactivated or deacti-
vated olefins or arenes lie at (or beyond) the energy threshold of
single-photon PRC, the development of highly oxidizing photo-
catalysts is highly desirable to provide access to facile functio-
nalization of these important and abundant feedstock chemicals.
While it has been demonstrated that classical chemical oxidant
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) can func-
tion as a closed-shell photocatalyst with an excited-state reduc-

tion potential ~+3 V vs SCE and can oxidatively engage elec-
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tron-deficient arenes [124,125], the application of DDQ is
rather undesirable due to the requirement for larger catalyst
loadings (10-20 mol %) [126], the use of rerz-butyl nitrite
co-oxidant that forms explosive mixtures in air, evolution of
HCN gas upon contact with moisture [127] and catalyst degra-
dation via side reactions with certain amines under the reaction
conditions [124]. These limitations are easily overcome by
i) oxidative conPET or ii) the merging of photo- and electro-
chemistry through the use of anodic oxidation (vide infra, espe-

cially for DDQ) and the former will now be presented.

2.2.1 Alkene activation: In 2018, the Wasielewski group
demonstrated the super oxidative power of the excited doublet
states of the radical cation of N-phenylphenothiazine (N-Ph
PTZ'™"), which set the scene for N-Ph PTZ as a photocatalyst
for oxidative conPET [128]. Simultaneously, Wagenknecht
disclosed a protocol for N-Ph PTZ as a photocatalyst for the
pentafluorosulfanylation of diphenylethylene (49a) and
o-methylstyrene (49b) with SF¢ as both terminal oxidant and
coupling partner (Figure 30A) [16]. In the mechanism, the
radical cation N-Ph PTZ** is generated upon oxidative
quenching of *N-Ph PTZ by SF¢ (Figure 30B). Thereafter,
SFg"™ breaks down into a fluoride ion and a pentafluorosulfanyl
radical (SF5") while N-Ph PTZ'* is photoexcited to *N-Ph
PTZ"* which then oxidizes the styrene substrate to its radical
cation 49°*. With no other suitable trapping agents present,
49°* is trapped by SFs’ and reaction of the resulting cation 50*
with a fluoride ion then generates product 50 (Figure 30B).
Subsequent elimination of a fluoride ion mediated by
BF;-OEt, forms pentafluorosulfanylated styrenes S1a and 51b
(Figure 30A).

While photocatalytic SET reduction of SFg had been achieved
previously with Ir(ppy),(dtb-ppy)PF¢ by Jamison’s group
[129], the fragmentation pattern of SF¢'~ was proposed to be
highly dependent on the excess energy provided by SET. The
less potent reducing iridium species in Jamison’s work favors
the lower energy fragmentation pathway to F* and SF5~ where-
as highly potent reductant *N-Ph PTZ provides enough energy
for access to SF5® and thus, pentafluorosulfanylation [16,130].
Addition of catalytic amounts of Cu(acac), was found to favor
product formation by suppressing undesired side reactions.

Following their initial publication, the Wagenknecht group
expanded their scope to the a-alkoxypentafluorosulfanylation of
styrenes by addition of alcohols [131]. Herein, addition of the
Lewis acid BEt3 successfully suppressed the competing fluo-
ride addition by complexing fluoride ions generated by oxida-
tive quenching of *N-Ph PTZ and enabled trapping of cation
50* instead by the alcohol. Acyclic and cyclic aliphatic alco-

hols as well as alcohols bearing alkene, alkyne and nitrile func-
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tionalities were successfully applied and gave a-alkoxypenta-
fluorosulfanylated products 52 in poor to moderate yields
(13-53%) (Figure 31A). Intramolecular addition of an alco-
holic chain allowed for the generation of spiroethers (52d).
Phenols and water were not tolerated, however, reaction of
tertiary alcohols (such as 1-ethynyl-1-cyclopentanol) led to the
formation of free alcohols (e.g., 52e in 13% yield). When inves-
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tigating the effect of different concentrations of the alcohol
nucleophiles, the authors observed that higher concentrations of
terminal alkynols suppressed formation of the open-chain
product 52 and instead promoted formation of oxaheterocyclic
compounds 55 [133]. Depending on the chain length of the
alkynol, oxepans, tetrahydropyrans and furans were obtained in
<10-32% yields (Figure 31B).
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Mechanistic investigations suggested that the alkynol is depro-
tonated by fluoride ions in the higher concentration regime and
49°'* is trapped by the alkoxide before it can react with *SFs
(Figure 30B). The oxaheterocyclic compounds 55 were ob-
tained exclusively in their E-configurations which the authors
tentatively attributed to kinetic differences in product formation
as DFT calculations show only a minimal free energy differ-
ence of 0.1 kcal mol™! between Z-54° and E-54° (Figure 30B).
Longer chain lengths of the alkynol, as in 5-hexyn-1-ol, did not
afford oxaheterocyclic products but instead doubly substituted
open-chain products 56a and 56b (Figure 31B).

Although overall the yields of fluoropentafluorosulfonylation
and alkoxypentafluorosulfanylation reactions were lacking,
these must be viewed in the context of the extraordinary inert-
ness of SFg towards chemical reactions [132] and thus repre-
sent a remarkable synthetic achievement.

2.2.2 Arenea activation: In 2021, Wickens and co-workers
disclosed a conPET protocol for the oxidative azolation of
moderately electron-rich and electron-neutral arenes by
N-heterocyclic nucleophiles [134], representing a synthetic
advancement from the engagement of electron-rich arenes semi-
nally achieved by Nicewicz and co-workers via single-photon
PRC [135]. N-Ph PTZ was employed as a photocatalyst, O, as
the terminal oxidant and fluorinated alcohols as co-solvents due
to their stabilizing effects on radical cations (Figure 32A)
[136,137]. The authors postulated that photoexcitation and
subsequent SET oxidation of *N-Ph PTZ by O, generates
N-Ph PTZ"*. A second excitation process furnishes *N-Ph
PTZ* which oxidizes the arene to its radical cation via SET
(Figure 32B). The azole 57 then nucleophilically adds to the
aryl radical cation, yielding (with the loss of a proton) the aryl
radical 58. Though the authors do not propose a detailed mecha-
nism for the subsequent reaction it can be postulated that depro-
tonation of the addition product followed by a subsequent oxi-
dation and deprotonation generate product 59. Oxygen uptake
experiments revealed a consumption of roughly 2.3 equiv of O,
based on the amount of product which indicates that this second
oxidation step is either performed by another molecule of N-Ph
PTZ'* or directly by O,. Addition of substoichiometric
amounts of LiClO,4 (or other Lewis acids) promoted product
formation which the authors attributed to a suppression of back
electron transfer between superoxide (O,"”) and N-Ph PTZ"*
by facilitating the disproportionation of superoxide to peroxide
and O;. Under these optimized conditions, benzene was suc-
cessfully coupled to several pyrazoles bearing electron-with-
drawing and electron-donating functionalities as well as tri-
azoles (59¢) in poor to high (22-88%) yields (Figure 32C).
Methyl-substituted arenes (toluene, m-xylene and mesitylene)

proceeded efficiently under the reaction conditions (59d—f).
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Electron-poor chlorobenzene was oxidized in low (22%) yield

(59g), representing an upper redox limitation of the system.

An aspect overlooked in all three aforementioned reports
proposing *N-Ph PTZ"* as a super photooxidant is its ultra-
short excited state lifetime — 236 ps as reported by Wasielewski
[128] — that renders diffusion-controlled photochemistry
implausible. Wickens and co-workers did not detect indications
of preassembly in the steady-state UV—vis [134], but it cannot
be ruled out (discussion vide supra, section 2.1.4). Since
Wickens and co-workers employed a vast excess of arenes in
most reactions (up to ~8 mL as solvent, i.e., 5.6 M PhH
w.r.t. # 1.3 mM of N-Ph PTZ), the statistical probability of an
arene molecule in close proximity to the excited state upon its
formation is high enough for static quenching [40,53] such that
there may be no need to invoke an ‘organized’ [40,53]. Howev-
er, lower excesses (5—10 equiv) of more electron-rich alkyl-
arenes were successful, and in Wagenknecht and co-workers’
report styrenes were employed as the limiting agent (0.1 M
styrene w.r.t. 5.0 mM N-Ph PTZ). Therefore, an organized
preassembly is likely at these lower substrate concentration
regimes, which we propose involved m—m stacking interactions
based on Barham’s results and Hauer’s transient absorption
spectroscopic investigations of analogous triarylamine radical
cations (vide infra, Figure 37 and following discussion).

2.2.3 C(sp*)-H activation: Apart from previously mentioned
applications of conPET for the generation of super-reductants or
super-oxidants for SET reduction or oxidation of substrates, it
can also provide access to other transformations. Recently, the
generation of chlorine radicals as powerful HAT agents has
been a topic of increased interest and the challenging genera-
tion of CI° has been achieved by monophotonic PRC oxidation
of CI™ to CI' by highly oxidizing noble metal photocatalysts or
Mes-Acr* [138-140]. Another noteworthy method for accessing
this highly reactive HAT agent is the photoelectrochemical gen-
eration of CI° reported by Xu and co-workers (vide infra,
Figure 56 in section 3.1.2 focused on Minisci-type processes)
[141].

Meyer, Hu and co-workers recently reported how N-Ph PTZ
could function as a conPET catalyst for the generation of CI°,
the latter serving as a HAT agent for the activation of unreac-
tive C(sp3)—H bonds in hydrocarbons (Figure 33A) [142]. In
their protocol, N-Ph PTZ is excited to *N-Ph PTZ by near-UV
LED irradiation (390 nm or 405 nm) and this excited state
undergoes oxidative quenching by O, or CCly to afford N-Ph
PTZ"* (Figure 33B). This radical cation can either dispropor-
tionate into N-Ph PTZ and N-Ph PTZ2* or be photoexcited to
*N-Ph PTZ'* by green LED irradiation (532 nm). While oxida-
tion of CI” to CI° (EP,x = +1.46 V vs NHE in MeCN) by *N-Ph
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anism.

PTZ or N-Ph PTZ'* (Eq/, = +0.92 V vs NHE) is thermody-
namically out of reach, both N-Ph PTZ2* (E;;, = +1.59 V vs
NHE) and *N-Ph PTZ'* (*E|, = +2.31 V vs NHE) possess

sufficient oxidative redox power to generate CI°. Experiments
were conducted under single wavelength (405 nm) and dual

wavelength (405 nm and 532 nm) irradiation with 1,1-
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diphenylethylene, cyclohexane, toluene, 1,4-dioxane and cyclo-
heptane. Chlorinated products were generated under both condi-
tions, however, yields were generally higher when dual wave-
length irradiation was employed (increases of 85% for 1,1-
diphenylethylene and 38% for cyclohexane). Since N-Ph PTZ™*
barely absorbs near-UV light, the authors attributed the forma-
tion of chlorinated products under single wavelength irradiation
to oxidation of CI™ by the disproportionated species N-Ph
PTZ2*. However, direct oxidation of C1~ by *N-Ph PTZ"*
formed via less efficient excitation of N-Ph PTZ"* under exclu-
sive irradiation at 405 nm cannot be ruled out. In this case, the
increased yield under two wavelength irradiation could simply
be attributed to a more efficient formation of highly oxidizing
*N-Ph PTZ"*. Due to the aforementioned ultrashort excited
state lifetime of *N-Ph PTZ'*, a preassembly of N-Ph PTZ"*
with CI” is required for efficient oxidation and a Coulombic ion
pair is the logical proposal for this.

While the work of Meyer and Hu elegantly demonstrates addi-
tional fields of application for highly oxidizing conPET cata-
lysts, their work so far only outlines the conceptual idea. Xu
and co-workers’ success with photoelectrochemical oxidation of
HCI for activation of unreactive C(sp3)—H bonds demonstrates
clear advantages including the absence of any photocatalyst and
requirement of only one photon per product molecule (vide

infra).

3 Photoelectrochemistry in organic synthesis
3.1 Oxidative activation

3.1.1 Arene activation: C(spz )—H activation: In the oxidative
direction, e-PRC has demonstrated impressive synthetic
advancements in C(spz)—N and C(spz)—O bond formations from
arene or alkene substrates. Since such photoredox reactions typ-
ically rely on SET oxidation of the unsaturated system, they
tend to be carried out with relatively electron-rich substrates
due to their lower oxidation potentials that are accessible under
(unassisted) monophotonic PRC by closed-shell excited states.
In this regard, Xu and Hou disclosed a ‘recycling e-PRC’ azola-
tion of electron-rich arenes (generally referred to as 60 in this
section) with pyrazoles 62 employing 9-mesityl-10-methyl-
acridinium perchlorate Mes-Acr-ClO4 as photocatalyst
(Figure 34A) [143]. In the mechanism for the reaction of
oxydibenzene 61a and pyrazole 62a (Figure 34B), Mes-Acr*
(E1/2 = —0.57 V vs SCE) is photoexcited, generating the highly
oxidizing state *Mes-Acr* (*E;,, = 2.06 V vs SCE). The latter
oxidizes 61a to arene radical cation 61a**, generating Mes-Acr"
at the same time, which is then oxidized at the anode to regen-
erate the active catalyst. The radical cation intermediate is
trapped with pyrazole to yield the radical 64a, which reacts with
2,2,6,6-tetramethylpiperidinyloxy (TEMPO) in a HAT reac-
tion to generate the target coupling product 63a in 72% yield
and TEMPO-H, a species that can also be oxidized at the
anode.
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With the optimized conditions in hand, the authors investigated
a variety of arenes, obtaining products like 63b—e in good to
high yields (57-81%, Figure 34C). Interestingly, 1-bromo-4-
phenoxybenzene reacted selectively only at the phenyl ring,
affording 63e with the para-product as the major regioisomer.
Compared to the seminal work of Nicewicz [135] under
monophotonic PRC that relies on molecular O, for catalyst

turnover, Xu and co-workers’ electrochemical catalyst turnover

furnishes a PEC protocol with better prospects for scale up.
Moreover, compared to the preceding ‘radical ion’ photocatalyt-
ic protocols of Lambert and co-workers (e-PRC, vide infra),
Barham and co-workers (e-PRC, vide infra) and Wickens
(conPET, vide supra), Xu and co-workers showed a key advan-
tage of the recycling e-PRC approach that allows arene to be
used as the limiting reactant rather than a (vast) stoichiometric

€XCess.
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However, as per the groundbreaking report of Nicewicz [135],
the limitation of oxidative power remains that allowed only
electron-rich arenes to be engaged. In recent years it became
desirable to target oxidation of electron-neutral and electron-
deficient arenes (e.g., those containing halogen atoms or
benzene itself, EP,, = +2.48 — >+3.0 V vs SCE), since these
are cheaper chemical feedstocks. In this respect, in 2019 the
Lambert group reported a trisaminocyclopropenium cation
TAC™ [144-147] as an e-PRC catalyst for the oxidation of unac-
tivated arenes and their coupling with nitrogen heteroaromatics
(Figure 35A) [148]. Mechanistically, the electrochemical oxida-
tion of the colorless TAC* cation (Ej; = +1.26 V vs SCE)
generates the colored dication radical TAC*2* (Figure 35B)
[145-147,149]. Subsequent photoexcitation affords *TAC"2*
(*E1/; = +3.33 V vs SCE) as a super oxidant [150], which can
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oxidize target arene 1 via SET to its aryl radical cation 61°*
with concomitant regeneration of TAC*. At this point, the
mechanism for 61°* follows a similar pathway described in the
conPET oxidative arene activations (vide supra, section 2.2.2,
Figure 32C). Proton reduction (HER) was proposed as the cor-
responding cathodic half-reaction, since gas bubbles were ob-
served and since an excess of AcOH was necessary for reaction
efficiency. The reaction tolerated benzene (63f) and even aryl
chlorides to give products 63g and 63h, albeit in modest yields
(Figure 35C). This method is also ‘backwards compatible’ with
easily oxidized substrates such as mesitylene and other alky-
lated benzenes (e.g., forming 63i).

In the context of e-PRC C(sz)—N bond formations, the Barham
group unveiled tri(p-substituted)arylamine (TPA) radical

@— arene activation using TAC ®
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Figure 35: A) Radical ion e-PRC direct oxidation of unactivated arenes using TAC* as an electro-activated photocatalyst. B) Proposed mechanism.

C) Selected examples from the substrate scope.
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cations [151-154] as a tunable class of radical ion e-PRCat
(Figure 36A) [155]. The most interesting feature of TPAs is
that modifying their substituents in para-position to the tri-
phenylamine core allows facile tuning of the oxidative power of
their radical cationic photocatalyst forms [54,156].

In fact, while the use of a moderately-powerful TPA (TpBPA)
enabled the C(sp?)-H azolations of alkylbenzenes in high yields
and chemoselectivity (631-o in Figure 36B), the substitution of
its para-phenyl group with a para-(4-)benzonitrile group
resulted in a much more powerful TCPBA, that allowed C-H
amination of benzene and chlorobenzene in good yields
(63p—q). Finally, the most potent TPA (TdCBPA, with a
record breaking *E | = +4.41 V vs SCE) allowed SET oxida-
tions even of dichlorobenzenes and fluorobenzene (63r-s). In
the mechanism, electrochemical oxidation of TPA generates the
radical cation TPA** as the active photocatalyst. The authors
demonstrated for the first time the crucial importance of a

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

radical ion photocatalyst-substrate preassembly, necessary to
achieve the reactivity of the picosecond-lived photoexcited
radical ions like *TPA** (4.6 ps for TpBPA"* and 8.6 ps for
TCBPA™, respectively) in competition with their photophysi-
cal deactivation (Figure 37). Subsequent photoexcitation of
[TPA"*--- Sub] then leads to the reactive assembly *[TPA"*---
Sub], which, upon inner-sphere SET, generates the arene
radical cation Sub®* and regenerates TPA. Finally, Sub®* is
intercepted by the N-heterocyclic nucleophile 62 followed by
loss of protons and further SET (to the anode or to TPA*") to
obtain the azolated arene product 63.

The detailed mechanistic study on preassembly was easily
accessible owing to the excellent stability of TPA**s, which can
be easily chemically generated, isolated and stored in their solid
state without special precautions [153,154]. Assemblies
[TPA"*--- Sub] were identified spectroscopically via changes in
the UV—vis spectra and EPR spectra of isolated TPA"*s when

@— arene activation using TPAs
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Figure 36: A) Radical ion e-PRC direct oxidation of unactivated arenes using TPA as an electro-activated photocatalyst. B) Selected examples from

the substrate scope.
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Figure 37: Proposed mechanism (top) and mode of preassembly (bottom).

mixed with arene substrates in excesses representative of the

synthetic reaction.

The most noticeable comparison was observed when TCBPA**
was exposed to either 1,2- or 1,4 dichlorobenzene. The addition
of the former “reactive” substrate caused a disruption in the
electron paramagnetic resonance spectroscopy (EPR) signal,
enhancing a distinctive triplet pattern. This evidence confirmed
the need to localize spin density on the nitrogen atom within the
initial preassembly in order to achieve reactivity. On the other
hand, when the latter “unreactive” substrate was introduced, the
signal was altered to a broad singlet, corroborating a different
orientation of preassembly where the spin density was spread
out from the N atom. The latter configuration stabilized the
radical cation and decreased its oxidative power in the excited
state for SET. DFT calculations (wB97X-D or uB3LYP func-
tionals) were also performed, and optimized structures were
found involving T—m or m—m interactions (Figure 38A). It was
also possible to evidence a preferred preassembly geometry for
unsymmetrical compounds (PhX). In particular, for PhCl, the

calculated spin density changed when the CI atom faced "in"

T—n-assembly| —= R\N,Ar
Ar

Beilstein J. Org. Chem. 2023, 19, 1055-1145.
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potentials vs SCE

)
PFg

+ {Sub}.@

but did not change when facing "out" (Figure 38B), and thus the
former orientation — accorded with spectral changes in the
steady-state EPR and UV-vis — was proposed as favored.

The Barham group then concluded how, despite the strong
absorption of TPA**s in the near-IR visible region (approx.
600-900 nm, a Dy — D transition), only shorter wavelength
excitations (400 nm) gave reactivity. This was later confirmed
by the Hauer group using transient absorption experiments
which revealed quenching only of the higher excited state (D)
of TpBPA** by mesitylene [157]. This is particularly important
because for that catalyst/substrate combination no changes in
the steady-state UV—vis spectrum were observed by Barham
and co-workers [155]. These observations confirm how
preassembly can serve as a general platform for anti-Kasha
photochemistry, that temporally enables the participation of
higher-order excited states participating in SET [69,120,157-
1601].

Other oxidative coupling protocols involving C—H heterofunc-

tionalization of arenes can be found in the literature that involve
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with chlorobenzene where the halogen faces “in” (left) or “out” (right). Adapted from [29] (© 2021 S. Wu et al. and Angewandte Chemie International
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the electrochemical turnover of a photocatalyst [28,29], forging
C(sp?)-0 and C(sp?)-N bonds under recycling e-PRC condi-
tions. In this regard, Lambert and co-workers disclosed arene
hydroxylation or acetoxylation using DDQ as photocatalyst and
water/alcohols (65) as reactants (Figure 39A) [161]. The main
difference from previous works using this catalyst is that DDQ
is regenerated by anodic oxidation of the reduced DDQH; —
with concomitant cathodic reduction of protons to form hydro-
gen gas — completing the electrochemical reaction (Figure 39B).
Thus, this e-PRC approach addresses and obviates one of
the key aforementionated drawbacks of DDQ as used in
photoredox-only transformations — the presence of a stoichio-
metric chemical oxidant such as ferz-butyl nitrile as co-oxidant
(vide supra, section 2.2). A plausible mechanism involves the
photoexcitation of DDQ, which results in the generation of a
highly oxidizing excited state *DDQ (*E, = +3.18 V vs SCE).
The excited state is subsequently engaged in a SET process
with the arene species 61, leading to the formation of two
distinct species: the radical anion DDQ*~ and the reactive
radical cation 61°*. At this stage, the alcohol molecule 65 acts
as a trapping agent for the latter, leading to 67 after proton loss,
that is, in turn, captured by DDQ"~ to yield DDQH". The latter
undergoes HAT from 67, resulting in the formation of
hydroquinone DDQHj, and the desired functionalized product
66.

The Lambert group also reported large-scale reactions. In par-
ticular, they successfully achieved the benzene-to-phenol (66g)
hydroxylation reaction in a recirculated continuous flow setup,
obtaining a 15 mmol scale reaction with 56% yield in 60 h with
the use of three flow channels (Figure 40).

Benzylic C(sp?)—H activation: The Lambert group reported a
C-H amination of alkylarenes 69 under radical ion e-PRC with
TAC? to yield either dihydroimidazoles 70 or 2-oxazolines 71
and 71°, depending on the electrolyte employed (Figure 41A)
[162]. The authors proposed that the reaction starts with Ritter-
type amination [163,164] of the substrate’s benzylic C—H bond.
The photoexcited radical dication *TAC*2* effects SET oxida-
tion (vide supra, Figure 35B) of the substrate 69a to its radical
cation 69a’* [165]. Deprotonation and subsequent oxidation of
the latter leads to the cation 69%, the solvolysis of which yields
Ritter product 72. At this point, according to the authors, acet-
amide 72 likely undergoes a reversible, acid-catalyzed elimina-
tion to yield a-methylstyrene 73 (Figure 41B) [166]. The subse-
quent solvent trapping and oxidation lead to the dihydroimida-
zole or oxazoline product. With these conditions in hand, dihy-
droimidazoles 70a—c were obtained in useful yields using
Et4yN'PFg as electrolyte. Interestingly, a simple change of elec-
trolyte (Et4N-BF; — LiClOy4) diverted reactivity toward oxa-
zoline products 71a—c and 71°d was observed (Figure 41C). Ac-
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Figure 40: Gram scale hydroxylation of benzene in a recirculated flow setup.

cording to the authors, LiClOy4 electrolyte modifies the stability
of cationic intermediates and the addition of H,O to 73** or 74
affords 71’ and 71, respectively (Figure 41B).

Lambert and co-workers extended their radical ion e-PRC
protocol toward oxygenation of multiple C—H bonds of alkyl-
arenes simultaneously. This is an especially important target
transformation, given the ubiquity of polyoxygenated mole-
cules both in nature and in pharmaceutically active compounds
[167-169]. At the same time, undesirable overoxidation reac-
tions are highly likely. The control of oxidative chemoselectivi-
ty is also complex, although much progress has been made in
the field of directed C—H oxidations [170-172]. The Lambert
group found that treating alkylarenes 75 and 76 in the presence
of TAC™, acetic acid, acetic anhydride and a strong acid like tri-
fluoroacetic acid (TFA) or trifluoromethanesulfonic acid
(TfOH) under PEC conditions led to dioxygenated or trioxy-
genated products 77 and 78 (Figure 42A) [173]. The reactions
were carried out in an undivided cell under 5 mA constant cur-
rent and irradiation by CFL light bulbs. In the mechanism, sub-
strate 76 bearing an arene as a redox-active substituent under-
goes SET oxidation by photoexcited radical dication *TAC'2*,
leading to the radical cation 76°*. Following deprotonation and
further SET oxidation (by anode or by TAC*2*) monooxy-
genated intermediate 79 is generated. Under acidic conditions,
79 undergoes slow and reversible elimination (E;) to generate
olefin 80a (Figure 42B). Thanks to its conjugation with the
arene moiety, 80a can be further oxidized to form the dioxy-
genated product 77. In support of this hypothesis, the reaction
of 75 (R! = OAc, R? = Et) resulted in the formation of its corre-
sponding dioxygenated product in 51% yield under the reaction
conditions. Finally, if another C—H bond is present, another
elimination/oxidation sequence occurs to yield the trioxy-
genated species 78 via 80b. Regarding the reaction scope, the
model reaction employed ethylbenzene and used TFA as a
proton source, obtaining the product 77a (Figure 42C). Then, a

plethora of unbranched alkylarenes were examined, proving that

15.0 mmol scale: 3 x photocoils
669, 0.79 g, 56% (60 h)

in some cases a higher yield is obtained with a hydrolytic
workup to generate a 1,2-diol like 77b (the diastereomeric ratio

favors the anti-isomer).

Once the efficiency of the dioxygenation protocol was estab-
lished — even employing large scale reactions (2.5 g for 77¢) —
the authors expanded the protocol to contiguous C-H trioxy-
genation within a single reaction flask, that was never reported
before. Since E;-type elimination is the key step in the mecha-
nism, branched substrates were generally employed because
they are more prone to elimination processes than unbranched
ones, and so more capable to be further oxidized after the initial
dioxygenation. Products 78a—f were obtained in modest to good
yields (36-63%) using TfOH as the proton source and 78b
could be accessed on a gram scale (1.86 g) in a scale-up batch
experiment. Finally, trifluoroacetamides were exploited as an
alternative redox-active substituent. In particular, 81a was ob-
tained as a mixture of diasteroisomers among which single
crystal X-ray analysis confirmed the cis-trans stereoisomer as
the major one. Moreover, 4-alkylated piperidine derivatives
were successfully employed to yield products like 81b; when
comparing to 81a one can see how the diastereoselectivity was
influenced by alkyl substitutents on the piperidine.

Recently, Xu and co-workers published the first example of an
asymmetric synthetic PEC reaction, achieving the cyanation of
benzylic C-H bonds by employing an additional chiral [Cu]
catalyst, formed in situ from Cu(acac),;, TMSCN and a serine-
derived bisoxazoline ligand L1* [174,175] (Figure 43A) [32].
Anthraquinone-2,6-disulfonate (AQDS) was used as a photocat-
alyst, where authors claimed the disulfonate groups promoted
solubility, presumably by decreasing photocatalyst self-aggre-
gation as found by the Barham group for a similar DCA-type
system [176]. The PEC strategy described represents a key
starting point for accessing chiral structures [174,177-180] via
activation of benzylic C—H bonds in the absence of chemical

oxidants or directing groups [181-183]. According to the
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B) Proposed mechanism. C) Selected examples from the substrate scope.

authors, the high site selectivity derived from cleaving benzylic
C-H bonds in a two-step sequential electron transfer/proton
transfer mechanism instead of a single step HAT mechanism
[184-187]. For the model substrate 82a, the reaction with

(R)-L1%*, the enantiomer of L1%, was tested, resulting in a
comparable result for the enantiomeric product. Also, a gram-
scale process was evaluated, yielding 83a in good yield and en-
antioselectivity (82% yield and 91% ee). With the optimized
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conditions in hand, a wide number of substrates were analyzed.
Alkyl bromides (83b), epoxides (83c¢), alcohols (83d) and alkyl
azides (83e) were all tolerated, resulting in the desired products
in moderate to high yields (44-86% in Figure 43B). Once estab-
lished that the method could be applied to substrates bearing
different functional groups, Xu and co-workers shifted their
focus to analyze arene electronic properties and substrates with
multiple potential reactive C—H bonds. Regarding the first chal-
lenge, both electron-rich and electron-deficient alkylarenes were
well-tolerated, as evidenced by the results presented in
Figure 43B for 83f-h. Turning to the site selectivity, a prefer-
ence was found for cyanation of the most electron-rich benzylic
position. This preference allowed the functionalization of
stronger C(sp>)—H bonds, such as those in ethyl groups com-
pared to the same secondary benzylic sites weakened with
a-electron-withdrawing groups (Cl and acetyl groups in 83i-1,

respectively).

The reaction also displayed selectivity for the less hindered po-
sition, as exemplified by the absence of cyanation at the steri-
cally more hindered tertiary benzylic carbon (83m) [188-191].
Furthermore, benzylic C(sp3)-H bonds were favored over their

propargylic (83n) and allylic (830) counterparts. The proposed

mechanism for the enantioselective C(sp3)—H cyanation is
composed of two relay catalytic cycles in tandem: a “site-selec-
tive C—H bond cleavage” cycle and an “enantioselective C—C
bond formation” cycle (Figure 44). In the former cycle, photo-
excitation of AQDS generates *ADQS as a potent photooxi-
dant (*E |/, = +2.00 V vs SCE) [192], which engages alkyl-
arene 82 in SET to yield an radical ion pair [AQDS'~, 82°*]
[193,194]. Proton transfer between these species affords
benzylic radical 84 and AQDS-H, where oxidation of the latter
(by anode or by (L1*)Cul(CN),) regenerates the catalyst and
liberates a proton. The formation of the benzylic radical inter-
mediate was confirmed by trapping experiments with an allyl
sulfone, which gave a benzylic allylation product. At this point,
the intermediate 84 is intercepted by the chiral copper complex
(L1#)Cu'[(CN), to generate a Culll species 85, which under-
goes enantioselective reductive elimination [185] to yield the
benzylic nitrile 83 and the reduced catalyst (L1%*)Cul(CN),. The
latter is promptly oxidized at the anode surface.

In an extension of this method, Xu and co-workers reported a
PEC enantioselective decarboxylative cyanation using Ce(OTf)
and Cu(acac), as catalysts and L1* as chiral ligand starting
from benzylic carboxylic acid like 86a (Figure 45A) [33]. In the
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Figure 44: Proposed tandem mechanism by Xu and co-workers.

mechanism, it is well known in the literature that cerium salts
are converted to CeClg>~ in the presence of a chloride source
(n-BuygN-Cl, in this case). The latter is oxidized at the anode to
CeClg2~ (Figure 45B). Then, the coordination of the carboxyl-
ate 86 and the photoinduced LMCT process regenerates Ce(I1I)
and leads to the benzylic radical 84. Thereafter, the radical
species then undergoes the same process for enantioselective
cyanation proposed in Figure 44, to yield the reaction product
83.

The scope of the PEC decarboxylation cyanation reaction was
then explored with the optimized conditions. In particular, para-
substituents of varying electronics at the aryl group such as
OMe, SMe, and F were all tolerated (83b’—d’, Figure 45C).
Good yields were obtained with ortho- and meta-substituted
rings (83e’—g’) and also alkyl side chains with substituents
(amide and chloride) were compatible (83h’.i’). A non-benzylic
substrate was also tested, resulting in an efficient decarboxyla-
tive reaction but with no stereoselectivity (831”). Finally, a gram
scale reaction of the model substrate 86a was conducted to
obtain the product 83a’ in 90% yield and 87% ee. It is worth
pointing out that an altogether highly similar PEC procedure for
asymmetric cyanation has also been reported by Liu and
co-workers (Figure 46A) [195]. The authors employed the bis-
oxazoline (Box) ligand L2* and Cu(CH3CN)4BF, as the cata-
lyst, under constant current conditions with reticulated vitreous
carbon (RVC) as the anode and Pt/Ti as the cathode in an undi-

vided cell. As photocatalyst, an array of anthraquinone-type

photosensitizers AQR were tested (R = Cl, OMe, Me and CF3),

affording enantioselective cyanation products in good to excel-
lent yields (50-94%) and ee (73-90%) values starting from both
electron-rich and electron-poor (hetero)arenes.

Similarly, after the pioneering work of Xu, a closely-related
decarboxylative cyanation protocol has been reported by Zhang
and co-workers, who employed copper(Il) hexafluoroacetyl-
acetonate (Cu(hfacac);), commercially inexpensive and
earth-abundant CeCl; and the box ligand L2* as catalysts
(Figure 46B) [196].

Aryl olefins activation: Among the many classical methods
used to achieve olefin dioxygenations [197-199], those using
transition metals, especially osmium, are undoubtedly the most
widely used in organic synthesis [200-205]. However, the prob-
lems associated with the use of such transition metals, includ-
ing issues of toxicity and expense, are widely known. For this
reason, there has been a large interest to develop transition
metal-free alternative methods that overcome the expense and
toxicity of certain metal reagents or catalysts [206-211]. In this
regard, electrochemistry has been illustrated as a sustainable
synthetic alternative that does not require stoichiometric
oxidizing agents [212-215]. Although oftentimes electrochem-
istry is technically not ‘transition metal-free’, the metal elec-
trode is a heterogeneous surface that is easily separated post-
reaction and reused.

One of the main problems with electrolysis is that applied

anodic potential can encourage overoxidation of olefins, leading
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Figure 45: A) Enantioselective recycling e-PRC decarboxylative cyanation using Cu(acac),, Ce(OTf)3 and a box ligand as catalysts. B) Proposed
tandem mechanism. C) Selected examples from the substrate scope.

even to undesirable oligomerization processes. This issue can  merging electrochemistry and photochemistry in this field is the
be easily overcome with e-PRC, where the high requisite poten-  acetoxyhydroxylation protocol for aromatic olefins reported by
tial is generated transiently in the form of a photoexcited state Lambert and Huang (Figure 47A) [216]. They used radical ion
in bulk solution. An initial demonstration of the potential of e-PRC employing TAC™ as a catalyst to engage a number of
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1107



activated olefins (benzylic or vinylic substituents), forming
acetoxyhydroxylated products 88. In the mechanism, olefin §7a
is oxidized by *TAC"2* to its radical cation 87a"*. Nucleo-
philic addition of AcOH to the latter yields benzylic radical 89
(Figure 47B), whose SET oxidation — either by anodic potential
or by *TAC"2* —
Hydrolysis of the cyclic intermediate releases the reaction prod-

induces an intramolecular cyclization to 90.

uct 88a. The optimized conditions allowed hydroxyacetoxyla-
tion of different kind of cyclic alkenes with high levels of syn-
diastereoselectivity (88b—g, Figure 48), demonstrating the
method’s formidable tolerance to a range of electronically dif-
ferent substituents and even for conjugated systems such as 88e.
Benzylic groups, alcohols and aldehydes were all tolerated
(88h-1). For open-chain substrates a boronic ester, a product-
bearing styrene and different heterocycles including furan and
indole were all well-tolerated in the syntheses of 88m—p. In ad-
dition to the use of acetic acid to generate hydroxyacetate prod-
ucts, the authors tested other acids, obtaining the products 88q,r
in good to high yields (55-80%). Finally, scalability of the
method was demonstrated up to multigram scales (up to
50 mmol) via a continuous flow approach. Multigram quanti-
ties of products 88b (8.44 g), 88s (2.16 g) and 88t (3.73 g) were

accessed using a recirculated flow setup depicted in Figure 49,

in which the solution was circulated through Teflon tubes
exposed to three CFL bulbs for 20-38 h with a residence time

of 3 minutes ‘per pass’.

HO OAc

[—
Tt

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

Lambert’s group also described a method for the regiodiver-
gent aminooxygenation of aryl olefins under similar PEC condi-
tions with TAC™ as catalyst (Figure 50A) [217]. This protocol
forms aryl-substituted 1,2-aminoalcohols of both regioisomeric
configurations 91 and 92 that are important architectural motifs
in many complex molecules [218], including natural products
[219,220], chiral auxiliaries and ligands [221]. In the proposed
mechanism (Figure 50B), oxidative SET activation of alkene
87b occurs by the electrochemically activated *TAC*2*,
Radical cation 87b"* can be trapped by water leading to the
radical 94a, whose SET oxidation (either by *TAC"2* or the
anode) and nucleophilic trapping by MeCN yields the interme-
diate 96a through the intermediate 95a (Figure 50C). Intramo-
lecular addition of the hydroxyl group to the nitrilium ion leads
to the oxazoline product 91a. According to the authors, water is
competitive as the second nucleophile, leading to formation of
diol 97a, particularly when present in large excess (dashed grey
path in Figure 50B). On the other hand, the use of urethane 93
as nucleophile instead of water leads to the formation of radical
98a via trapping of radical cation 87b"*. Oxidation of 98a leads
to cyclization at the carbamate carbonyl oxygen, furnishing
product 92a. For the reaction with water as nucleophile, various
cyclic and acyclic alkenes were found to undergo efficient
aminooxygenations with high levels of syn diastereoselectivity
(91b—d, Figure 50C) and in good yields (58—61%). Further-

more, reaction conditions were well-tolerated by a wide range

L

X =H, 88b, 74% 88e, 72% 88f, 50% 889, 56%
X =F, 88c, 69%
X =CN, 88d, 55%
AcO AcO
OH OH m /\)\ﬁ
A
| P o\
R
88h, 65% R = CHO, 88i, 58% 88m, 53% 88n, 71%
R = CH,0H, 88I, 68%
Br AcO HO O
OH % ¢ D)
N
2 *“O
880, 31% 88p, 50% 88q, 55% § 88r, 80%

Figure 48: Selected examples from the substrate scope.
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Figure 49: Photoelectrochemical acetoxyhydroxylation in a recirculated flow setup.

of aryl olefins bearing different functional groups, such as fluo-
rine and alkyne (91e,f). An intriguing example from the scope
involves the utilization of 1,3-dienes as the starting material,
which exclusively undergoes functionalization at the olefin po-
sition distant from the aromatic ring (91g,h). The authors then
switched the focus to the regioisomeric products 92 using 93 as
reactant. Again, a variety of 1,2-disubstituted and trisubstituted
were tested (92b—f, Figure 50C), leading to the products in good
to high yields (65-86%).

3.1.2 Heteroarene activation: The radical-mediated C-H
Minisci-type [222] functionalization of heteroarenes like 99
enables rapid construction of 2-alkyl-substituted heteroaro-
matic building blocks [223], which are found in a variety of
natural products, organic materials, small molecule drugs, and
ligands [224]. Carbon-centered radicals can be generated under
photoelectrochemical conditions from various precursors. In
one of the seminal examples of contemporary synthetic PEC,
Xu and co-workers used trifluoroborates under recycling PRC
conditions with Fukuzumi’s catalyst [225] *Mes-Acr*
(Figure 51A) [226]. As aforementioned (vide supra,
Figure 34B), irradiation of Mes-Acr™ produces its highly
oxidizing photoexcited state, *Mes-Acr* (*Eq, = +2.06 V vs
SCE) [227-229]. SET between the latter and organotrifluoro-
borate 100 generates the acridinyl radical Mes-Acr® and an
alkyl radical (Figure 51B) [230]. Mes-Acr” is then oxidized on
the anode surface to regenerate Mes-Acr™ in the typical recy-
cling e-PRC manifold. The resulting alkyl radical adds to the
protonated heteroarene 99-H at the 2-position to give the radical
cation 102a, which is then deprotonated affording a C-radical

intermediate 103a [231]. A subsequent deprotonation affords

the desired protonated product 101a-H. A large range of
heteroarenes were used as radical acceptors, including isoquino-
lines, phenanthridines, phthalazines, benzothiazoles acridines
and purines (41a—e, Figure 51C). The conditions employed
tolerated amine, alcohol, olefin and alkyne functional groups, in

both the heterocyclic partner and radical precursor.

Carbon-centered radicals can be also directly generated from
carboxylic acids, which are inexpensive, stable and nontoxic
feedstocks [89,232-236]. The carboxylate group upon oxidative
SET evolves in the form of CO,, thus acting as a traceless
leaving group. Xu and co-workers leveraged this by reporting a
decarboxylative C—H alkylation of heteroarenes 99 under PEC
conditions with CeCl3-7H,0 as catalyst (Figure 52A) [237].
The reaction begins with the anodic oxidation of the catalytic
precursor Cell to Ce!V, followed by the coordination of the
latter by the carboxylic acid 104a to form complex 104a’
(Figure 52B).

Upon photoexcitation, 104a' undergoes a ligand—metal charge

transfer (LMCT) and cleavage to regenerate Celll

and yield
carboxyl radical 105a, which decarboxylates leading to alkyl
radical 106a [238,239]. Addition of the resulting alkyl radical to
protonated 99-H at the 2- position affords radical cation 107.
This transient species loses a proton to give radical 108, whose
SET oxidation furnishes the protonated product 101f-H. Several
different examples of carboxylic acids were tolerated by the
reaction conditions (primary, secondary, tertiary, a-alkoxy and
aliphatic, 101f—j in Figure 52C). A limitation is that the 4-posi-
tion of the heteroarene must be blocked to prevent competing

radical addition.
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Figure 50: A) Radical ion e-PRC aminooxygenation of aryl olefins using TAC* as an electro-activated photocatalyst. B) Proposed mechanism for the
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cycle. C) Selected examples from the substrate scope.

A very similar protocol was reported by the Wang’s group
[2401], which employs a Fell-based photoredox catalyst for
decarboxylative C—H alkylation of quinoxalin-2(1H)-ones 109
(Figure 53A). The initial stages of the mechanism involve, as
observed for cerium (vide supra), the generation of the photoac-
tive Felll-carboxylate complex 104b’ (Figure 53B) [99]. The
photoinduced (435-445 nm) LMCT process leads to 105b, the
precursor of the reactive alkyl radical 106b via decarboxylation.
The C-centered radical was observed by HRMS via TEMPO or

BHT radical trapping experiments when R = adamantyl. Cou-
pling of this radical with 109 generates intermediate 111, which
via a 1,2-H shift yields 112. Finally, anodic oxidation and de-
protonation affords the reaction product 110. Different radical
acceptors with halogenated (F, Cl and Br) aromatic rings were
well-tolerated under the reaction conditions, resulting in prod-
ucts 110b—d in high yields (82-91%, Figure 53C). Both second-
ary and tertiary alkyl carboxylic acids led to desired products
110e—g in good to excellent yields (63-91%).
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Figure 52: A) Recycling e-PRC decarboxylative C—H alkylation of heteroarenes using CeCl3-7H20 as catalyst. B) Proposed mechanism. C) Selected

examples from the substrate scope.

The reports of Xu and co-workers as well as Wang and
co-workers prove that LMCT is an effective, economical and
eco-friendly strategy for homolytic cleavage of complexes of
earth-abundant first-row and lanthanide metals such as Ni, Cu,
Fe and Ce, to generate reactive radicals for couplings under
PEC conditions [241], as well as under conPET conditions (vide

supra, Figure 20, Fe-based catalyst).

Xu and co-workers extended their previous alkylation method
(vide supra, Figure 52) to alkyl oxalates 113 as precursors to
alkyl radicals in the absence of any transition metal catalyst
(Figure 54A) [242]. The alkyl oxalate 113a reductively
quenches the photoexcited catalyst *4CzIPN (*E;, = +1.35V

vs SCE) to afford 4CzIPN"~ and the alkyl radical 106¢ after
double decarboxylation (Figure 54B) [243]. Addition of the
latter to the protonated heterocycle 99-H produces radical cation
107, which undergoes an SET reduction by 4CzIPN°"" to obtain
1,2-dihydroquinoline 114 with concomitant regeneration of
catalyst. Lastly, 114 is SET oxidated at the anode to furnish
product 101f-H. While the reaction was suitable for various
examples of secondary and tertiary oxalates (101k-o,
Figure 54C), primary oxalates were ineffective alkyl radical
precursors.

Xu's group also deepened the application of decarboxylative

radical formation in a PEC carbamoylation of heteroarenes
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Figure 53: A) Recycling e-PRC decarboxylative C—H alkylation of heteroarenes using Fe(NH4)2(SO4)2-6H20 as catalyst. B) Proposed mechanism.

C) Selected examples from the substrate scope.

using 4CzIPN as photocatalyst (Figure 55A) [237]. The latter,
upon photoexcitation (455 nm), oxidates the oxamate 115 in a
SET process leading to the carbamoyl radical 117 through
decarboxylation (Figure 55B). The reactive radical adds to
protonated heteroarene 99-H resulting in radical cation 118,
SET reduction of which (by 4CzIPN"", or by the cathode)
affords 119. The latter intermediate was detected in a HRMS
experiment when R = NHCy. Finally, oxidation of dihydro-
quinoline 119 yielded the protonated product 56-H. Alternative-
ly, the authors proposed deprotonation of 118 affords radical
120 which could be oxidized by ground-state 4CzIPN or
by the anode (grey dashed mechanism). The substrate scope

featured various examples of oxamic acids (bearing primary,

secondary and tertiary N-substituents) and various electron-defi-
cient N-heteroarenes (affording compounds such as 116b—e)
(Figure 55C).

Another important vehicle to access Minisci reactive pathways
is a direct C(sp3)—H bond activation via HAT, a method capable
to generate radicals that are hard to obtain from photocatalytic
SET or electrochemical transformations [244-246]. Con-
ceptually relating to the conPET report of Meyer, Hu and
co-workers (vide supra, Figure 33), the Xu group utilized
PEC to access chlorine radicals (C1°) under remarkably acces-
sible reaction conditions, furnishing HAT agents to afford

C(sp?)-H alkylations of heterocycles like 2-phenylquinoline
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Figure 54: A) Recycling e-PRC C—H alkylation of heteroarenes with alkyl oxalates and 4CzIPN as photocatalyst. B) Proposed mechanism
C) Selected examples from the substrate scope.

121 (Figure 56A) [141]. Anodic oxidation of chloride generates
chlorine (Cly). Subsequential light irradiation homolytically

tion of CI° [247]. Then, CI°* engages unactivated C(sp3)-H
cleaves Cl, (Figure 56B) and regulates a steady-state concentra-

bonds such as those of cyclohexane (122a), affording C-radi-
cals (such as 122a°).
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Figure 55: A) Recycling e-PRC decarboxylative C—H carbamoylation of heteroarenes using 4CzIPN as photocatalyst. B) Proposed mechanism.

C) Selected examples from the substrate scope.

The high bond dissociation enthalpy (BDE) of HCI
(102 kcal mol™!) ensures that CI° can react with a plethora of
activated and unactivated aliphatic C—H bonds [139,140,248-
250]. The C-radical reacts with the heteroaromatic compound
121 to yield a radical cation intermediate 123, which can then
undergo rearomatization to furnish the protonated product
101p-H. Corroborating the intermediacy of a cyclohexanyl
radical, the authors conducted a control experiment using an
allylic phenyl sulfone 121’ as reactant and detected the allylic

radical substitution product 101’ (Figure 56C). Continuous gen-
eration of Cl, by anodic oxidation and its photolysis avoids the
direct use of toxic Cl, gas and regulates a manageable low con-
centration at any given time [251].

The substrate scope was relatively broad with regard to both
radical precursors and heteroarenes, tolerating many sensitive
functional groups and affording products such as 101q—w gen-
erally in moderate to high yields (45-83%) (Figure 57A). The
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of the proposed radical with an allylic sulfone.

authors achieved synthesis of 101z on a gram and even deca-
gram scale by employing a recirculated semi-continuous flow
setup (Figure 57B).

A seminal report in the photoelectrochemical HAT field was
made by Ravelli and co-workers in a cross-dehydrogenative
coupling (CDC) of benziothiazoles 124 and aliphatic C—H
bonds (e.g., cyclohexane 122a in Figure 58A) [252] using tetra-
butylammonium decatungstate (TBADT, (n-BugN)4[W¢03,])
[253]. The authors studied a plausible mechanism through
kinetic analysis and laser flash photolysis (LFP). In particular,
the excited state of TBADT is generated upon light irradiation
(Figure 58B). *TBADT can activate unactivated C(sp3)—H
bonds (such as those of cyclohexane 122) via HAT to yield the

carbon-centered radical 122a°, which adds to the 2-position of
benzothiazole 124 to generate the radical intermediate 126. The
authors then proposed two different pathways to access the
target coupling product 125a. Firstly, 126 undergoes to a back-
HAT (b-HAT) from the reduced form of the catalyst, TBADT-
H to generate the compound 127, that affords the product
through a photochemical oxidative cascade process where
*TBADT acts as the oxidant. In the second possibility, 126 can
undergo a proton-mediated spin center shift (SCS) process to
give 128 and then TBADT serves as reductant to regenerate
aromacity. Regarding the substrate scope, different benzothia-
zoles and C(sp°) radical precursors were envisioned, affording
coupling products such as 125b—f in moderate to high yields
(47-88%, Figure 58C).
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and its Minisci-type reaction.

Lastly, Lambert and co-workers reported a PEC protocol for
coupling alkyl ethers 129 with isoquinoline derivatives 130 in-
volving TAC? as catalyst (Figure 59A) [254]. As usual, TAC*
initially undergoes anodic oxidation and then photoexcitation to
afford *TAC"2* (Figure 59B). Rather than SET oxidation
of the substrate, authors proposed HAT (supported by kinetic
isotopic effect of ky/p = 3.0) directly from the tetrahydrofuran
129a to *TAC"2* to generate the corresponding radical 129a°
and the protonated form of the photocatalyst TAC-H2*. At this
stage, carbon-centered radical 129a° can undergo coupling
reaction with 130a to yield the intermediate 132. Subsequently,
a second oxidation occurs via *TAC*2* along with the loss
of a proton, resulting in the formation of the target product
131a. According to the authors, it is not possible to completely
exclude SET activation of the ether partner (the KIE could also
be attributed to deprotonation of the ether radical cation),
nor possible to rule out the alternative pathway from C-centered
radical 129a° by SET oxidation to the oxocarbenium 129’
followed by nucleophilic addition of 130a (grey dashed path-
way in Figure 59B). With the optimized conditions in hand, a

variety of isoquinoline partners tested with 129a, giving rise

to products like 131a—c in very good to high yields (72-81%)
(Figure 60).

Regarding the regioselectivity using different ethers, 2-methyl-
tetrahydrofuran generated single regioisomers such as 131d.
Interestingly, while a notable regioselectivity for primary over
tertiary C—H ethers bonds was observed (131e and 131f), the
competition between primary and secondary C—H bonds
resulted in substitution at the secondary position (131g). Thus,
in the latter case, the greater stability of the intermediate radical
outweighed the steric difference. The authors extended the
method to vinyl sulfones (133a—c) — due to ease of removing

the phenylsulfonyl group — and to azoles (134a—c).

3.1.3 Alkene and alkyne activation: Alkene activation: Benz-
imidazo-fused isoquinolines are recurrent motifs in many phar-
maceutical products (e.g., antidiabetic and antitumor agents)
and advanced organic materials (e.g., organic electronics and
organic colorant, the so-called ‘carbonyl-dyes’) [255,256].
Classical methods for obtaining these motifs consist of high-

temperature (130-150 °C) condensation reactions [257], or
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Figure 58: A) Photoelectrochemical HAT-mediated dehydrogenative coupling of benzothiazoles with aliphatic C—H bonds using TBADT as catalyst.

B) Proposed mechanism. C) Selected examples from the substrate scope.

milder yet more expensive rhodium-based catalyzed [4 + 2]
annulation conditions [258]. Owing to these drawbacks, the
development of new cutting-edge strategies for their synthesis
has therefore attracted interest. Several protocols have been re-
ported in recent years, showing how these motifs can be ob-
tained from radical addition/cyclization cascade processes
[259,260]. Aliphatic carboxylic acids [261], alkyl boronic acids
[262], N-hydroxyphthalimide esters (NHPI esters) [263,264] or
Katrizky salts [265] can all be used as radical precursors under
photoredox or electrochemical conditions. Naturally, these
are not so atom economical and the use of non-prefunctional-

ized alkyl radical precursors would increase atom economy.

Although a step in this direction has been taken by the group
of Wei and co-workers [266], a potentially explosive peroxide
radical was necessary. However, recently, Xu, Zeng and
co-workers reported an interesting PEC cerium-catalyzed
radical addition/cyclization process for the incorporation of
unactivated alkanes 136 as radical precursors [267], by
exploiting a PEC HAT to generate an alkyl radical directly
from the unactivated alkane (as described previously by
Xu, Ravelli and Lambert; Figures 56-59). This generated
alkylated benzimidazo-fused isoquinolinones and other corre-
lated N-bearing cycles 77 starting from compounds like 135
(Figure 61A) [267].
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The proposed mechanism was supported by kinetic isotope
effect (KIE) experiments, cyclic voltammograms (CV), UV-vis
spectroscopy and comparisons with previous reports
[238,268,269]. Anodic oxidation of CeMl in the presence of
n-BuyN-Cl and MeOH was proposed to afford the complex
MeO-CelVCl,_;, which undergoes homolytic cleavage through
a ligand to metal charge transfer (LMCT) under 405 nm LED
irradiation. The authors claimed formation of MeO®
(Figure 61B), rather than CI°, on the basis that other alcohols
such as hexafluoroisopropanol (HFIP), CF3;CH,OH and
CCI3CH;OH led to lower product yields. At this point, the HAT
process from cyclohexane to electrophilic MeO*® affords the
cyclohexyl radical, which undergoes radical addition to the
double bond of 135a to yield intermediate 138, which can then
cyclize to 139. Finally, SET oxidation of the latter by Ce(IV)
and subsequential deprotonation of 140 generates the benzimi-

dazo-fused isoquinolinone 137a. The alternative possibility of

LMCT to afford CI° cannot be excluded (grey pathway in
Figure 61B), especially since i) a 13% product yield was ob-
served for the model reaction without MeOH and ii) different
electrolytes like n-BuyN-Br or n-BuyN-I led to the model reac-

tion product in only low or trace yield.

Regarding the substrate scope, the authors demonstrated that
both secondary and tertiary C(sp>)~H-bearing compounds were
successfully incorporated to afford the products in moderate to
good yields (49-56% for 137b and 137c in Figure 61C). Then,
the scope of N-methacryloyl-2-phenylbenzoimidazoles was
explored, e.g., with 1-chloroadamantane or cyclohexane, result-
ing in products such as 137d and 137e in moderate to good
yields (49-66%).

Alkyne activation: a,a-Dihaloalkyl derivatives play a funda-

mental role in pharmaceuticals and natural products like AML
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inhibitors and antiviral drugs [270-272]. They constitute impor-
tant building blocks in the synthesis of various chemical
intermediates like cyclopropanes and 2-keto(hetero)aryl
benzox(thio)azoles [273-275]. Methods for their synthetic
access have garnered attention, the most straightforward of
which is the direct oxydichlorination of alkynes. There are
excellent examples of this process in the literature [276-280],
but all suffer from several limitations. Among them are the use
of excess strong chemical oxidants, divided cell direct electroly-
sis (high cell resistance), strongly acidic conditions or atom
uneconomical chlorinating agents like N-chlorosuccinimide
(NCS).

Hence, Chen and co-workers reported a dPEC oxydichlorina-
tion starting from alkynes such as 141, catalyzed by CeClj
under PEC conditions (Figure 62A) [281]. The optimized
conditions employed LiClOy as electrolyte and MgCl,-6H,O as
a source of CI° (a much cheaper and more atom economical
source in comparison to NCS) in a mixed MeCN/water solvent.
The authors examined numerous arylalkynes and observed that
ethynylbenzene and substrates bearing benzylic alkyl substitu-
ents were successful (142a,b, Figure 62B). Both electron-rich

gg
b
Q

134c, 73%
I

and -poor substituents were tolerated affording products in very
good yields (73-78% for 142¢,d), while 4-MeO-substituted
phenylacetylene mostly polymerized and only gave a modest
product yield (142e). The method was also tested on an aliphat-
ic substrate (4-phenyl-1-butyne), resulting in the product 142f
in 26% yield. Although the authors did not investigate further
the reactivity between aromatic and aliphatic alkynes, it is pro-
posed that the low efficiency of the latter is due to the absence
of the aromatic ring to stabilize the reactive intermediate 143a
or 141a° (Figure 63). Internal acetylenes were also successful,
affording alkyl-substituted dichloroketones such as 142g. A
series of electron-poor functional groups (halogen, trifluoro-
methyl) were compatible (142h,i), a diarylalkyne and propar-
gylic alcohol were tolerated (1421,m).

Concerning the mechanism, the authors proposed anodic oxida-
tion of CeClj to a [CeVCl,,] species, followed by release of
CI" via photoinduced LMCT (Figure 63). Trapping of CI* by
the alkyne 141a affords alkene radical intermediate 141a°,
whose oxidation leads to carbocation 141a*. Subsequential
nucleophilic addition of water and deprotonation was invoked

to access enol 143a. The latter is transformed to enol radical
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143a° via a tandem process of deprotonation and anodic oxida-
tion (path A). The final product 142a is formed via chlorine
radical termination with 143a°. Alternatively, the process
143a — 143a° could be achieved either by the HAT reactivity

of CI' (path B) or the LMCT activity of a Ce!Y enolate (parh C).

3.1.4 (Hetero)cycles activation: The selective cleavage and
functionalization of C—C bonds is a strategy of growing impor-
tance in organic synthesis [282-284]. In particular, the B-scis-
sion of C—C bonds in alcohols has proven a key target owing to
the privileged abundance of these moeities in biomass chemical
feedstocks [285,286]. The key driving force for 3-scission is the
formation of a strong C=0 bond from an alkoxy radical, which
is challenging to generate due to its high O—-H bond dissocia-
tion energy (=105 kcal mol™"). Strong, stoichiometric chemical

oxidants such as bromine, hypervalent iodine agents or Select-

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

Fluor® have been previously used to achieve this [287-291].
Thus, the development of milder and greener protocols without
stoichiometric oxidants is desirable and one such reported ap-

proach leverages PEC.

Onomura and co-workers first realized a PEC ring-opening bro-
mination of unstrained tert-cycloalkanols 144 to afford
w-bromo-substituted ketones 145 by using MgBr;-6H,0 as a
source of Br* (Figure 64A) [292]. This paper contributes to the
vast field of halogenated ketone synthesis, which is important
since these compounds constitute versatile building blocks in
the formation of various heterocyclic compounds (e.g., cyclic
imines) [293-295], functional materials (e.g., conjugated poly-
mers and liquid crystal dimers and trimers) [296-298] and bio-
logically-active molecules (e.g., 5-HT4 receptor agonists and
5-HT7 receptor ligands) [299-301]. The optimized conditions
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Figure 64: A) Decoupled photoelectrochemical ring-opening bromination of tertiary cycloalkanols using MgBrz as Br* source. B) Proposed mecha-
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reported by the authors consist of Me4NOH as both a base and
phase transfer catalyst (PTC) in a mixture of AcOMe/H,0 at
0 °C using an undivided cell and a CFL bulb (27 W).

In the mechanism, the bromide ion is SET oxidized (twice) at
the anode to generate the bromine cation species (Figure 64B).
The reaction between the latter and the starting material 144a
yields a hypobromite intermediate 146, which can undergo
light-promoted homolytic cleavage of the O—Br bond to
generate the alkoxy radical 147. Then, the latter is trapped by a
bromo radical (or other hypobromite species) to afford the
radical carbon intermediate 148, which reacts with Br" to yield
the w-bromoketone 145a. Regarding the substrate scope, cyclo-
hexanols bearing an electron-withdrawing group such as chloro
(145b) or trifluoromethyl (145¢) afford the target product in
good to high yields (67-80% in Figure 64C). The steric hin-
drance of an ortho-Cl atom did not compromise the yield of
145d. Unsymmetrical substrates led selectively to the products

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

like 145e via regioselective B-scission to generate the more
stable (secondary) alkyl radical. Finally, tetrahydropyranol and
piperidinol derivatives were successfully transformed into the

desired products in very good yields (76-77% for 145f,g).

Subsequently, Lei and co-workers reported a redox-neutral PEC
method for ring opening functionalization of cycloalkanols 149
or 150 using CeClj as catalyst (Figure 65A) [268]. Their
protocol allowed cleavage of cycloalkanols with different sizes
and tolerated a vast range of functional groups, allowing the
scope of downstream functionalization to be notably broadened
beyond bromination. Mechanistically, CeClj is solubilized in
MeCN with the help of EtyN-Cl, leading to a [Ce"Cl¢]3~ com-
plex which was identified as the active catalyst state
(Figure 65B). The latter is oxidized at the anode to Ce(IV),
which immediately reacts with the cyclic alcohol 150a to yield
a Ce(IV)-alkoxide species via ligand exchange in the presence
of base. Thereafter, the Ce(IV)-alkoxide undergoes a photoin-
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duced LMCT homolysis process to form radical 150a° and
regenerate the [Ce''!Clg]3~ complex. The former undergoes
B-scission to break the C—C bond, resulting in radical 153.
Radical addition—elimination of 153 to the arylsulfonyl com-
pound (such as tert-butyldimethyl(tosylethynyl)silane 154 in
Figure 65B) generates product 151a and liberates the sulfonyl
radical, which is then reduced at the cathode to form a nontoxic
benzenesulfonate. Therefore, and notably, this reaction occurs

in an overall redox neutral fashion.

The optimized conditions were applied to cycloalkanols of dif-
ferent ring sizes — from a three-membered ring to a seven-mem-
bered ring — in an overall fragmentative cyanation reaction
affording the desired products (151b—e) in moderate to good
yields (53-67% in Figure 66). Electron-donating groups and
electron withdrawing groups (151f-h) were all tolerated. Inter-
estingly, heterocyclic alcohols were tolerated, giving the desired
products 152a,d in moderate to high yields (43-82%). Together
with the protocol of Onomura and co-workers (Figure 64), this
shows how PEC provides an oxidative platform for engaging
cyclic alcohols and amines that is complementary to the reduc-
tive conPET strategy for the carboxylative ring-opening of
cyclic amines (vide supra, Figure 22). Finally, the protocol
could be extended to engage intermediate 153 in downstream

cyanation reaction

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

alkynylations (151i—n), thioetherifications (152e—g), chlorina-
tions (1510), alkenylations (151p), arylations (151q) and reac-
tions with oximes (152h-1), demonstrating a notably broad

scope of applications.

3.2 Reductive activation

3.2.1 Arene C(spz)—X activation: As mentioned in the intro-
duction (vide supra), a key focus of PRC in recent years and
justification in the efforts to merge photo- and electrochemistry
has been on the development of novel approaches for achieving
extreme reduction potentials (EP.oq < -2 V vs SCE) without
using dissolving alkali metals. While the concomitant conPET
approach represented an important initial step towards a safe
and chemoselective protocol, it has certain limitations that need
to be addressed. These limitations include i) the need for
multiple photons which are expensive to generate, ii) the
requirement for a carefully balanced system in which both cata-
lyst oxidation states absorb light and undergo PET processes
under the same reaction conditions, iii) the interference of by-
products from sacrificial electron donors in the reaction path-
way (and their separation from the desired products). A typical
example of the latter is a trialkylamine such as EtzN, which can
1) limit the steady-state concentration of (radical anion) reduc-
tive photocatalyst/hinder downstream reactivity by back elec-

o
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Figure 66: Selected examples from the substrate scope of the PEC ring-opening functionalization.

1125



tron transfer to Et3N"*, ii) promote intermediate radical
quenching via HAT (either involving EzN** or the derived
a-amino radical), iii) effect other pathways like XAT (from the
derived a-amino radical).

Therefore, researchers identified electrochemistry as a direct
and more flexible alternative for generating a high steady-state
concentration of (radical anion) reductive photocatalyst from its
neutral precursor via cathode reduction. By using a divided cell
configuration, the risk of interference from oxidized byprod-
ucts can be suppressed or entirely eliminated.

With this idea in mind, Lambert, Lin and co-workers reported a
radical ion e-PRC reduction of chloro- and bromoarenes 155
using 9,10-dicyanoanthracene (DCA) as catalyst (Figure 67A)
[302]. In their mechanistic proposal, the DCA catalyst under-
goes cathodic reduction to generate DCA*~, which is then pho-
toexcited to afford a powerful reductant [52]. The authors pro-
posed that *DCA"~ can donate an electron to the aryl halide 155
to furnish intermediate 155"~ and to regenerate the DCA cata-
lyst (Figure 67B). Aryl halide radical anion 155°~ then under-
goes mesolytic C(sp?)-X cleavage to form an aryl radical that is
trapped by an electrophile (B,Pin,, (Het)Ar or SnpMeg respec-
tively) to furnish the target products. The authors could not rule
out the possibility of a photoinduced reductive quenching of
DCA at the cathode to form DCA®™ (grey pathway in
Figure 67B). However, this seems implausible because i) DCA
is not efficiently excited by the blue LEDs and ii) the
Beer-Lambert dependence would dictate light penetration only
in the bulk solution within a thin film at the reactor walls,
shielding transmission of light to the electrode. Remarkably,
electron-rich aryl halides like 4-bromo- and 4-choroanisole
could be reductively engaged in SET, leading to their corre-
sponding borylated (156a,b), (hetero)coupled (157a) and stan-
nylated products (158a) (Figure 67C). Without delving into the
details of substrate scope that was concisely described in a
previous review [28], it is interesting to further elaborate on the
mechanism and to compare with the conPET report (vide supra,

Figure 9).

According to the estimation of the authors made by the
Rehm—Weller equation [303], *DCA"~ displays an exception-
ally high reducing potential of *E/; = -3.2 V vs SCE. Howev-
er, this value is 0.6 V more negative than the value calculated
by Jacobi von Wangelin, Pérez-Ruiz and co-workers [52] and
recently by Vauthey and co-workers [53] (section 2.1.1, vide
supra). The difference lies in the fact that the —3.2 V value was
calculated on the basis of an excited-state energy of 2.38 eV
(and not the D state energy of 1.75 eV) extracted from the
absorption and emission spectra presented in the work of

Eriksen [304], which was later found to be associated with a

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

follow-up reaction product of DCA*~ (discussed below). This
follow-up reaction product was also responsible for the
nanosecond lifetime (13.5 ns) that was incorrectly ascribed to
*DCA*” (1 # 13.5 ns), with the correct picosecond lifetime
being later reported by Vauthey (T = 3 ps).

Photophysical properties aside, a very interesting aspect is that
the conceptually analogous conPET protocal using DCA (vide
supra, Figure 9) [52] did not achieve reductive activation of
electron-rich aryl halides like haloanisoles (affording — at most
— 6% yield). Since this discrepancy between the reports has not
been previously addressed, we propose two different explana-
tions:

i) the steady-state concentration of DCA®~ generated under
e-PRC favors a preassembly with the substrate, that may enable
access to higher order excited states (Dy>1) of *DCA*~ and/or
facilitate cleavage of [Ar—X]*~ that is likely rate-determining;

ii) the active species involved in the process was not the radical
anion species ¥*DCA"", but rather a 10-cyanoanthrolate species
(159 in Figure 67B). The 10-cyanoanthrolate is known to form
in quantitative yield during cathodic reduction of DCA without
rigorous exclusion of oxygen [305,306], and gradually further
transforms to anthraquinone (which Lambert, Lin and
co-workers reported was also a successful catalyst precursor,
albeit affording a lower yield of product compared to the DCA
precursor). The brown color and UV-vis bands of the reaction
mixture reported by Lambert, Lin and co-workers [302] corre-
sponds better with the 10-cyanoanthrolate spectra of Breslin and
Fox [305] than with the purple color and UV-vis bands of
DCA™.

However, although the formation of 10-cyanoanthrolate in the
reaction of Lambert, Lin and co-workers is obvious, there is no
evidence to suggest its excited state is reductive enough to
engage the electron-rich aryl halides. Konig and co-workers re-
ported a 9-anthrolate photocatalyst without substituents at the
10-position that could only engage electron-poor aryl chlorides
[307]. Having a 10-cyano substituent would stabilize the
anthrolate further and thus render its excited state even less
reducing.

Overall, we conclude based on the evidence available so far that
either *DCA"™ (D,>) is the active catalyst via a preassembly
with the aryl halide, or 10-cyanoanthrolate preassembles with
the aryl halide in a manner that accelerates cleavage of
[Ar-X]"".

Simultaneously to the report of Lambert, Lin and co-workers,

Wickens and co-workers reported a noteworthy investigation on
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the reductive dehalogenation and activation of aryl halides tested under appropriate conditions of constant potential
[308]. Initially, the authors investigated the dehalogenation and visible light (Figure 68A). Perylene diimide (PDI,
reaction of 4-bromobiphenyl 160 (EP.q = —2.40 V vs SCE), as  Ej, =—0.43 V vs SCE) was found to be poorly effective (<5%)

depicted in Figure 68A [308]. Four arylimide catalysts were in the reaction, whereas the naphthalene-based analogues,
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NpDI (EI/Z =-0.8 Vs SCE) and NpMI (E1/2 =-132V s
SCE), exhibited much improved yields (15% and 68%, respec-
tively). This finding is intriguing since the reactivity of PDI
was known both under electrochemical and photochemical
conditions (after excitation with two photons, vide supra)
[15,309], whereas the reactivities of NpDI and NpMI deriva-
tives were previously little explored, despite photophysical ex-
periments indicating they would furnish more potent reductants
by electron-priming [310]. The screening of catalysts con-
cluded with the phthalimide derivative PhMI (Ej, = -1.4 V vs
SCE), which was far less effective than NpMI despite a compa-
rable redox potential. The extended naphthalene m-system is
clearly necessary (either for photoexcitation or to promote a

preassembly with the target substrate).

Thus, the Wickens group employed NpMI as catalyst for an
e-PRC Arbuzov reaction [311], beginning with aryl chlorides
(155 in Figure 68B) [308]. Generally, the photo-Arbuzov reac-
tion refers to a carbon—phosphorus bond-forming reaction that
proceeds through an aryl radical intermediate to generate a
pentavalent phosphorus species (vide supra, section 2.1.1)
[312]. Wickens’ group utilized triethylphosphite 161 to trap the
aryl radical generated via SET to the chloride from the radical
anion *NpMI"~ (*E;,, = —2.81 V vs SCE), the latter of which
was generated by cathodic reduction and photoexcitation
(Figure 68B).

Aryl chloride substrates bearing potentially sensitive functional
groups such as esters (162¢) and nitriles (162d) were suitable
for SET phosphorylation. Overall, good yields of products were
observed, providing a PEC strategy that is complementary to
the subsequently reported conPET method (discussed vide
supra, Figure 11). The method was expanded to heteroaryla-
tions using N-methylpyrrole as the trapping reagent, affording
products 157a—d in moderate to high yields (41-81%).

In particular, the reaction successfully engaged 4-chloroanisole
(162a) and an even electron-richer aryl chloride (EPoq = -3.4 V
vs SCE) was converted (162b). This result indicates that
*NpMI'~ possesses a reductive redox power that is i) compa-
rable to the photoactive species in the study of Lambert, Lin and
co-workers [302] and ii) comparable to that of Li? (-3.3 Vs
SCE). Finally, both reports from the groups of Lambert/Lin and
Wickens found that e-PRC gave higher preparative yields com-
pared to direct electrolysis conditions [313], and dehalogena-
tion was not observed, demonstrating the key selectivity benefit
of e-PRC compared to electrolysis alone.

Following their investigation of the e-PRC reductive activation
of arenes, Wickens and co-workers extended their methodolo-

gy for reducing aryl halides to the reduction of aryl pseudo-

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

halides such as trialkylanilinium salts 163 and phosphonated
phenols 164 (Figure 69) [314]. Initially, they screened various
precatalysts that might, upon electro-activation and photoexcita-
tion, serve as potent reductants to convert N,N,N-trimethyl-
anilinium salt 163a to benzene. Among the tested species,
NpMI and its derivatives, such as NpImz, led to acceptable
yields of benzene (41-42%). Precursors to persistent organic
radical anions, including phenazine (PZ), fluorescein (FC), and
9H-fluoren-9-one (FL), generated similar yields of the product
(34-45%). By contrast, employing isophtaionitrile scaffolds led
to a substantial improvement in yield, with 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4-CzIPN) [315] re-
sulting in a 65% yield, while 4-DPAIPN [316] gave the highest
(98%) yield of benzene. Consequently, the latter compound was
selected for the subsequent experiments, wherein C(sp?)-N and
C(sp?)-0 cleavage processes were performed using a constant
potential of —1.6 V and 405 nm (Figure 70A).

The reaction conditions were well-tolerated by free alcohols
(165b), esters (165¢), and ethers, enabling C(spz)—N reduction
in moderate to excellent yields (50-98%). In addition, despite
the deep reduction potentials of phenol derivatives
(EPreq < —2.7 V vs SCE), a wide range of phosphate esters with
base-sensitive functional groups yielded the products 165e-h in
moderate to excellent yields (46-97%) (Figure 70B). Aryl
radical intermediates derived from anilinium salts and phos-
phonate esters could also be intercepted by trapping agents. The
C(sp?)-N and C(sp?)-O precursors were found to undergo
borylations, phosphonylations, and heteroarylations, affording
products 162e,f, 157e, and 156c¢.

Lastly, Bardagi and co-workers conducted a direct comparison
of reductive aryl halide coupling reactions mediated by conPET
and radical ion e-PRC [317]. Specifically, they investigated a
family of naphthalene diimides (NDI) as (electro-activated)
photocatalysts for the reductive coupling of 4-bromobenzo-
ntrile (166) with benzene. The authors synthesized a range of
diimides from commercially available naphthalene-1,4,5,8-
tetracarboxylic acid dianhydride (NDA) and a variety of
amines, leading to NDI1-5 shown in Figure 71A [318]. Under
conPET conditions, DIPEA served as a sacrificial electron
donor and DMSO as a solvent. Intriguingly, all catalysts
promoted the cross-coupling, with NDI2 delivering the highest
yield of 167 (32%) after 48 h, and benzonitrile (168, 23% yield)
as a byproduct. Encouraged by these results, the authors tested
the same catalyst under e-PRC conditions, evaluating both con-
stant current and potential conditions in a divided cell setup
with graphite and platinum electrodes. The optimal conditions
involved a constant current of =56 pA (employing a potential
cutoff E® < —1.06 V) or a constant potential of —0.56 V. After
48 h, conditions afforded 167 with a yield of 25-27% and only
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Figure 69: Screening of different organic catalysts for the e-PRC reduction of trialkylanilium salts.

6% of benzonitrile. These findings led the authors to conclude
that both conPET and e-PRC approaches are comparably effec-
tive for such reductive couplings of aryl halides in terms of
yields. While a conPET process requires a simpler setup, the
e-PRC method improves the selectivity with respect to hydrode-
halogenation (presumably due to the absence of DIPEA" as a H

atom donor).

Regarding the mechanistic comparison (Figure 71B), blue LED
irradiation of NDI in the presence of DIPEA generated NDI*~
via the conPET pathway, while cathodic reduction was em-
ployed in the e-PRC approach. The authors reported that the
concentration of NDI1*~ was ~5 x 107> M, indicating that
PET from DIPEA to NDI1* was efficient and BET were suffi-
ciently slow to ensure build up of a stable concentration of the
radical anion in the solution. Interestingly, electrochemical
generation of NDI1*~ led to even higher concentrations
(=0.7-2.0 x 107 M), possibly due to the absence of sacrificial

electron donors in the cathodic chamber which prevented BET.
Following photoexcitation, the authors proposed SET from
*NDI'™ to 166 (EP..q = —1.94 V vs SCE). This step was
feasible, considering the estimated reduction potential of
*NDI3"™ (*Eq/, = —2.14 V vs SCE) based on Egg = —1.64 V
[310]. After this crucial step, rapid mesolytic cleavage of
[166]°~ occurred (109711 s71) [76] to yield the aryl radical,
which could either i) abstract a H atom from the solvent (or
DIPEA'*) to generate byproduct benzonitrile (grey path) or
ii) undergo homolytic aromatic substitution (HAS) with

benzene to ultimately furnish coupling product 167.

3.2.2 C(sp3)-X activation: C(sp3)-O bond cleavages are high
priority targets, since alcohols are widely abundant feedstocks
deriving from nature and industrial hydroformylation processes.
Classically, this is achieved by elimination (acid- or base-cata-
lyzed) that can require high temperatures and do not tolerate

sensitive functional groups, requiring additional protection steps
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elsewhere in the molecule. Within this context, Barham, Konig
and co-workers reported the first e-PRC reductive cleavage
of an aliphatic C(sp)—-X bond — namely C(sp>)—-O bonds of
phosphinates of alkyl alcohols 169 — giving rise to olefins or
deoxygenated products (Figure 72A) [319]. Here, N-(para-
butoxyphenyl)naphthalene monoimide (n-BuO-NpMI) was
employed as an electro-activated photocatalyst, affording either
1) olefination products 170 in a Corey—Winter-type process if
there is a leaving group ‘X’ a- to the alcohol (X = Cl, Br), or
ii) deoxygenation products 171 when X = H as a mild and tin-
free alternative to the Barton—-McCombie process [320,321].

In the mechanism, n-BuO-NpMI is reduced at the cathode and
its radical anion n-BuO-NpMI]'~ engages phosphinate 169 in a
preassembly. Photoexcitation affords a potent reductant, *[n-
BuO-NpMI]'~ (*Ej, = —2.8 V vs SCE) (Figure 72B). SET
reduction of phospinate 169 (EP..q = —2.4 to =2.6 V vs SCE)
affords radical anion 171°~, effecting C(sp3)—O bond cleavage

(which is likely facilitated by the assembly) to liberate the phos-
phinate and generate C(sp>) radical 172. A further SET reduc-
tion (either by the cathode or by n-BuO-NpMI'") provides
carbanion 173 in a radical polar crossover [322,323]. With the
optimized conditions in hand, the authors explored a wide range

of olefination reactions (Figure 73).

Symmetrical and unsymmetrical Z-stilbenes 170a—c were ob-
tained in high yields with a tandem reduction/isomerization
process under the PEC conditions. Interestingly, this represents
the first example of a radical ion catalytic system that functions
both as a potent SET reductant and in a subsequent E/Z isomeri-
zation. Cyclic olefins could be readily accessed, giving prod-
ucts 170d—g in good to high yields (69-73%). This is an impor-
tant achievement since such types of internal olefins are diffi-
cult to access with classical olefination reactions and typically
require acid-/base-catalyzed eliminations whose site-selectivity

is hard to control. For example, while terminal olefin 170h was
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benzene. B) Proposed mechanism for conPET and e-PRC protocols.

obtained by the e-PRC method, conventional dehydration of the
corresponding tertiary alcohol would lead to the most substi-
tuted double C—C bond.

Interestingly, despite the deeply reducing electro-activated
photocatalyst, the reaction tolerated reductively labile substitu-
ents such as Ar—CF3 (170i) and Ar—OP(OR), (1701, reductive
cleavage of which was later reported by Wickens and
co-workers using *[4-DPAIPN]'", vide supra, Figure 70). The
authors thus questioned whether even halogens could be toler-
ated, which would go against all expectations from all the
aforementioned conPET and e-PRC reports. For this purpose,
phosphinates with either Ar—Cl or Ar—Br substituents were
tested and products 170m—o were generated in modest to good
yields (39-69%). Only traces of dehalogenated styrene were ob-
served, which was highly surprising i) in contrast to the reports

of Wickens and Lin/Lambert (vide supra), ii) given the potent

reductive power of *[n-BuQ-NpMI]"~ and iii) despite the simi-
lar redox potentials of phosphinates and aryl halides
(EPreq = =2.4 V for 4-bromobiphenyl [308]). The authors’
computational, spectroscopic and catalyst structural variation
experiments (i.e., NpMI did not work) revealed that the
N-aniline moiety of the radical anion catalyst engages in an inti-
mate and selective preassembly with target substrates, facili-
tating a rate determining C(sp3)—O cleavage step and ensuring
redox chemoselectivity over dehalogenations/other reductive
cleavages. The preference for a m-stacking preassembly of the
N-aniline moiety of n-BuO-NpMI'~ at the diarylphosphinate
group, rather than the aryl halide, could rationalize the toler-
ance of aryl halides. Finally, styrene-forming substrates con-
taining a longer-chain aliphatic or a benzyl group retained high
E-isomer selectivity (170p,q). e-PRC deoxygenations were also
achieved, affording 1,2-diphenylethane 171a and limonene
171b.
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Figure 72: A) Radical ion e-PRC reduction of phosphinated aliphatic alcohols with n-BuO-NpMI as catalyst. B) Catalytic cycle including proposed

preassembly.

Analogously to Mikaye’s conPET study (vide supra, section
2.1.4), the authors observed a nanosecond-lived emitting state
with an E_q value (56.6 kcal mol™!) similar to the triplet energy
of the E-stilbene (51 kcal mol™!), which rationalized the Z-stil-
bene formation by an energy transfer E/Z-photoisomerization
pathway. This was ascribed to a quartet state **[n-BuO-
NpMI"7], arising from ISC from the doublet state *2[p-BuO-
NpMI'"]. The possibility of a closed-shell decomposition
product of the catalyst with a similar singlet excited state life-
time (as reported by Nocera and co-workers) functioning in the
E/Z-stilbene photoisomerism cannot be fully ruled out [324].
However, the emitting species/a closed-shell decomposition
species can be excluded as the SET reductant since i) its
TCSPC lifetime was not quenched by phosphinate esters,

ii) the clear influence of the N-aniline substituent, electroni-

cally disconnected from the naphthalene moiety which is where
the transformation to the closed-shell decomposed catalyst

occurs.

Shifting focus away from C(sp3)-O cleavages to C(sp>)—Cl
cleavages, the direct generation of R® from alkyl halides — that
are challenging to reduce [325,326] — is a crucial aspect in
modern chemical transformations [327-332] that allows i) to
avoid issues with traditional alkylation and ii) to open a comple-
mentary radical reactive mode. Hence, there has been a consid-
erable interest in expanding the pool of alkyl halides compati-
ble with this type of transformation [325,333,334]. Peters and
co-worker reported how a dicopper diamond-type complex (re-
ferred to as [Cuy] in Figure 74A), previously developed in their

laboratory [335], served as an interesting electro-recycled

1133



e

170a, 78%
E/Z=1:10

170b, 72%
E/Z=1:10

Me FsC

Beilstein J. Org. Chem. 2023, 19, 1055-1145.

CO

170c, 81% 170d, 69%

E/Z=1:10

T o™ 20 oto T

170e, 77%

(EtO)2P0/©/6% Clm

170f, 78%

1701, 69% E-170m, 69%
~ AN
| =
170p, 68% 170q, 62%
E/Z = 10:1 E/Z = 20:1

Figure 73: Selected examples from the substrate scope.

photoredox catalyst for the reductive dimerization of benzylic
chlorides 174 (Figure 74A) [336]. According to the authors, this
specific catalyst was ideal for reductive processes owing to i) its
charge delocalization over the Cu,(u-N), core, ii) the steric
shieldng of the isobutyl and ferz-butyl groups which renders the
one-electron oxidized state [Cu,]* non-nucleophilic, avoiding
undesirable reactions of the benzylic radical and the ligands.

The authors proposed a mechanism based on Stern—Volmer
(SV) and time-resolved luminescence spectroscopy experi-
ments. Firstly, [Cuj] is photoactivated to generate a potent
excited-state reductant, *[Cuy] (¥*Ep = —2.7 V vs SCE). SET
reduction of benzyl chloride 174 (R = Me, EP,oq = —2.5 V vs
SCE) yields benzylic radical 174" and the ground state oxidized
catalyst [Cu,]* (Figure 74B). Dimerization of 174° generates
coupling product 170, while [Cu,]* is reduced at the cathode to
complete a recycling e-PRC process. Under the optimized reac-
tion conditions, LiNTf, serves two roles: i) a supporting elec-
trolyte, and ii) a chloride scavenger; since the chloride byprod-
uct from reductive C—Cl bond cleavage can interfere with
[Cu,]*. This undesirable reaction between catalyst and chloride
was confirmed by observing the color change of a solution con-
taining [Cu]* with or without LiCl. Without the addition of the

170g, 73%
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[ j Ph Br
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chloride source, the solution appeared brown in DME, a color
attributed to the active form of the catalyst. In the presence of
LiCl, a loss of red-brown color occurred over several hours, re-
sulting in a yellow solution and inactive catalyst. The optimal
reaction conditions tolerated electron-withdrawing groups para-
to the benzylic chloride such as esters and nitriles (170a,b,
Figure 74C) as well as electron-donating groups like methy],
methoxy (170c¢,d) and alkynyl (170e) groups. Secondary and
tertiary benzylic chlorides were successfully reductively dimer-
ized, affording the products 170f-h in good yields. However,
the transformation was limited to homodimerizations and no

crossed dimerizations were achieved.

Finally, a C(sp>)-N bond cleavage was achieved by the group
of Chen and co-workers, complementing the well-explored field
of PEC alkylation of heteroarenes (vide supra, section 3.1.2).
The authors employed dPEC deamination (Figure 75A) in a re-
ductive process [337] that cleaved Katritzky salts 177 [338-340]
to generate alkyl radicals. Broadly speaking, SET reduction of
177 produces species 177°, followed by exothermic fragmenta-
tion that provides alkyl species 179 (Figure 75B-i). However,
compared to endothermic addition of radicals to heterocycles,

exothermic radical coupling with precursor 177’ is often ob-
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served thus inhibiting the target reaction (Figure 75B-ii)

[341,342]. Despite the less than encouraging premises [343],

Chen and co-workers managed to develop a deaminative JPEC
C-H alkylation method for quinoline 176 using Ru(bpy)3-6H,O
as a photocatalyst, obtaining the products in good yields with
minimum quantities of byproduct 180 (Figure 75B). According
to the authors, constant potential conditions were indispensable
to selectively reduce the Katritzky salts and not the quinolines
and/or the products.

As shown in Figure 75C, when 176 was substituted at the 2-po-
sition, alkylation selectively occurred at the 4-position (such as
in 178a), while 2-position was regioselectivity obtained starting
from 4-position substituted starting materials (such as 178g).
Regarding the quinoline derivatives scope, electron-donating
groups such as methoxy or tert-butyl worked well with differ-
ent acceptors (178b,c in Figure 75C). Weakly electron-with-
drawing functionalities, for example, fluoro- and chloro-substi-
tuted substrates, worked smoothly (178d and 178e) and bromo-
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substituted substrates provided the corresponding product in
moderate yields accompanied by a debromination byproduct
(178f). Then, several alkyl partners were tested, resulting in
products such as 178g-m using cyclopentyl- and cyclohexyl-
derivatives. Finally, the authors successfully scaled the process
in a batch set-up for the model substrate, obtaining 178a on
a 6.5 mmol scale with 85% yield. Through detailed inves-
tigations (CV analysis, spectrometric analysis, UV—vis and
quenching studies) the authors proposed a dPEC mechanism
(Figure 76).

Firstly, cathodic reduction of the Katritzky salt 177a produces
the persistent radical species 177a’, followed by its exothermic
fragmentation to generate alkyl radical 179a, whose BHT com-
plex was observed in GC-MS analysis by the authors. The latter
incurred endothermic radical addition to the protonated quino-
line 176-H, leading to the radical 181a, whose SET reduction
by excited state *[Run(bpy)3] delivers the intermediate 182
(detected by HRMS) and regenerates [RuIH(bpy)3]. The proto-
nated product 178a-H is obtained through anodic oxidation of
182 (black path). Alternatively, the authors proposed deproton-
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ation of 181a would afford radical 183, which could be
oxidized by *[Ru(bpy)3] or [Ru™(bpy)3] (grey-dashed path).
Lastly, although during the electrolysis considerable quantities
of radical exergonic cross-coupling product 180a are obtained,
which can be oxidized by the [RullT]

177a.

species to regenerate

Summary and Outlook

The Review reported consecutive photoinduced electron
transfer and synthetic photoelectrochemistry (with a focus on
electro-activated photoredox catalysis) as two promising fields
that offer unique advantages and challenges to overcome the
energetic limitations of photoredox catalysis. While both ap-
proaches involve SET reactions of the excited state of a photo-
catalyst and organic substrates, they differ in the generation of
the active catalyst species and the reaction mechanism. In par-
ticular, we propose the most significant difference between the
two techniques is the steady-state concentration of in situ-
generated radical ion catalyst (generally lower for conPET
due to the less efficient PET generation and the propensity for
back-electron transfer). This heavily influences the chemoselec-
tivity and ability of the catalyst to preassemble with target sub-
strates.

JQ
Ph
AGq = -14.6 kcal/mol
radical o
cross-coupling +e
52a

“Z "N
179a
ph 177a'

cathode

Also, the profile of catalyst voltammograms might have inter-
esting implications on the choice of conPET/e-PRC and the re-
sulting reactivity. Catalysts with fully reversible voltammo-
grams are generally required for e-PRC, permitting high steady-
state concentrations of the active photocatalyst. On the other
hand, catalysts exhibiting irreversible (or quasi-reversible)
voltammograms might be employable in conPET due to the
regulation of a lower steady-state concentration of the active
photocatalyst by competing PET generation/BET reversion pro-
cesses. The peculiarities of each method make them perfectly
complementary: conPET in the oxidative direction is less
explored than in the reductive direction, probably due to the
lack of colored precursors to oxidative photocatalysts. On the
other hand, e-PRC boasts a lot of examples for oxidative activa-
tions of organic functionalities — likely owing to the hydrogen
evolution reaction (HER) as the ideal reductive counter reac-
tion — yet less so for the reductive direction (possibly due to
complications derived from sacrificial anode materials or the

competing oxygen evolution reaction).
Regarding the initial ‘inhibition barrier’ for experimental appli-

cation in academia and industry, conPET appears more easily

accessible and scalable. However, considering that i) photons
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cost more than electrons and ii) the cost of sacrificial chemical
additives, PEC is ultimately the superior technology for indus-
trial applications once standardized (flow) reactors can be de-
veloped to 1) bring light and current/potential into the same flow
path, ii) eliminate supporting electrolyte and iii) render robust,
reproducible processes. Although the lack of tailor-made reac-
tors has hampered the advancement of ‘single pass flow” PEC
protocols, several examples of gram-scale reactions in batch or

recirculated flow are already present.

In conclusion, further developments of both techniques are
desirable. These include for conPET i) the expansion of oxida-
tive activations pool, ii) the exploration of neutral radical photo-
catalysts, and iii) the development of ‘redox neutral’ conPET
reactions that consolidate both redox-activated partners into a
single product (surprisingly, this is yet to be achieved).
Regarding e-PRC, cutting-edge technologies to establish truly
scalable processes are required. Of high priority in both e-PRC
and conPET reactions is conducting further investigations into
the mechanism. In particular, noncovalent aggregations of
photocatalysts and substrates is a topic receiving increasing
attention in the literature [344,345], and — specifically for
radical ion photocatalysis — further investigations into catalyst-
substrate pre-association are urgently needed to i) explain unex-
pected wavelength dependencies and ii) to rationalize how
ultrashort-lived excited states can provide productive photo-
chemistry. Transformation of the species designated ‘catalyst’
(to another photoactive catalyst) and how this is influenced by
reaction conditions/concentration (conPET/e-PRC) is also a
priority topic for investigation. Such investigations will provide
better understanding of these techniques and could potentially

lead to the discovery of more efficient and selective catalysts.
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This review surveys advances in the literature that impact organic sacrificial electron donor recycling in artificial photosynthesis.

Systems for photocatalytic carbon dioxide reduction are optimized using sacrificial electron donors. One strategy for coupling car-

bon dioxide reduction and water oxidation to achieve artificial photosynthesis is to use a redox mediator, or recyclable electron

donor. This review highlights photo- and electrochemical methods for recycling amines and NADH analogues that can be used as

electron donors in artificial photosynthesis. Important properties of sacrificial donors and recycling strategies are also discussed.

Compounds from other fields, such as redox flow batteries and decoupled water splitting research, are introduced as alternative re-

cyclable sacrificial electron donors and their oxidation potentials are compared to the redox potentials of some model photosensi-

tizers. The aim of this review is to act as a reference for researchers developing photocatalytic systems with sacrificial electron

donors, and for researchers interested in designing new redox mediator and recyclable electron donor species.

Introduction

Artificial photosynthesis research has resulted in the discovery
and creation of incredible chemical systems and materials. The
ultimate goal is to harness energy from the sun and use it to
transfer electrons and protons from water onto carbon dioxide
and create molecules to replace fossil fuels [1,2]. However,
when developing the components of artificial photosynthesis
systems species other than water are consumed to provide these

electrons and protons [3,4]. Ideally these sacrificial donors

would be replaced with redox mediators, regenerated using
water, or form stable, commercially valuable oxidation prod-
ucts. However, common sacrificial electron donors, such as tri-
ethylamine, breakdown after oxidation which prevents regener-
ation [3,5]. Furthermore, there have also been studies where
systems have been developed with sacrificial donors that
interact and actually change the reactivity of the system [5,6].

Replacing these sacrificial donors becomes more challenging in
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these scenarios. There is currently a steadily growing body of
research investigating recycling of sacrificial electron donors.
Meanwhile, advances in other fields have resulted in a vast
array of alternative redox mediators and recyclable electron
donors to explore.

Sacrificial donors have been used in artificial photosynthesis
research to model different key photosynthesis processes. In
plants, photosynthesis is a complex process where light-
harvesting reactions are carried out in two photosystems to split
water and recycle NADH and ADP. NADPH and ATP are then
consumed in the Calvin cycle to reduce and fixate carbon
dioxide [7]. Quite sensibly, many research groups investigating
artificial photosynthesis develop components and systems for
water splitting and carbon dioxide reduction separately before
they or others seek to combine them. This modular approach is
hugely beneficial because it can allow coupling of different
reaction systems [2,8]. This strategy also works well for devel-
oping photoelectrochemical systems where the oxidation and

reduction can be confined at separate electrodes.

When developing reactions for carbon dioxide reduction in a
modular fashion isolated from water splitting, sacrificial elec-
tron donors are used as an electron source to act as a place-
holder for NADPH and the water-splitting reaction. To recouple
water splitting and carbon dioxide reduction the sacrificial
donors need to be replaced by redox mediators. A redox medi-
ator is a compound or material that shuttles electrons from one
species to another through a series of chemically reversible
reduction and oxidation reactions. In contrast, a sacrificial elec-
tron donor is a species that is oxidized to reduce another species
and is consumed rather than regenerated. If a redox mediator is
not re-reduced, then it is functioning as a sacrificial electron
donor. However, not all sacrificial donors used to develop car-
bon dioxide reduction systems can be used as redox mediators
because during oxidation they form products that cannot be
regenerated. As a result, a different redox mediator compound
or material is needed to couple the carbon dioxide reduction
system to water splitting. That said, to successfully reduce a
molecule there must always be a sacrificial electron donor or
stoichiometric reductant. In photosynthesis the sacrificial donor
is water, and the byproduct is oxygen.

Sacrificial electron donors are usually small organic molecules
which are used in large quantities and need to be cheap. This
often means they are less optimized than expensive catalysts
and dyes. However, systems that employ redox mediators can
use lower concentrations of more expensive species. For exam-
ple, inorganic Z-schemes have used cobalt complexes and poly-
oxometalates to shuttle electrons between water oxidation and

carbon dioxide reduction photocatalysts [2,4]. However, the
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photocatalysts of these systems are usually first developed sepa-
rately with sacrificial electron donors. Other methods for
bringing together the 2 halves of artificial photosynthesis
include photoelectrochemical cells and artificial leaves, single
molecule/particle photocatalysts, photovoltaic-powered electro-
chemical cells, and biophotoelectrochemical cells [8,9]. Some
of these systems, like natural photosynthesis, are decoupled;
the water oxidation and carbon dioxide reduction occur at dif-
ferent catalytic centers (locations) and in some cases at differ-
ent times [8]. Decoupling is generally facilitated by the accumu-
lation of charge or reacted species that can be stored. In artifi-
cial photosynthesis decoupling is also possible by storing
reduced redox mediators, or regenerated electron donor species
if they cannot simply be re-reduced. Not all approaches to car-
bon dioxide reduction in artificial photosynthesis require small
organic sacrificial donors or mediators. This review focuses on
regeneration and recycling of small organic molecules that can
be used as sacrificial donors in photochemical carbon dioxide
reduction.

A large scale decoupled, or macro, model of photosynthesis is
electrochemical carbon dioxide reduction powered by renew-
able energy sources. Electrochemical carbon dioxide reduction
has been commercialized. Specifically, the company Twelve are
making large advances in the electrolysis of carbon dioxide to
carbon monoxide. Their contracts started with materials and
have now expanded to fuels [10]. However, industrial electro-
chemistry either requires a dedicated power source, or plugging
into a national electricity grid. In countries like the UK, the
competition to install new batteries and renewable energy
sources appears to have created an increase in demand and
waiting times for installing grid connections [11,12]. This is
potentially a large barrier to fast adoption and scaling of purely
electrochemical methods. However, in the short term this means
that there is an opportunity, or unmet need, for simple photo-
chemical systems that generate storable fuel/feedstocks without
a grid connection or similar infrastructure. Consequently, this
potential gap in the solar fuel/feedstock market makes it more
important to replace unrecyclable sacrificial donors in molecu-
lar systems. Recently researchers have been looking at
replacing traditional sacrificial donors with food and plastic
waste [13]. This exciting new field of photoreforming does not
involve regeneration of donors or the use of redox mediators, so
it will not be covered in this review.

Most molecular components for photoreduction catalysis are
not being developed or optimized with sacrificial electron
donors that can be recycled. This means that the conditions
must be reoptimized if redox mediators or other recyclable
donors need to be used to couple the reduction to water oxida-

tion or other reactions. Furthermore, the performance of the mo-
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lecular photosensitizer and catalyst combinations developed are

often very dependent on the properties of the sacrificial donors.

This review has two aims: 1. Highlight work being done to
recycle sacrificial donors used in photoreduction catalysis for
artificial photosynthesis. Specifically, organic electron or
hydride donors usually applied in molecular photocatalysis.
2. Survey the literature from different fields and present a sam-
ple of potentially recyclable electron donors for artificial photo-
synthesis, alongside the properties important for comparing the
suitability of different donors. Such a resource should hope-
fully help to increase adoption of recyclable donors when devel-
oping photoreduction systems for artificial photosynthesis, as
well as highlight gaps where new donor compounds are re-

quired.

Review
What makes a good sacrificial electron
donor?

Before exploring sacrificial electron donor recycling, it is im-
portant to understand what chemical properties and behavior
make efficient sacrificial electron donors. Sacrificial electron
donors reduce either photoexcited or photooxidized photosensi-

Reductive Quenching Pathway
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tizers in systems for carbon dioxide reduction (see Figure 1).
Reductive quenching of the photosensitizer occurs when the
sacrificial donor reduces the photoexcited photosensitizer (re-
ductive quenching pathway). Regeneration of photooxidized
photosensitizers occurs when the excited dye is first oxidative-
ly quenched by a substrate or catalyst and then reduced by the
sacrificial donor (oxidative quenching pathway). In the pres-
ence of protons, proton donors, or oxidized donor species with a
low pK,, a proton-coupled electron transfer (PCET) can take
place [14,15]. PCET reactions are important in artificial photo-
synthesis research not only because they occur in biological
photosynthesis but also because the PCET can circumvent
unstable one electron-reduced intermediates. This makes PCET
mechanisms well-suited for complex multielectron reactions re-
quired to transfer electrons and protons from water onto carbon
dioxide [16]. Excited-state PCET, which is of particular interest
for interactions between hydrogen atom or hydride-donating
sacrificial donors, has recently been reviewed in detail by
Dempsey and co-workers [17].

To select an effective sacrificial electron donor, at least four
properties need to be considered: solubility in the chosen sol-
vent, absorption spectrum, oxidation potential, and the revers-

|
= : 1. photoexciation : 2. quenched by electron donor: 3. reduction : -
< : | | !
[o)) I | 1
el T + | D
S U ! ! —_ T
o o ' SUB | | &
A T 2
ol | I LS
T | R
= ) | 1
O s ] PS* . ] S
Oxidative Quenching Pathway
____________________________________________________ \
= : 1. photoexciation L2, quenched by substrate | 3. reduction : -
| | |
| | | !
O |1 | — 'l O
[ | | ! c"D"
| Uh\/ I SUB , : >
(0] ! ! | X —
21 { : i Q : ll ® 2
n : SD % : SD : SD + ! 5
O | 1 | |
_-9 1 1 | :
O | PS | ps* I ps* |
| o e e e e e e e e - e o e o e e e e e e e e ] e o e e e e e e e 2

Figure 1: Diagram comparing the two reaction pathways for sacrificial electron donors (SD) in photocatalyzed reductions: reductive quenching and
oxidative quenching. Energy levels of the photosensitizer (PS), sacrificial electron donor (SD), and substrate/catalyst (SUB) have been sketched rela-
tive to each other on an energy axis. Electron transfer between energy levels is indicated by half-arrows, and photoexcitation is indicated by arrows
labelled hv. The numbers indicate the order of electron transfer and orbital population is indicated by short arrows and circles. This figure was created

to illustrate ideas communicated in references [3] and [18].
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ibility of the sacrificial donor oxidation. As the sacrificial donor
is a reactant in the photoreduction reaction of carbon dioxide, it
needs to be highly soluble in the solvent used. It also needs to
have a low absorption in the visible region to prevent side reac-
tions and allow the photosensitizer to absorb as much light as
possible. The oxidation potential of the sacrificial electron
donor must be less positive than the reduction potential of the
excited or oxidized photosensitizer for quenching or regenera-
tion to occur. As shown in Figure 1, the scale of electrochemi-
cal potential measured in volts is an inverted scale of free
energy. Therefore, it is thermodynamically favorable for elec-
trons to be transferred from higher energy sacrificial donor
orbitals with less positive oxidation potentials to lower energy
orbitals on photooxidized or photoexcited photosensitizers with

more positive potentials.

Cyclic voltammetry can be used to measure ground-state redox
potentials by varying the potential at a working electrode with
respect to a reference electrode and measuring the current
response [19]. In photochemical carbon dioxide reduction
research, this technique is used to measure the reduction poten-
tial of the oxidized photosensitizer and the oxidation potential
of the electron donor. However, the reduction potential of the
photoexcited photosensitizer is usually estimated using the
Rehm—Weller equation and the ground-state redox potentials of
the photosensitizer [18,20], or simulated [21,22]. There are
actually methods for directly measuring the excited-state redox
potentials of a photosensitizer, such as photomodulated voltam-
metry but they often require a more elaborate experimental
setup [23]. It is important to note that unless special electrodes
(ultra microelectrodes) or cells are used, voltammetric measure-
ments of redox potentials require an ionically conductive salt to
be added to the solution [19].

Oxidation and reduction potentials can vary with factors such as
pH [14,15] and solvent polarity [24,25]. Hence, it is important
when considering new reagents and catalysts to only compare
potentials measured in conditions as close to the photocatalytic
conditions as possible. For instance, quinones have 2 one-elec-
tron reductions in aprotic media and one two-electron reduction
at a shifted potential in aqueous media [26]. As a demonstrative
example concerning quenching, Schulz and co-workers only
detected the 2-electron-reduced product of the Cu(l) 4H-imida-
zolate complex when it was irradiated in aprotic media in the
presence of the sacrificial donor p-(dimethylamino)toluene
(DMT) [27]. However, voltammetry in aprotic media indicated
that a stable one-electron-reduced product should have been
formed. Adding an inert ammonium salt to the voltammetry ex-
periment mimicked the associative behavior of oxidized DMT
and recreated the 2-electron reduction that occurred during pho-

tocatalysis. Cyclic voltammetry carried out in standard condi-
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tions for mimicking an acetonitrile system had not been close
enough to the catalytic conditions to get the required redox

potentials.

The difference between the oxidation potential of a sacrificial
donor and the reduction potential of the excited or oxidized
photosensitizer is the driving force for the electron transfer and
photosensitizer regeneration. This driving force determines the
rate of electron transfer from the electron donor to the photosen-
sitizer which regulates the amount of photosensitizer available
to harvest light energy and controls the turnover rate (often
measured as turnover number), and productivity of the entire
photocatalytic system. In order for the photoreduction system to
work, either the reductive quenching or the oxidative quenching
of the photosensitizer must be faster than the decay of the
photosensitizer’s excited state. Hence, Stern—Volmer plots
derived from quenching measurements and photosensitizer
excited-state lifetimes measured by transient spectroscopy are
crucial to understanding and optimizing the system as a whole
[18].

Recently, Kientz et al. demonstrated that the dark regeneration
of oxidatively quenched photosensitizers can also limit the
whole system in photochemical carbon dioxide reduction [28].
In the study, the driving force for reduction of an oxidized
sensitizer was varied by using a series of photosensitizers with
tunable oxidation potentials. They found that the turnover of the
carbon dioxide reduction system was limited by the rate of the
photooxidized sensitizer re-reduction.

In their review of sacrificial electron donors for solar fuels,
Pellegrin and Odobel noted that an effective sacrificial donor
must be irreversibly oxidized into inert molecules [3]. This
prevents side reactions and allows the accumulation of the
oxidized species and almost complete consumption of the sacri-
ficial donor. However, thermodynamically irreversible does not
mean that the sacrificial donor must break down into unrecy-
clable fragments like triethylamine (TEA). An irreversible elec-
tron transfer is slow and mitigates geminate recombination and,
in principle, if there is no proceeding chemical step, the prod-
uct can be re-reduced if an appropriate reducing agent or poten-
tial is applied. A reversible electron transfer followed by a fast
chemical step, such as dimerization of oxidized dithiolates to
sulfides, or a separate deprotonation event can also result in
similar behavior. Gimeno et al. highlighted this when they de-
signed novel benzimidazole (BIH) donors for the photoreduc-
tion with [Cu(dipp),]%* photocatalysts [29,30]. They contrasted
their work to a previous study by Cunningham and McMillin
who used a similar photocatalyst to systematically study ferro-
cene derivatives as sacrificial donors [31]. The ferrocene deriv-

atives reductively quenched the photosensitizer but could not
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accumulate as effectively as the BIH derivatives used by
Gimeno et al. [29,31]. In contrast, Z-schemes that employ redox
mediators can use compounds such as cobalt bipyridine com-
plexes which undergo fast reversible electron transfer reactions
[2,4,8]. Z-schemes require a steady state concentration of both
oxidized and reduced redox mediator species to allow an effi-
cient shuttling of electrons between photocatalysts. Unlike pho-
tocatalysis with unrecycled sacrificial donors, the reaction does
not depend on the total consumption of the donor. Z-schemes
are generally achieved by transfer of electrons to semiconduc-
tor particles with photocharged interfaces that can accumulate
charge and provide a potential gradient to prevent significant
recombination. These features make reversible redox couples
suitable donors for Z-schemes when they are not necessarily the
most efficient sacrificial donors for other photocatalysis

schemes.

Recycling sacrificial reagents literature
highlights

In 2011, Carpenter and co-workers published a study in which
they used a cyclic tertiary amine sacrificial donor that they had
designed to be regenerated [32]. This was significant because
instead of replacing amine sacrificial donors with redox media-
tors, this paper proposed an alternate strategy of an ex-situ
regeneration of organic donors. The authors designed and syn-
thesized a tertiary amine that could be oxidized and rehydro-
genated. They used their amine to successfully replace triethyl-
amine in a photocatalytic carbon dioxide reduction reaction
from the literature and proved that the recyclable byproduct
was formed. In another experiment, the team chemically
oxidized the sacrificial donor and regenerated it by hydrogena-
tion.

Carpenter and co-workers briefly discussed phase separation to
enable sacrificial donor recycling by improving the recovery of
the oxidized donor [32]. This idea was central to the works
published by Girault, Scanlon and co-workers on photocatalyt-
ic water splitting [33-35]. They used the redox mediator
decamethylferrocene (DcMFc) in biphasic systems and semi-
immobilized their photosensitizers and catalysts at interfaces
between two immiscible electrolyte solutions (ITIES). This
facilitated the in-situ redox mediator recycling and separation.
The authors actually employed this strategy using 3 different
reactor configurations (Figure 2). The first and simplest ex-situ
photorecycling method involved adding and extracting 2
aqueous phases containing the catalysts and reactant to dis-
charge and charge the donor-containing organic phase
(Figure 2A) [34]. The first solution contained an organic lithi-
um salt and a hydrogen-evolution catalyst which could generate
hydrogen via a light-driven or dark process. The second solu-

tion contained an organic chloride salt and a water oxidation
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photocatalyst which re-reduced DcMFc and evolved oxygen.
The same reaction scheme was used but in a modified H-cell
(Figure 2B) [35]. Both catalysts were confined at the ITIES in
two separate chambers and the redox mediator diffused be-
tween the two cells via the organic phase. The protons for
hydrogen evolution migrated and diffused via the aqueous
layer. The photoelectrochemical recycling was also studied in a
system with one ITIES where the photocatalyst was immobi-
lized and water oxidation was carried out at an electrode in the
aqueous layer (Figure 2C). This electrode was connected to a
counter electrode in the non-aqueous half-cell where DcMFc
was re-reduced [35]. The potential difference in this reactor was
generated by the photocatalyst excitation at the ITIES and not at
the electrode, making it a photogalvanic cell. A subtle but im-
portant feature of these systems is that the partition of the
electrolyte salt between the two solutions imposed an electro-
chemical bias that decreased the rate of chemical recombina-
tion between the two phases. Rastgar and Wittstock studied this
phenomenon and the mechanistic details of photo- and electro-
catalysis at ITIES with modified scanning electrochemical
microscopy [36,37]. In nature, chemical gradients and phase
separation are maintained by compartmentalization in
liposomes, micelles, and vesicles rather than at interfaces
such as ITIES. Artificial photosynthesis systems are being de-
signed to mimic this behavior and recently the field of artificial
photosynthesis using liposomes was thoroughly reviewed with
special attention paid to donors and redox mediators [38].
Species such as methyl viologen were employed as redox medi-
ators in some of the systems reviewed, however, the regenera-
tion still required consumption of species other than water, such
as EDTA.

Carpenter and co-workers also proposed, but did not test, recy-
cling their amine with electrochemistry and light [32]. They
cited a work by Itoh et al. who modified a proton exchange
membrane electrolyzer with a Rh—Pt catalyst to generate hydro-
gen from water to hydrogenate benzene to cyclohexane in one
reactor [39]. Itoh and co-workers were studying electrochemi-
cal hydrogenation for LOHCs rather than the regeneration of
sacrificial donors. A lot of small organic compounds have been
considered for electrochemical hydrogenation for LOHCs but
many do not have the required oxidation potentials to be sacrifi-
cial donors [40]. More recently, other groups have published the
electrochemical hydrogenation of carbonyl compounds using
more earth-abundant electrocatalysts. For instance, Siewert and
co-worker used a manganese complex as an electrocatalyst for
the chemoselective carbonyl hydrogenation [41]. Behrouzi et al.
reported the electrochemical hydrogenation of carbonyl and
amido compounds using nickel electrodes and water as the
proton and electron source [42]. Furthermore, the carbonyl and

amido compounds used in these electrochemical hydrogenation
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Figure 2: Diagram showing water-splitting systems developed by Girault, Scanlon, and co-workers that employ interfaces between two immiscible
electrolyte solutions (ITIES) to enable recycling of the decamethylferrocene (DcMFc) sacrificial donor [35]. A. Photocharging and recycling of DcMFc
by swapping aqueous solutions between mixtures containing a water-oxidation catalyst (WOC) and a hydrogen-evolution reaction catalyst (HER-cat).
B. Photorecycling of DcMFc using ITIES to separate charge and catalysts for water splitting. This scheme can be described as a decoupled
Z-scheme. C. Photogalvanic cell where the potential is established by photocharging of the ITIES. DcMFc is electrochemically recycled in-situ and
water oxidation happens at the counter electrode. Note, that water is omitted for clarity in A, B, and C. The conductive salts are omitted for clarity in B
and C. The lipophilic tetrakis(pentafluorophenyl)borate (TB~) and bis(triphenylphosphoranylidene)ammonium (BA*) salts were crucial to allow charge

transfer at the ITIES.

studies are more structurally similar to organic sacrificial
donors than cyclohexane. Although these papers were not
demonstrating the recycling of sacrificial donors, they both
demonstrate that electrochemical hydrogenation could be an
extension of artificial photosynthesis for the production of solar
fuels and feedstocks [41,42]. There is also a large body of work
using simple alcohols as a proton and electron source in electro-
chemical hydrogenations [43]. This could also evolve into an
extension of artificial photosynthesis if the alcohols used as
donors are generated by artificial or natural photosynthesis (i.e.,

photosynthetic bacteria).

NADH and NADH-analogues are the subject of most studies
for recycling sacrificial donors. NADH has been electrochemi-
cally recycled but a careful control of pH is required to prevent
dimerization reactions [44,45]. For example, Glusac and

co-workers recycled BIH and acridine analogues using plati-

num electrodes in acetonitrile with proton donors [45]. They
carefully calculated the pK,H of their proton donors and NADH
analogues to control the PCET and to prevent side reactions. In
another interesting example, NADH was recycled at a copper
electrode in aqueous buffers and NADH was found to be more
stable in a tris buffer rather than phosphate [44]. Instead of
using the regenerated NADH in a photocatalytic system, this
team actually used an enzyme to consume the regenerated
NADH and check its viability.

Robert and co-workers recycled the NADH analogue 1,4-
BNAH using different photosensitizers and cobalt catalysts in
an acetonitrile/water mixture [46]. They used combinations of
deuterated solvents and 'H NMR spectroscopy to confirm that
water was the main source of the protons for the regeneration.
Furthermore, they successfully replaced ruthenium photosensi-

tizers with organic dyes so that the system used predominantly
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earth-abundant materials. The recycling of NADH analogues
has been carried out using precious metal complexes, such as
[CpRh(bpy)(Hzo)]2+ [47]. This rhodium complex was adhered
to a photoelectrode in a photoelectrochemical cell which
also contained a second photoelectrode functionalized with
a set of enzymes [47]. The enzymes reduce carbon dioxide
to methanol and consumed NADH which was then recycled at
the photoelectrode functionalized with the rhodium complex.
The overall electron donor in this work was water which makes
it an excellent example of in-situ recycling. Kuk et al. also
noted that [CpRh(bpy)(H,0)]%* could slowly produce formate,
a key biocatalytic intermediate, in the absence of the enzymes
but they validated their system by proving that overall
the formate production and conversion to methanol by the
biocatalytic enzyme cascade far outcompeted any side-reac-
tions.

Ishitani and co-workers introduced BIH analogues based on the
N,N’-dimethyl-2-phenylbenzimidazole scaffold as more effi-
cient alternatives to NADH-derived electron donors for carbon
dioxide reduction photocatalysis [48]. Consequently, BIH ana-
logues are becoming increasingly popular sacrificial electron
donors in artificial photosynthesis [3,29,48]. Glusac and
co-workers published studies on the photochemical recycling of

A

Photocatalytic Water
Oxidation System
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BIH analogues [49]. They used an organic photocatalyst to
reduce the oxidized benzimidazole 1,3-dimethyl-2-(2,4,6-
trimethoxyphenyl)-2H-benzimidazole (BIM) twice in the pres-
ence of various acids [49]. This system is completely metal-free
and uses one photocatalyst rather than separate sensitizer and
catalyst species. However, the electron source for the reduc-
tions was a thiolate sacrificial donor and not water. Thiolates
are used as redox mediators in other systems such as dye-sensi-
tized solar cells [50,51].

As discussed, if a sacrificial donor is recycled in-situ it becomes
a redox mediator. In artificial photosynthesis redox mediators
are most commonly employed in Z-schemes. A Z-scheme de-
scribes the combination of two photocatalytic systems, one for
photooxidation and one for photoreduction, with their energy
levels arranged so that they operate together to transfer elec-
trons from one substrate to another (Figure 3). Artificial
Z-schemes were used for photochemical water splitting before
carbon dioxide reduction and are mainly being investigated
using particulate semiconductor photocatalyst composites, such
as decorated quantum dots [4]. Most of the particulate
Z-schemes use inorganic rather than organic redox mediators
[2]. Interestingly, soluble redox mediators can be replaced by
conducting substrates in inorganic Z-schemes to create ‘redox

Photocatalytic -
Carbon Dioxide Reduction System
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Figure 3: Diagram illustrating the transfer of electrons in a photocatalytic particulate suspensions Z-scheme for carbon dioxide reduction. The dotted
arrow indicates the transfer of electrons between the two photocatalytic systems in the absence of a redox mediator, for example, when two systems
are anchored together close enough to permit successful electron transfer. The redox mediator can also be replaced by immobilizing the photocatalyt-

ic systems on conductive materials or electrodes in an electrochemical cell.
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mediator-free’ schemes [2,4]. For example, Domen, Reisner
and co-workers have realized a Z-scheme using a photoelectro-
chemical cell to produce formate with water as the electron
source [52]. Their photocatalyst sheets are electrically
connected and thus do not require redox mediators. Domen
and co-workers have even connected carbon dioxide and water
splitting on a single light-absorbing material Al-SrTiO3 [53].
However, as demonstrated by Domen and co-workers optimiz-
ing the conditions for these redox-mediator-free schemes is
very different to optimizing particulate suspension Z-schemes
[54].

The photocatalytic assemblies for Z-schemes are usually de-
veloped independently with different donors. Recently Ma et al.
have developed a carbon dioxide reduction photosystem
composed of a cobalt—quaterpyridine catalyst anchored to car-
bon nitride semiconductor particles [55]. Rather than an inor-
ganic sacrificial donor, they developed this system using a
benzimidazole sacrificial donor. As we have discussed, exam-
ples of recycling benzimidazoles already exist which makes

them excellent candidates for donor recycling.

In contrast to those developed for water splitting, one of the first
visible light-driven Z-scheme for carbon dioxide reduction con-
sumed the sacrificial donor methanol to form formic acid and
formaldehyde [56]. This system is interesting for a number of
reasons. Rather than intermediate redox mediators shuttling
charge between two photocatalytic assemblies, Ishitani, Domen,
and co-workers covalently connected the catalytic systems and
photosensitizers to enable direct electron transfer between them.
In contrast to the system of Domen where the photoexcitation
only occurs at the Al-SrTiO3 particle [53], the system de-
veloped by Ishitani included a second ruthenium chromophore
linked the TaON particle to a ruthenium carbonyl catalyst [56].
This allowed the electron to be promoted by 2 photon absorp-
tion events, making it a Z-scheme. It can be argued that the
linking ruthenium chromophore was acting as a redox mediator.
Rather than using water as the sacrificial donor in this work,
they used methanol which can be produced by photocatalytic or
electrochemical carbon dioxide reduction. The oxidation prod-
uct, formaldehyde, can be re-reduced. However, separation of
formaldehyde and the carbon dioxide reduction product formic
acid would be difficult. Therefore, a logical route for sustain-
ably sourcing methanol would be using this system in combina-
tion with another that photo- or electrochemically reduces car-

bon dioxide to methanol.

Recycling strategies
There are currently two favored methods emerging for sacrifi-
cial donor regeneration: photochemical recycling and electro-

chemical regeneration. The rehydrogenation of model com-
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pounds by thermochemical methods has also been demon-
strated by Carpenter and co-workers [32]. The two clear strate-
gies for recycling sacrificial donors are in-situ and ex-situ
recycling. With the exception of existing Z-schemes and the
ITIES water-splitting work, most sacrificial donor recycling
methods are being developed separately from photocatalytic
systems even if they are intended to be used for in-situ
recycling. Although in-situ recycling is closer to actual photo-
synthesis, ex-situ recycling of sacrificial donors should be
considered as another avenue to realize net artificial photosyn-
thesis.

In-situ recycling of sacrificial donors and redox mediators
would require less donor/mediator because the species would
constantly be regenerated and not consumed. If the donor or
mediator is stable under the reaction conditions, the cost and
complexity of the donor can be higher than that of a sacrificial
donor. However, it is likely that high steady-state concentra-
tions of a donor will be needed and using the costs targets set
for redox flow battery electrolytes is probably a sensible
starting point. In an ideal system, the only inputs needed
would be carbon dioxide, water, and light. This implies
photochemical recycling in-situ. However, electrochemical
in-situ recycling could be achieved in 2 ways: 1. The driving
force for recycling an oxidized donor at an electrode could be
supplied by a photosensitizer. 2. The driving force for donor
re-reduction could be an applied voltage from renewable energy

sources.

Following the example of ‘decoupled water splitting’ and redox
flow batteries (RFBs) by recycling the electron donor ex-situ
offers several potential advantages [8,57,58]. For example,
decoupling carbon dioxide reduction and water oxidation in two
separate reactors would allow the development of simpler
chemical systems with less components and less factors to opti-
mize per reactor. This would require less re-optimization of
existing chemistry. Recyclable donors could be stored in tanks
like RFB electrolytes, which decouples the 2 reactions and
means rates do not have to be perfectly balanced [8]. Further-
more, photogenerated reactants could be stored in excess to
keep any ‘dark’ processes running overnight. Schulz and
co-workers reported a Cu(I) 4H-imidazolate photosensitizer that
was reductively quenched in the presence of DMT to generate a
stable reduced species [27]. The reduced species was so stable
that it could be stored in the dark for hours and then be used to
reduce methyl viologen. If DMT can be replaced with a more
sustainable electron source, this could be part of a decoupled
cycle either regenerating an oxidized sacrificial donor or using
the reduced Cu(I) 4H-imidazolate itself as a donor. However,
regenerated donors would need to be stored in large amounts to

fuel a carbon dioxide reduction process at an industrially rele-
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vant rate. This means that they would have to be inexpensive,
easy to synthesize, and made from earth abundant materials.
They would also have to be stored in oxygen-free conditions to

prevent re-oxidation.

A major advantage of ex-situ or decoupled sacrificial electron
donor recycling is that, like decoupled water splitting, the
gaseous products can be evolved separately preventing explo-
sive mixtures. However, if the sacrificial donor needs to be sep-
arated from other homogenous catalysts or supporting elec-
trolytes, this could be a challenge. Phase-separation systems
such as the ITIES methods developed by Girault and Scanlon
for water splitting could be a crucial starting point for devel-
oping scalable systems [35]. There is also a branch of artificial
photosynthesis research investigating the compartmentalization
of different reactions using liposomes and membranes [38].
Another alternative could be to use redox-active polymers as re-
cyclable donors which would allow microporous membrane
separation. Redox-active polymers are a very active area of
research for aqueous and non-aqueous RFBs [59,60]. This is
because often the most expensive component of an RFB is the
ion-exchange membrane used to prevent the mixing of charged
species and recombination. Microporous membranes are much
less expensive, and the particulate size of redox-active poly-
mers could be tuned to prevent unwanted crossover. Photosensi-
tizers and catalysts have been successfully immobilized in poly-
meric matrices, which is also another approach to phase separa-
tion [61,62].

Exploring candidates for recyclable electron
donors

From our consideration of what makes an effective sacrificial
electron donor we can highlight the chemical properties re-
quired by an effective recyclable electron donor or redox medi-
ator. For a system that requires oxidative or reductive
quenching, the oxidation potential of the donor must be less
positive than the reduction potential of the oxidized photosensi-
tizer or excited photosensitizer, respectively. The donor must be
highly soluble, absorb light in a region that does not overlap
with the absorption of the photosensitizer, and form a stable ox-
idation product that can be re-reduced in the presence of water.
Redox mediators for in-situ recycling benefit from fast revers-
ible electron transfer. However, if they are interacting with a
molecular photosensitizer care needs to be taken to choose a
species that maximizes cage escape yield and minimizes gemi-
nate recombination. Recyclable donors that must accumulate
need to undergo electrochemically irreversible oxidation or an
EC mechanism where the oxidized donor undergoes a chemical
step that prevents recombination but forms a stable, recyclable
byproduct. The dimerization of thiolates to disulfides is a good

example because unlike dimers of NADH analogues that form
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carbon—carbon bonds the S—S bond is easily broken. The chemi-
cal step can also be a phase change as demonstrated in the work
by Girault and co-workers [35]. Systems designed for PCET,
whether excited-state PCET or PCET of the ground state
species, will benefit from donors that carry a hydride or hydro-
gen atom equivalent rather than just electrons, as well as by
carefully matching the oxidation potential of the donor to the
redox potentials of the system. However, one must also care-
fully calculate the pK, values of the system and choose a donor
to match [17,45,49].

Measuring or calculating the redox potentials of photosensi-
tizers is important for designing photocatalytic systems. Poten-
tial electron donors can be screened by comparing their oxida-
tion potential to the redox potentials of the photosensitizer.
Because redox potentials are solvent and pH-dependent, it is
important to compare potentials recorded in conditions as close
to the final catalysis conditions as possible. Once candidate
donors have been identified using their oxidation potential, their
quenching behavior and the effect on the photocatalytic perfor-

mance can be tested.

To help identify potential recyclable replacements for sacrifi-
cial donors such as triethylamine, the oxidation potentials of
different families of electron donors have been plotted for both
aqueous (Figure 4) and non-aqueous media (Figure 5). The oxi-
dation and excited-state reduction potentials of ruthenium tris-
bipyridine (Ru(bpy)s3) have been added to each figure. Ru(bpy)s
is a well-studied photosensitizer and the basis for many ana-
logues used in artificial photosynthesis. This makes it a good
compound to use as a guide for how low the oxidation potential
of electron donor candidates needs to be. The oxidation poten-
tial of Ru(bpy)s indicates the LUMO energy of the photooxi-
dized sensitizer, and it is the relevant reduction potential for the
regeneration of the photooxidized photosensitizer. The excited-
state reduction potential of Ru(bpy); is the reduction potential
relevant to reductive quenching. The potential axes on the graph
have been inverted to aid the reader to visualize the electron
transferring from higher energy electron donors to the lower
energy levels of the photooxidized or photoexcited Ru(bpy)s.
The data used to create the figures is available in the tables in
Supporting Information File 1.

The examples of candidates for recyclable donors in aqueous
systems shown in Figure 4 have been chosen from literature on
redox flow batteries and decoupled hydrogen evolution, as well
as photocatalysis. The oxidation and reduction potentials have
been collected from various references and were converted to
the potential scale vs SCE. Unless otherwise stated, the poten-
tials were recorded in neutral conditions, or the pH was not

specified.
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The three amine examples, EDTA (1.41 V vs SCE), tri-
ethanolamine (1.31 V vs SCE), and triethylamine (0.69 V vs
SCE), are all common sacrificial donors in photocatalysis. Al-
though they cannot be regenerated, these examples indicate the
operational potential range expected for photosensitizer
quenching. Triethylamine has the lowest oxidation potential and
is the most reducing of the 3 species (0.69 V vs SCE) which
means that it can both reductively quench Ru(bpy); and regen-
erate photooxidized Ru(bpy)s if the lifetime and electron-
transfer rates are appropriate. EDTA has the highest reported
oxidation potential and is the least reducing member of
the amines shown (1.41 V vs SCE). Hence, it should only
regenerate photooxidized Ru(bpy); in aqueous conditions.
Unfortunately, Carpenter and co-workers did not measure the
oxidation potential of their recyclable amine species for com-

parison [32].

The ferrocene, TEMPO, and viologen derivatives shown in
Figure 4 are used in aqueous organic redox flow batteries
[59,63]. The batteries store charge in concentrated aqueous
solutions of small organic redox mediators that can be oxidized
and re-reduced (or reduced and reoxidized) for 100s or 1000s of
cycles. These redox mediators need to be highly soluble, stable,
and their charged products need to be stable for days if not
months. This makes them excellent candidates for redox media-
tors, or recyclable electron donors in aqueous artificial photo-

synthesis.

TEMPO and ferrocene derivatives are used to store positive
charge in RFB catholytes [59,63]. Both parent compounds
undergo reversible one-electron oxidation and re-reduction but
had to be modified to improve their solubility. TEMPTMA and
both ferrocene derivatives have one or more ammonium groups
added to the core TEMPO or ferrocene charge-carrying moiety.
This both increases the solubility of the species and the oxida-
tion potential in aqueous media. TEMPOL uses an alcohol
group to the same effect. Redox couples for RFB catholytes are
optimized for increasing the oxidation which decreases their
reduction capabilities. However, the TEMPO and ferrocene de-
rivatives have oxidation potentials similar to triethylamine,
which would be an ideal range to target. Although the oxida-
tion potentials of the ferrocene and TEMPO derivatives are in
an ideal range for electron donors, these compounds and their
oxidation products are positively charged. This will stabilize the
charge-transfer complex formed during quenching and
combined with fast electron transfer will likely increase the rate
of recombination and decrease their effectiveness as donors.

The oxidation potentials of the viologens (Figure 4) are shown
for the one-electron-reduced viologen species ([methyl
viologen]”™ —0.59 V vs SCE, [ethylcarboxy viologen]*™ -0.49 V

Beilstein J. Org. Chem. 2023, 19, 1198-1215.

vs SCE, [ethylamide viologen]*™ —0.42 V vs SCE) [59]. Violo-
gens usually act as electron acceptors in aqueous RFB anolytes.
In general, RFB anolytes are optimized to have very low reduc-
tion potentials. Once reduced, anolyte redox mediators become
excellent reducing agents and viologens can be reduced twice in
two separate one-electron transfer events. The viologen family
of compounds has been the target of structural modifications to
tune the redox potentials and enhance the solubility for RFBs
[59]. Meanwhile, methyl viologen has been used as a sacrificial
electron acceptor in photochemistry [27]. Therefore, viologen
species could be used as redox mediators for linking water oxi-
dation to carbon dioxide reduction by accepting electrons
during water oxidation and donating them during carbon
dioxide reduction to be reoxidized. Because viologens are posi-
tively charged and are reduced to neutral compounds, it is likely
that the resulting charge-transfer complex will have a higher
cage escape yield than a complex where the oxidized donor has
a positive charge. However, in some rare cases the excessive
driving force provided by reduced viologens (up to 1.28 V > tri-
ethylamine) might be too large a difference in energy and lead
to Marcus inversion [64]. A more practical issue is the reoxida-

tion of viologen in the presence of oxygen.

Redox flow battery anolyte research focuses on increasing solu-
bility and stability while decreasing the reduction potential,
weight, and cost of the anolyte species. To this end, Sanford and
co-workers have worked on developing pyridinium analogues
to out-perform the bipyridinium viologens [65,66]. The pyri-
dinium analogue represented in Figure 4 can be reduced to a
stable radical and reoxidized in aqueous media [65]. Depending
on the pH, the reduction potential to form the 2 electron-
reduced species is close to that of the stable radical. In non-
aqueous media analogues of this species form stable 2 electron-
reduction products. In aqueous media the 2 electron-reduced
product can undergo side reactions. Interestingly at low pH the
2-electron product behaves like a redox catalyst for hydrogen
evolution and can increase the pH from 4 to 11. Although this
behavior is not desirable for RFBs it might be interesting for
artificial photosynthesis. It is also noteworthy that the reduced
pyridinium compounds resemble Hantzsch esters which are
organic reductants commonly used in organic synthesis.

Quinones and hydroquinones have also been used in RFBs.
Notably, 1,4-hydroquinone and 1,4-benzoquinone were used to
create membrane-less RFBs with ITIES and charge-separation
maintained in a flowing system [67,68]. Two of the examples
shown in Figure 4 AQDS (0.46 V vs SCE at pH 0) and hydro-
quinone sulfate (0.89 V vs SCE at pH 0.7) have been used as
hydrogen carriers in decoupled water splitting, rather than in
RFBs [57]. Hydrogen carriers in decoupled water-splitting

studies are re-reduced using protons from water in acidic condi-
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tions, and are used to transport hydrogen equivalents across
membranes and between reactors. Some examples have been
used as recyclable reductants [58]. These particular quinones
have low enough oxidation potentials for reductive quenching
of Ru(bpy)3 and reduction of photooxidized Ru(bpy)s. Further-
more, quinones have well-studied PCET chemistry [26]. 2,3-
Dichloro-5,6-cyano-1,4,hydroquinone, the hydrogenated form
of 2,3-dichloro-5,6-cyano-1,4-benzoquinone (DDQ), has the
highest oxidation potential of the 3 quinone examples (1.17 V
vs SCE). This means it does not have the energy to reductively
quench Ru(bpy)s [26]. Hydroquinones are a large family of
compounds with a wide range of redox potentials and only a
small sample has been shown here.

The NADH analogue BNAH which has been successfully
regenerated using water is also shown in Figure 4. In aqueous
media the oxidation potential of BNAH stays constant between
pH 7 and 13 (if stable buffer is used) [69]. However, the oxida-
tion potential increases and the reducing ability of BNAH and
other NADH analogues decreases with pH after pH 7. NADH
analogues are excellent candidates for electron donors in
systems that require PCET because PCET prevents dimerizable
radical formation. However, a too low pH value could be detri-
mental. The redox potentials recorded for BNAH were also re-
ported to be very sensitive to the electrode material.

Many carbon dioxide reduction systems are being developed in
non-aqueous solvents. Amines, disulfide-forming thiolates, and
NADH derivatives, such as benzimidazoles and acridines, are
used as sacrificial donors. Other families of compounds used in
other applications such as non-aqueous RFBs, dye-sensitized
solar cells, and LOHCs will also be discussed. The oxidation
potentials of these compounds in non-aqueous media vs Fc/Fc*
are shown in Figure 5. The excited-state reduction potential of
Ir(ppy)3 in DMF (V vs Fc/Fc™) has been added to the plot for
comparison [70], as well as the redox potentials for Ru(bpy)s in
acetonitrile [20]. Ir(ppy)3 is a photosensitizer used for carbon
dioxide reduction because it is one of the most photoreducing
dyes available [71]. The redox potentials presented were re-
corded in a variety of non-aqueous solvents which means this
graph is only a rough comparison. It is highly recommended
that the oxidation potential of any compound of interest are
re-recorded before using them to screen conditions for photocat-

alysis.

Although most benzimidazole examples have been marked as
sacrificial donors in Figure 5, BIM (-0.07 V vs Fc/Fc*) and
other analogues have been recycled by Glusac and co-workers
[49]. It is highly likely that the same recycling methods could
be extended to the rest of the benzimidazole family. Benzimida-

zoles are being adopted in organic photoreductions [30], and
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have been shown to increase the efficiency of carbon dioxide
reduction systems using ruthenium-based photocatalytic
systems [48,72]. This can be explained by the low oxidation
potentials (0.31 to —0.47 V vs Fc/Fct) amongst other factors.
Bases are often added to enhance the quenching rate by depro-
tonation of benzimidazoles which means they are commonly
used with TEA or TEOA [29,30]. Benzimidazoles are also one
of the redox mediators that can be recycled photo- and electro-
chemically [45,49]. As illustrated in Figure 5, structural modifi-
cation of the benzimidazole core alters the redox behavior and
allows tuning of the oxidation potential. The benzimidazoles
shown all have enough reducing power to reductively quench
Ru(bpy)s and possibly Ir(ppy)s. The tunability of benzimida-
zoles is particularly helpful when developing photocatalysis
systems with new photosensitizers and their capability to
undergo PCET in certain environments could be an advantage
for some systems. Acridine compounds are also analogues of
NADH and have electrochemical behavior amenable to recy-
cling. The example shown has a redox potential that is more
positive than most benzimidazoles but still suitable for the re-
ductive quenching of Ru(bpy)s (0.28 V vs Fc/Fc*) [45]. In
aprotic media both benzimidazoles and acridines donate 2 elec-
trons and a proton in separate redox events. However, only the
oxidation potential to remove the first electron is shown for
these species because it is this initial oxidation that generates

the other electron-donating intermediates.

A variety of compounds have been grouped together with the
amines label in Figure 5. 4-(N,N-Dimethylamino)toluene
(DMT), has been used as a sacrificial electron donor in artifi-
cial photosynthesis [3]. The radical species that forms after oxi-
dation can dimerize by forming a carbon—carbon bond which
cannot be broken by re-reduction [3,73]. Voltammetric studies
to identify the byproducts of DMT oxidation noted that the cor-
responding dimethyl amine — p-benzaldehyde oxidized at
0.79 V vs Fc/Fc' and underwent a slow re-reduction [73]. Simi-
lar compounds, ketone derivatives rather than aldehyde, were
developed with more negative potentials as anolytes for
aqueous and non-aqueous RFBs by Sanford and co-workers
[65,66]. The redox potential of the aldehyde is too positive for
reductive quenching but low enough to regenerate photooxi-
dized Ru(bpy)s. The aldehyde has been added to the figure
because it is an interesting compound to consider when
designing recyclable sacrificial donors, even though an exam-
ple could not be found where it was used in artificial photosyn-

thesis or RFB research.

The carbazole 9-ethyldodecahydro-1H-carbazole (DEC-H12)
has an oxidation potential of 0.57 vs Fc/Fc* and can carry 6
hydrogen equivalents [74] (DEC-H12 has been classified as an
amine in Figure 5). The oxidation potential of DEC-H12 is
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lower than the oxidation potential of Ru(Il)(bpy)s, which makes
it a candidate for regenerating photooxidized Ru(bpy)s in aceto-
nitrile (depending on lifetimes etc.). However, the oxidation
potential of DEC-H12 is not negative enough to allow reduc-
tive quenching. DEC-H12 has been studied in detail as a
LOHC, which are small organic molecules that can be catalyti-
cally dehydrogenated and rehydrogenated [75]. Many other
amines and organic molecules have been investigated as hydro-
gen carriers [40]. They mostly resemble traditional amine sacri-
ficial electron donors but form more stable carbazole hetero-
cyclic oxidation products [75]. LOHC compounds could poten-
tially provide both protons and electrons for artificial photosyn-
thesis. The thermodynamics of electrochemically hydro-
genating several LOHCs using a modified water-splitting
device have been investigated [40]. However, other electro-
chemical hydrogenation methods might be more appropriate
[41,42].

There is already work on electrochemical dehydrogenation of
LOHCs [76,77]. In one example, DDQ was used to remove
hydrogen from secondary amines by oxidizing them, followed
by reoxidation of the hydrogenated DDQ at the electrode to
establish a redox catalysis cycle [76]. In non-aqueous media
DDQ has a low oxidation potential (0.14 V vs Fc/Fc* in aceto-
nitrile) so that DDQ could potentially reductively quench
Ir(ppy)3 and Ru(bpy)s and regenerate the photooxidized species
in acetonitrile [26]. However, in water the oxidation potential of
DDQ (1.17 V vs SCE or 0.86 V vs Fc/Fc™) is too positive to
thermodynamically allow quenching of Ru(bpy)s [26]. This
change in position and relationship between the various redox
potentials is an illustrative example of the dramatic thermo-
dynamic changes possible when moving from a non-aqueous
system to an aqueous one. DDQ is also a particularly interest-
ing example because it could potentially be used as an interme-
diate redox mediator to accumulate protons and electrons, or
hydride equivalents from other donors. Similar schemes have
been achieved using dithiols. However, the dithiols are usually
attached to a photo- or electrocatalyst, and take advantage of
potential inversion [78,79]. In the electrocatalytic study of DDQ
one of the amines tested was successfully dehydrogenated in the
presence of DDQ), yet in the absence of DDQ the amines gener-
ally formed polymeric byproducts under the same electrolysis
conditions [76].

Another interesting family of amines are the tetraamino-
ethylene analogues (grey box in Figure 5). Tetra(dimethyl-
amino)ethene (TDAE) is a strong one-electron reductant with a
ground-state oxidation potential of —1.09 V vs Fc/Fc* [80].
There are few organic electron donors with oxidation potentials
this negative, except reduced RFB catholytes. However, TDAE

has been used as a photocatalyst absorbing at 440 nm for

Beilstein J. Org. Chem. 2023, 19, 1198-1215.

dehalogenation which is within the visible region usually used
by photosensitizers. It is also a very toxic, corrosive, and air-
sensitive compound [80]. Hence, TDAE is not a good candi-
date for a recyclable donor. However, Charboneau et al. synthe-
sized and reported a set of more stable analogues for use as
reductants in catalysis for synthesis [81]. Tetrakis(N-pyrro-
lidinyl)ethylene (TPyE, —1.32 V vs Fc/Fc™) requires handling in
a glovebox. However, 1,1,2,2-tetrapiperidinoethene (TPiE,
-1.06 V vs Fc/Fc*) a piperidine analogue, TME (-0.85 V vs
Fc/Fc*) a morphine analogue, and 1-[1,2,2-tris(azepan-1-
ylethenyl]azepane (TAZE, —1.09 V vs Fc/Fc*) an aziridine ana-
logue are all stable enough to handle at the lab bench. The
visible absorption properties of these compounds were not re-
ported but the more stable analogues may allow researchers to

develop more reducing photosensitizers.

In contrast to aqueous organic RFBs, non-aqueous RFBs use
small organic molecules that are highly soluble in non-aqueous
media. Similar to their aqueous counterparts, redox mediators
for organic RFBs are optimized to form stable charged interme-
diates by single-electron transfer reactions that can be charged
and discharged over many cycles. Non-aqueous catholytes are
also optimized to have more positive oxidation potentials and
anolytes to have more extreme reduction potentials.

Sanford and co-workers used an innovative evolution strategy
to engineer lightweight pyridinium anolytes to replace violo-
gens in non-aqueous RFBs [66]. These species resemble
oxidized Hantzsch esters but are stabilized in the para position.
A similar pruning strategy was adopted by Huang et al. to create
dialkoxybenzene anolytes for organic RFBs based on DBBB
(2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene) an alky-
lated quinone structure [82]. Hydroquinones and aqueous RFB
anolytes have low enough potentials to be candidates for
quenching Ru(bpy)s in aqueous media. Dialkoxybenzene
anolytes were developed from lithium ion battery chemistry and
for non-aqueous RFBs as stable one-electron redox couples in
lithium carbonate electrolytes [82,83]. The oxidation potentials
recorded for a sample of these species range from 0.52 to
0.62 V vs Fc/Fct. One compound, DBBB, has a 0.09 V shift in
the oxidation potential recorded for two different carbonate sol-
vents (0.53 V in EC/EMC and 0.62 V in PEC vs Fc/Fc™). These
potentials are close to the excited-state reduction potential
measured for Ru(bpy); in acetonitrile, however, the solvent de-
pendence of the redox potentials means that it is not clear if the
dialkoxybenzenes have enough reducing power for quenching

ruthenium photosensitizers.
Dialkylquinoxalines were studied alongside DBBB as an alter-

native to viologens as doubly reducible anolytes for non-

aqueous RFBs [83]. The two redox events shown in Figure 5
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are two one-electron reduction potentials for the same
dialkylquinoxaline species (-0.87 and —0.55 V vs Fc/Fc*). This
example was the more electrochemically stable example in the
study. Singly reduced viologens in water are at least 1.5 V more
negative than the excited-state reduction potential of Ru(bpy)s,
while in non-aqueous media dialkylquinoxalines appear closer
to the excited-state reduction potential of Ru(bpy)s;. However,
like viologens, they are electron acceptors synthesized in
their oxidized form and need to be reduced to be used as
electron donors. This makes them excellent candidates for
electrochemical or photochemical charging, perhaps even in
two-phase systems to couple the charging to water oxidation.
However, such species can also be reoxidized in the presence of
oxygen which must be considered when designing an in-situ
recycling system. For initial photocatalyst screening it is worth
noting that reductants such as tetraaminoethene derivates or
Hantzsch esters could be used to mimic the redox potentials of
anolytes like quinoxalines. However, it would be better to
generate the reduced viologens and quinoxalines to use for

screening.

Thiolates such as ethylxanthate (—0.1 V vs Fc/Fc™), 4-methoxy-
phenylthioate (—0.12 V vs Fc/Fc*) and diethylthiocarbamic acid
(=0.26 V vs Fc/Fc™) have been used as sacrificial electron
donors in artificial photosynthesis and their very low oxidation
potentials making them excellent reducing reagents [30].
Related thiazoles have been used in dye-sensitized solar cells as
redox mediators because they oxidize to form a disulfide bridge
that can be re-reduced [50,84]. These compounds seem like
ideal candidates for recyclable electron donors because they ex-
hibit an EC mechanism which results in an electrochemically
recyclable dimer [50,51,84,85]. For instance, methylthiocarba-
mate (0.1 V vs Fc/Fc*), a redox mediator investigated for dye-
sensitized solar cells, is a derivative of the sacrificial donor
diethylthiocarbamic acid with only a slightly less driving force
for the reductive quenching than the sacrificial donor [86].
Another redox mediator developed for dye-sensitized solar
cells, 2-mercapto-5-methyl-1,3,4-thiadiazole has a much lower
oxidation potential (-0.48 V vs Fc/Fc") [87]. The work for dye-
sensitized solar cells is particularly interesting because the
thiols were developed as non-visible absorbing redox couples to
replace colored I"/I3~ redox couple in dye-sensitized solar cell
research [84]. They also span a wide potential range and mixing
the thiolates to make mixed disulfides alters the oxidation
potential of the mixture which offers an interesting optimiza-
tion opportunity [85]. Cysteine has been used as a sacrificial
donor and explored in non-aqueous dye-sensitized solar cells
with an imidazolium cation (0.39 V vs Fc/Fc*t) [51]. The result-
ing compound is similar in structure to an ionic liquid. In
contrast, in artificial photosynthesis cysteine is often used in

aqueous systems. Aromatic dithiols have been studied for accu-
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mulating charge by taking advantage of potential inversion,
however, they often consume other thiols or thiolates to
accumulate the charge [78,79]. For some of the thiolates herein
the oxidation potential is reported rather than the standard
potential because the peak-to-peak separation can be very large
[85].

Finally, this is not an exhaustive list of candidates for recycla-
ble donors. The field of RFBs, for instance, is constantly
expanding the library of small organic redox mediators [88].
However, hopefully this discussion may act as a starting point
for those interested in exploring the area.

Conclusion

This review highlighted several species from different research
fields with a range of appropriate oxidation potentials that can
be recycled, either electrochemically or photochemically. This
information will hopefully enable artificial photosynthesis
researchers to continue to move away from unrecyclable sacrifi-
cial donors when developing their catalytic systems and utilize
existing species that can be recycled, such as benzimidazole.
However, oxidation potentials are only one property of recycla-
ble electron donors that need to be optimized. More small
organic recyclable electron donors need to be designed with
economic and sustainable syntheses. They need to be highly
soluble and possess modifiable, modular structures that can be
used to simply tune the redox potentials, quenching rates, and
pK,H to match different dyes and quenching pathways. Finally,
although recyclable donors such as benzimidazoles are being
used in developing new carbon dioxide reduction catalysts,
more proof-of-concept studies are required to demonstrate com-

bining photocatalysis with sacrificial donor recycling.

Commonly used Abbreviations and
Symbols

Table 1: Explanations of abbreviations.

Abbreviation  Explanation

BIM 1,3-dimethyl-2-(2,4,6-trimethoxyphenyl)-2H-
benzimidazole

DEC-H12 9-ethyldodecahydro-1H-carbazole

DcMFc decamethylferrocene

ITIES interface between two immiscible electrolyte
solutions

LOHC liquid organic hydrogen carrier

PCET proton-coupled electron transfer

RFB redox flow battery

Ru(bpy)s ruthenium trisbipyridine cation in varying

oxidation states
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Supporting Information

Link to a github code repository containing redox potential
data collected from various references and the code used to
create the plots of oxidation potential
https://github.com/glowe691/redox_donors_notebooks/tree/
submitted_belstein_JOC_for_peer_review .

Supporting Information File 1

A spreadsheet containing the tables with the oxidation
potential data for the electron donors and redox active
compounds discussed in this review. The table contains
DOI numbers for the references where the potentials were
reported.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-88-S1.xlsx]
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Developing efficient catalysts for reducing carbon dioxide, a highly stable combustion waste product, is a relevant task to lower the

atmospheric concentration of this greenhouse gas by upcycling. Selectivity towards CO,-reduction products is highly desirable, al-

though it can be challenging to achieve since the metal-hydrides formation is sometimes favored and leads to Hj evolution. In this

work, we designed a cobalt-based catalyst, and we present herein its physicochemical properties. Moreover, we tailored a fully

earth-abundant photocatalytic system to achieve specifically CO, reduction, optimizing efficiency and selectivity. By changing the

conditions, we enhanced the turnover number (TON) of CO production from only 0.5 to more than 60 and the selectivity from 6%

to 97% after four hours of irradiation at 420 nm. Further efficiency enhancement was achieved by adding 1,1,1,3,3,3-hexafluoro-
propan-2-ol, producing CO with a TON up to 230, although at the expense of selectivity (54%).

Introduction

Solar energy conversion into chemical energy addresses the
issues of energy shortage with the exploitation of renewable
sources [1]. Photoinduced CO; reduction is included in the vast
research field of artificial photosynthesis. Taking Nature as a
model, the absorption of photons can drive electron-transfer
processes, leading to the production of highly energetic mole-

cules. By aiming at the conversion of CO,, a greenhouse gas

implicated in climate change, the closure of the carbon cycle
can be achieved [2]. For this purpose, three main components
are needed: a photosensitizer (PS), which acts like a light-
antennae harvesting system in natural photosynthesis, a catalyst
(Cat.), reacting directly with CO, after being reduced, and
a sacrificial electron donor (SeD). When the involved

(photo)catalysts are homogeneous transition-metal-based com-
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plexes, the outcomes are generally two-electron reduction prod-
ucts, such as carbon monoxide (CO), formic acid (HCO,H), or
formate (HCO,™). To mitigate the strong energetic require-
ments of the reaction shown in Equation 1, the reduction of CO,
occurs in the presence of protons, so that the energy barriers of
the reactions shown in Equation 2 and Equation 3 are lowered.

CO; + 2= — COy’ =-19V (D
CO, + 2H* + 26 —= CO + H,0 E=-053V (2
CO, + 2H* + 2= —= HCO,H E=-061V (3)
2H* + 20 —= H, E=-042V (4

In fact, the formation of the radical anion CO, " takes place at
—1.9 V versus normal hydrogen electrode (NHE), while the
proton-assisted reductions of CO; to CO and formic acid
happen at —0.53 V and —-0.61 V (versus NHE), respectively [3].
However, the molecular hydrogen evolution might compete, as
it occurs at a more favorable reduction potential, lowering the
selectivity of the catalytic system. While the addition of a
proton source is beneficial to lower the overpotential, a metal-
hydride (M—H) intermediate could be favored concerning the
formation of the CO, adduct with the reduced metal center.
Thus, besides the development of novel efficient catalysts, dif-
ferent strategies have been pursued to switch the catalyst selec-
tivity towards carbon products [4,5]. Generally, scientists can
interplay by developing the major components of a photocata-
Iytic system for CO; reduction, such as the photosensitizer (PS),
the catalyst, and the sacrificial electron donor (SeD). Neverthe-
less, the solvent and eventual additives play an important role
too [6], as they can influence the (photo)redox properties of the
major components, fostering or dropping the efficiency. Thus, a
rational design of novel molecular catalysts should consider an
additional development of the whole system [7]. Moreover, it
would be beneficial for future applications, if major efforts are

focused on earth-abundant materials [8-11]. Among the most

Beilstein J. Org. Chem. 2023, 19, 1766-1775.

employed earth-abundant metal-based PS, Cu(I) complexes
have the first place, not only in artificial photosynthesis, but
also in a large variety of photo(redox)catalyses [12-17]. On
the other hand, several complexes based on 3d transition
metals, like manganese [18], iron [19-21], cobalt [22,23], and
nickel [24,25], have been designed as CO; reduction catalysts.
This (supra)molecular approach is appealing for gaining a struc-
ture—property understanding with the goal of tunable and effi-

cient activity.

Among the 3d transition metals, cobalt is relatively abundant
(26.6 ppm) in the Earth crust [26]. Although it should not be
considered a cost-effective option at present, as several social
and environmental concerns are associated with its extraction,
the high stability of the Co(II) ion and the versatility of the
ligands used for coordination offer some advantages for
tailoring new catalysts to specific reactions and optimize selec-
tivity [22,27]. Cobalt catalysts successfully employed in CO,
reduction are mainly based on macrocyclic ligands, such as
tetraazacyclodecene and its derivatives [3,28,29], porphyrins
[30-34], or phthalocyanines [35]. The use of bimetallic com-
plexes has resulted in a favorable mechanism, increasing yields
tremendously [36-38].

Targeting efficient completely earth-abundant metal-based
systems, we have designed a novel Co(Il) catalyst for the reduc-
tion of CO; (complex 1 in Figure 1). The design aimed at a
stable complex obtainable via a straightforward synthesis, with
improved solubility, concerning our previous Co(II) complexes
[21]. Thus, the new Co(II) complex bears two 1-benzyl-4-
(quinolin-2-yl)-1H-1,2,3-triazole (BzQuTr) units, that were ob-
tained through a copper-catalyzed alkyne—azide cycloaddition
(CuAAC) [39,40], and two thiocyanate ligands. As observed for
other cobalt complexes [21], the photoinduced CO, reduction
gave preferentially molecular hydrogen, when performed in
acetonitrile. Moreover, we targeted a photocatalytic system that
is fully earth-abundant. For this reason, we selected the known
complex [Cu(dmp)DPEPhos](BF,), well-investigated and used

N:N',,'“.~ \ WNCs + N/
o : O
N N™ NCS / N
— \
N I\ )
- ph Ph BF,4
1 [Cu(dmp)DPEPHos](BF4) BIH

Figure 1: Chemical structures of the molecular components used in this work: Co(ll) complex 1 as the novel catalyst, the heteroleptic Cu(l) complex
as photosensitizer, and the benzimidazolidine derivative BIH as the sacrificial electron donor.
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in several photocatalytic reactions [20,21,41], acting as a cost-
effective benchmark photosensitizer. Herein, we present a study
for the selectivity control of the novel Co(II) catalyst 1, aiming
at maximizing the catalytic efficiency, and maintaining high
selectivity for carbon products.

Results and Discussion
Synthesis and characterization of the new
Co(ll)-based catalyst

The novel cobalt(II) complex 1 was synthesized in dry metha-
nol (MeOH) by mixing in a 2:1 ratio, the chelating diimine
ligand, 1-benzyl-4-(quinolin-2-yl)-1H-1,2,3-triazole (BzQuTr)
[42] and the cobalt precursor Co(NCS),(py)4 [43], where py is
pyridine. The reaction was performed under an argon atmo-
sphere at room temperature. The resulting complex 1 was ob-
tained after evaporation of the solvent, as a lilac precipitate in
good yield (60%). The structure was investigated by high-reso-
lution mass spectrometry (ESI), where it was shown the frag-
ment corresponding to complex 1 that lost one isothiocyanate,
[M — NCS]", as the primary signal. Elemental analysis matched
the calculated values, incorporating an additional MeOH mole-
cule. Recrystallization was afforded by re-dissolving the
powder in acetonitrile and layering on top of diethyl ether
(Et,0). Slow diffusion of the antisolvent Et,O allowed the
growth of magenta-colored crystals. Interestingly, two different
sets of data could be solved, which is an indication that com-
pound 1 has two polymorphs, 1a and 1b (Figure 2). Efforts to
selectively achieve one polymorph, through differentiated crys-
tallization processes, were unsuccessful. When analyzing the

Beilstein J. Org. Chem. 2023, 19, 1766-1775.

molecular structure in both crystals, the cobalt core is hexacoor-
dinated, as expected. The two isothiocyanate ions are oriented
cis to each other and trans to the coordinating nitrogen of the
1,2,3-triazole units. The nitrogen atoms of the two quinoline
moieties are therefore frans to each other. This conformation
might be induced by the cobalt precursor Co(NCS),(py)s,
which has already the NCS monodentate ligands cis to each
other, as it was not the case for other Co(NCS),(NN) com-
plexes, where NN is a chelating diimine compound such as
pyridyl-tetrazole [44], or a pyridine-oxazole [45]. The bond
lengths are very similar when comparing the polymorphs 1a
and 1b. Nevertheless, the bond angles vary significantly (see
Table S2 in Supporting Information File 1). Polymorph 1a crys-
tallizes with two molecules of acetonitrile in a triclinic system,
while 1b contains one CH3CN molecule and has an ortho-
rhombic crystal system. The lattice packing of the two poly-
morphs with solvent molecules is shown in Supporting Informa-
tion File 1 (Figures S1 and S2). We were not able to detect, if
the two polymorphs show different catalytic activity, as in the

following investigations the amorphic powder was used.

Spectroscopic and electrochemical

characterization

The Co(II) complex 1 was characterized by UV—vis absorption
spectroscopy in N,N-dimethylacetamide (DMA), as it was the
chosen solvent for photocatalysis. The absorption profile evokes
the structured band of the free ligand BzQuTr [42], with two
intense m—rr* ligand-centered transitions at circa 319 nm and
330 nm (Figure 3). The pink solid dissolves as an intense blue
DMA solution. Nevertheless, the d—d transitions associated with

Figure 2: ORTEP drawing of crystal polymorph 1a (left) and 1b (right), shown at the 50% probability level. Hydrogen atoms and co-crystallized sol-

vent molecules are omitted for clarity.
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this absorption centered at 615 nm possess a low molar extinc-
tion coefficient (¢ =~ 220 cm™! M1, inset in Figure 3). Infrared
(IR) spectroscopy was performed via attenuated total reflec-
tance (ATR) and showed the characteristic stretching vibration
of the NCS groups at 2069 cm~! (Figure S3 in Supporting
Information File 1).

— T T

1.6 x 10%4 -
1.4 x 1044 -
1.2 x 1044 ] .
1.0 x 1044 .

8.0 x 103 200 ]

6.0 x 10° i
600 800

4.0 x 10° -

2.0 x 103 - _

Molar extinction coefficient (cm=" M~'

0.0

600
Wavelength (nm)

400 800

Figure 3: UV-vis absorbance of complex 1 in DMA. Inset: zoom-in of
the 500-800 nm range to visualize the low-intensity bands associated
with metal-centered d—d transitions.

The redox properties of 1 were investigated using cyclic vol-
tammetry in a DMA solution with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFg) as the supporting electrolyte
(Table 1). The concentration of the analyte was 5 mM. Only the
cathodic scan resulted in a rich profile of redox processes
(Figure 4a, black lines). In particular, two irreversible reduc-

(a)
T T T T
——C0, 1
Ar
c
\Q_) - -
5
o | 4
20 pA [
T T T T
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5

E vs Fc/Fc* (V)

Beilstein J. Org. Chem. 2023, 19, 1766-1775.

tions occur at the cathodic potentials —1.53 V and —1.9 V versus
ferrocene. These electrochemical processes may correspond to
the first and second reduction of the metal core Co(II)/Co(I) and
Co(I)/Co(0), respectively. A more intense current arises with
the third redox process occurring at —=2.52 V, which could be
assigned to the reduction localized on the ligand (compare with
the cyclic voltammogram in Supporting Information File 1,
Figure S8).

Table 1: Optical and electrochemical properties of complex 1 in DMA.

Aabs, NM e, Mtem'  Eg2V EreqP V
319 14720 -1.53 -1.56
333 15257 -1.90 -2.02
615 220 -2.52

2n 0.1 M TBAPFg solution of DMA, versus Fc/Fc* potential;
bin DMA/TEA 7:1, 0.1 M TBAPFg versus MejgFc/MegFct.

We investigated the electrochemical properties also under a
CO, atmosphere (Figure 4, red curves). In DMA, the electro-
chemical behavior changed only moderately, suggesting that the
reduced complex 1 does not react promptly with carbon dioxide
under these conditions. On the other hand, when a 5:1 mixture
of DMA/triethanolamine (TEOA) was used as the solvent, a
significant catalytic current was observed at the onset potential
of —1.4 V. Although a direct comparison between Co(II) and
Fe(II) ions cannot be made, it is reasonable to suggest that after
the first reduction a "NCS ligand detaches and an adduct with
CO, is formed, as it was calculated for a similar thiocyanate-

(b)

Ar b
— CO:

Current

20 A

T T

A5 10 05 0.0
E vs Me,,Fc/Me, Fc* (V)

Figure 4: Cyclic voltammetry of complex 1 in 0.1 M TBAPFg solution of (a) DMA and (b) DMA/TEOA 5:1 (v/v). Black curves are registered under Ar
and red curves are recorded under CO» atmosphere. A glassy-carbon disk was used as the working electrode and the internal references used are

(a) ferrocene and (b) decamethylferrocene. Scan rate was 100 mV s'.
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based Fe(Il) complex [46]. These results suggested that cobalt
complex 1 can be used in CO, reduction reactions (CO,RR).

Photo-driven CO» reduction

Next, we explored catalyst 1 in the CO, reduction via photoirra-
diation. A well-known Cu(I) complex was selected as a photo-
sensitizer since we were interested in the development of earth-
abundant systems. In particular, we chose the heteroleptic com-
plex [Cu(dmp)DPEPhos](BF,4), where dmp is 2,9-dimethyl-
1,10-phenanthroline and DPEPhos is bis[(2-diphenylphos-
phino)phenyl] ether, which had been already successfully em-
ployed in other artificial photosynthesis [20,21,41]. In addition,
the benzimidazolidine derivative, BIH (1,3-dimethyl-2-phenyl-
benzo[d]imidazolidine) (shown in Figure 1) suited well as a
sacrificial electron donor, because of its high reducing power
[47]. The photocatalytic experiments were performed under
420 nm light irradiation unless otherwise specified. Gaseous
products were determined by a gas chromatograph equipped
with two barrier discharge ionization detectors (GC-BID). Typ-
ically, the concentrations used for the first screening were:
1 mM for PS, 0.1 mM for catalyst 1, and 20 mM for BIH, and
the bases used were either triethanolamine (TEOA) or triethyl-
amine (TEA), see Table 2. Although in the literature some
cobalt-based catalysts performed well in acetonitrile [48], our
system functioned poorly in CH3CN/TEOA 5:1 (v/v), produc-
ing only 0.2 umol of CO and 2.5 umol of H,. Thus, we changed
the mixture of solvents, using N,N-dimethylacetamide (DMA)
as the major component. Although this solvent has very similar
properties as the mostly used N,N-dimethylformamide (DMF),
it is highly stable and does not produce formate upon hydroly-
sis [49]. In the solvent system DMA/TEOA 3:1 (v/v), we could
observe that carbon monoxide was formed, however, the system

produced preferentially molecular hydrogen (Table 2, entry 2).

The role of TEOA was studied thoroughly. In many cases, it is
a suitable electron donor [47], however, for PS such as

Beilstein J. Org. Chem. 2023, 19, 1766-1775.

Cu(dmp)DPEPhos a higher reducing power is needed. Besides
that, TEOA works not only as a Brgnsted base (helping in the
deprotonation of the radical cation BIH** formed after the re-
ductive quenching of the PS), but also can actively assist the ca-
talysis, by capturing CO, [50-52]. On the other hand, having
three hydroxy groups, TEOA is also considered a proton donor
and the formation of metal hydrides is possible. In some cases,
this metal hydride favors the production of formate [51]. How-
ever, it may induce the concomitant formation of Hy. This
might have been the case of the photo-driven catalysis by com-
plex 1 in DMA/TEOA (Table 2, entries 2—4), where upon de-
creasing the concentration of TEOA down to 12.5%, the selec-
tivity towards CO increased up to 40%. Nevertheless, Hy was
still the major product. Thus, we decided to use triethylamine
instead of TEOA, since a base is necessary for the reduction of
CO,, as also demonstrated by control experiments (Supporting
Information File 1, Table S4), where in the absence of a base,
only little amounts of CO were formed. With TEA, the photo-
catalytic system generates carbon monoxide with a turnover
number (TON) of circa 10. A better selectivity (up to 97%) was
achieved when 12.5% of TEA were used (Table 2, entry 6)
while increasing the concentration of the electron donor BIH
did not result in any increase in the performance (Table 2,
entries 7 and 8).

Furthermore, different concentrations of catalyst 1 were evalu-
ated (Table 3). By lowering the concentration of the catalyst, we
increased the number of PS molecules per catalyst, resulting in
a more efficient electron transfer and consequently an enhance-
ment of the TON. In some cases, the production of Hy was too
low to be detected by our instrumentation, so we can affirm that
the selectivity is higher than 97%, measured in previous cases.
A maximum efficiency could be reached with 5 uM of 1, which
produced CO with a TON ~ 61 after 4 h (Table 3, entry 5).
Longer irradiation times (15 h) were evaluated for the concen-
tration of 10 uM and 5 uM of complex 1, showing that the ca-

Table 2: Selectivity study of photocatalytic CO» reduction with complex 1 as the catalyst.2

Entry Solvent [BIH], mM CO, pmol
1 CH3CN/TEOA 5:1 20 0.2
2 DMA/TEOA 3:1 20 0.9
3 DMA/TEOQA 5:1 20 2.8
4 DMA/TEOA 7:1 20 1.1
5 DMA/TEA 5:1 20 4.2
6 DMA/TEA 7:1 20 3.8
7 DMA/TEA 7:1 60 3.9
8 DMA/TEA 7:1 80 3.8

Ha, ymol TONgo Sel.co
25 0.5 6.5%
8.5 2.2 10%
11.1 7.0 20%
1.6 2.7 40%
0.9 10.4 83%
0.1 9.6 97%
0.5 9.7 88%
0.1 9.6 97%

ln a 20 mL flask, 4 mL of solution with the following concentrations, PS (1 mM), complex 1 (0.1 mM) was irradiated at 420 nm for 4 h. Every entry is

an average value of at least two tests.
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talysis continued beyond 4 hours and reached a TON higher
than 80 and 50, for [1] of 5 and 10 pM, respectively (Table 3,

entries 6 and 7).

Table 3: Photocatalytic CO» reduction tests with different concentra-
tions of 12.

Entry [1], mM Cat., pmol CO, ymol TONcgo
1 0.1 0.5 4.2 8.4

2 0.05 0.25 4.0 16.0

3 0.025 0.125 2.8 22.5

4 0.01 0.05 1.4 27.8

5 0.005 0.025 1.5 60.9

6P 0.005 0.025 2.15 86.0
70 0.01 0.05 2.75 53.0

2ln a 20 mL flask, 5 mL of a solution with the following concentrations,
PS (0.5 mM), BIH (20 mM) and complex 1 at the given concentrations
was irradiated for 4 h. Every entry is an average value of at least two
tests. Plrradiation time was 15 h.

The reaction kinetics was evaluated in photocatalytic systems
containing 0.025 mM of 1, since the amount of produced CO
should be sufficient to be detected by GC-BID, even after a
very short time from starting the reaction. As shown in
Figure 5, in the first four hours, the formation of CO presents a
power functional profile, without any induction period. More-
over, the turnover frequency (TOF) is maximum at 0.5 h, with a
value of 19 h™!. The catalysis continues; however, the TOF is
decreased considerably.

40 u T T T T

Products (uM)
= 2NN 0w
o (4] o w o [6,]

o
3
1

°
o
|
I

0 2 4 6 8
Time (h)

Figure 5: Time evolution of CO (blue squares) and H» (red triangles)
with the power functional fitting (blue and red curve, respectively). Data
were collected for photocatalytic tests in 5 mL DMA/TEA 7:1, [PS] =
0.5 mM; [1] = 0.025 mM; [BIH] = 10 mM.
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Redox potentials were measured in the same solvent mixture as
the photocatalytic tests (DMA/TEA 7:1), to study the thermody-
namics of the reaction. The plots are shown in Supporting Infor-
mation File 1 (Figures S5-S7) and the values are reported
versus MejgFc, as the internal standard (Table S3). The first
reduction of the cobalt-based catalyst is —1.56 V, thus the
electron donation from PS™ (—1.67 V) is plausible, albeit the
difference is not high. Estimation of the redox potentials of
the excited state of PS (Eox* and E,.q*) was done assuming
that the energy difference (Eg) between the energies of
the excited and ground states, both at their zero levels, is the
same as the emission maximum. Being the emission of
[Cu(dmp)DPEPhos](BF,4) in DMA/TEA 7:1 567 nm, the value
of Egg is 2.19 eV. It follows that Eoc* is —1.22 V and Eq* is
0.52 V (see Table S3 in Supporting Information File 1). Ther-
modynamically, an oxidative quenching of PS* by the catalyst 1
is not feasible (AG > 0.3 V), while a reductive quenching by
BIH could be possible since the oxidation potential of BIH is
0.27 V (AG < -0.25 V).

We performed Stern—Volmer analyses to verify our hypothesis.
As expected, the lifetime of the PS* (15 = 14 ns in aerated
DMA/TEA 7:1), is reduced upon the addition of the sacrificial
electron donor (Figure S13 in Supporting Information File 1).
The quenching constant, calculated from the linear fit accord-
ing to the Stern—Volmer equation, is 3.7 x 10% s™! M. Thus,
the reductive quenching of the photoexcited PS* by BIH is ther-
modynamically and kinetically feasible. The changes in the
UV-vis absorption of a typical photocatalytic solution under ir-
radiation were monitored over a period of four hours (Figure
S12 in Supporting Information File 1) and the spectra show the
development of a new broad band at 590 nm, reaching its
maximum intensity after 2.5 h. This could be due to the accu-

mulation of the reduced PS™ species.

We propose the following mechanism (Scheme 1). The PS
absorbs a photon (420 nm) and in its excited state is quenched
by BIH, which is deprotonated by the base (TEA) and forms a
radical (BI'). Since this radical is highly reducing, it can happen
that this species can also serve as a reductant [47]. The reduced
species PS™ can be oxidized back to PS by a molecule of 1,
which could detach a "NCS anion and offer a vacant site to co-
ordinate a proton (then following an H; evolution path) or a
molecule of CO, [46]. The adduct with CO, is further reduced
(by PS™ or BI') and after the addition of two protons, CO and
H,O are produced.

The cycle could be closed by the coordination of thiocyanate to
the cationic Co(II) species, which is left after the generation of
the products, or maybe the reduction of the above-mentioned

species occurs with another PS cycle. This proposed mecha-
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Scheme 1: Proposed mechanism for the photoinduced reduction of carbon dioxide with the system presented in this work.

nism is only tentative and should be confirmed by further

analyses and theoretical calculations.

In any case, the addition of proton sources should be beneficial
for the CO, pathway, and in the system, we studied so far, the
only plausible proton source is the bezimidazolidine derivative.
Thus, aiming at enhancing the catalytic activity, we performed
some additional photocatalytic tests, upon the addition of differ-
ent concentrations of 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP).
This alcohol has interesting physical and chemical properties,
and, being well miscible with many organic solvents and with
water, it has been used in a large variety of (electro)chemical
reactions [53]. The hydroxy group of this alcohol has a pK, of
9.3 [54,55], so we can expect that it is a suitable proton donor
for this kind of reaction. We performed the photocatalytic CO,

reduction by dissolving in 5 mL 1%, 2%, and 5% of HFIP (see
Table 4). The concentrations of the main components were:
[1] = 5 uM, [PS] = 0.5 mM, and [BIH] = 10 mM. After four
hours of irradiation at 420 nm, the production of CO increased
remarkably, reaching a TON higher than 230 when 5% HFIP
were used (Table 4, entry 3). Unfortunately, also the generation
of Hj increased with the concentration of HFIP, lowering the
selectivity to 55%. Nevertheless, these results are promising,
and further optimization studies are necessary to achieve high
efficiencies and selectivity at the same time.

Conclusion

We presented a novel Co(II)-based catalyst and its employment
in photo-driven CO, reduction. The cobalt core was hexacoor-
dinated by two chelating quinolyl-triazole ligands and two

Table 4: Photocatalytic CO, reduction tests with different concentrations of HFIP.2

Entry HFIP, % CO, pymol Ha, pmol
1 1 4.6 3.1
2 2 4.9 2.1
3 5 6.0 4.7

TONco TONp2 Sel.co
184 126 59%
198 83 70%
231 189 55%

ln a 20 mL flask, 5 mL of a solution with the following concentrations, PS (0.5 mM), BIH (20 mM), complex 1 (0.005 mM) and the indicated amounts

of HFIP was irradiated for 4 h.
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“NCS groups. The electrochemical properties suggested that
this complex could reduce carbon dioxide. The photocatalytic
system chosen for this target was fully earth-abundant, as the
complex [Cu(dmp)DPEPhos](BF,) was used as the photosensi-
tizer. Preliminary tests in the solvent mixture of DMA/TEOA
showed that the novel catalyst reduces CO, to CO. However,
the evolution of molecular hydrogen was prevailing. Thus, we
modified the conditions to switch the selectivity towards the
two electron-reduction product of CO,, carbon monoxide. We
successfully achieved a selectivity of 97% with the use of TEA
(12.5%) instead of TEOA. The following optimization studies
allowed us to tune the efficiency for CO production with a
maximum TON of 86, after 15 h of irradiation. Finally, further
tests were performed with the addition of an additional proton
source (HFIP). Although the selectivity was lowered, the CO
evolution was enhanced remarkably, reaching a TON up to 230,
after 4 h of irradiation.

Experimental
Synthesis of catalyst 1, (BzQuTr)oCo(NCS)»

In a two-necked round-bottomed flask, under argon, the
chelating ligand BzQuTr (100 mg, 0.35 mmol, 2.0 equiv) dis-
solved in 10 mL of dry MeOH was added dropwise to
Co(NCS)»(py)4 (86 mg, 0.175 mmol, 1.00 equiv), dissolved in
5 mL of MeOH. The mixture was stirred for two hours at room
temperature. The solvent was removed under reduced pressure
and the crude product was washed with cold MeOH and Et,0,
obtaining a lilac precipitate (82 mg, 0.11 mmol, 60%). Para-
magnetic properties were estimated by the Evans method [56]
in acetonitrile and resulted in three unpaired electrons. ATR-IR
(em™1y v: 3109, 3027, 2065, 1606, 1574, 1507, 1496, 1469,
1453, 1438, 1431, 1375, 1358, 1350, 1332, 1313, 1251, 1210,
1162, 1145, 1130, 1101, 1061, 1027, 1011, 952, 832, 817,
803, 783, 764, 732, 717, 694, 679, 654, 636, 599, 572, 531, 516,
482, 459, 399, 384; ESIMS m/z (%): 689.14 [M — NCS]
(100%); 690.15 [M + H — NCS] (43%); Anal. calcd for
C38H28CON1052~CH30H1 C, 60.07; N, 17.96; H, 4.1 1; S, 8.22;
found: C, 60.05; N, 17.84; H, 3.66; S, 8.18.

Photocatalytic CO» reduction

Typically, the tests were performed in glass vials (20 mL)
equipped with a screw-cap septum. The solutions were pre-
pared under air and CO; (or argon) was bubbled inside for at
least 10 minutes. TEA or TEOA was distilled twice before use.
Experiments were performed in a photoreactor from Luzchem
(model: LZC-ICH2) equipped with two lamps at 420 nm (fluo-
rescent lamps of 8 W each) and four mini-stirrers. On each
stirrer, two samples were irradiated at the same time, for a total
of eight simultaneous reactions. A drawing of the photoreactor
is shown in the Supporting Information File 1 (Figure S9) and

the emission spectrum of the lamp is reported in Figure S10.
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Typically, the solutions contained the photosensitizer (1 mM or
0.5 mM), catalyst 1 (different concentrations were studied), and
BIH (usually 10 mM or 20 mM), unless otherwise noted. The
temperature of the reactor was controlled with an in-built venti-
lator, T'= (25 £ 5) °C. The moles of products (CO and Hj) were
measured by quantitative analyses of the headspace of the reac-
tions with a gas chromatograph from Shimadzu (GC-2030)
equipped with two barrier discharge ionization detectors (BID).
Every test was repeated at least twice. The photon flux was
evaluated with actinometry, according to a previously published
procedure [42], and it was 0.025 uE s~!. Therefore, an apparent
photoluminescent quantum yield could be estimated to be up to
2.4%, after 4 h, according to Equation 5:

CO moles

O =
incident photons x (1 - IOA)

x100 5)

Where A is the initial absorption value of the photocatalytic

system at the irradiation wavelength.

TON and TOF were calculated according to Equation 6, Equa-
tion 7, and Equation 8:

TON(q = —C0 ©
Peatalyst
TONy, = —H2 o
Reatalyst
rop_ _TON_ N
Ireaction

Where 7 is the number of moles of the products and of the cata-

lyst; ¢ is the time of the reaction.

Supporting Information

Additional information regarding the instrumentation,
structural analyses, and X-ray structures is provided.
Crystal structures were deposited in the Cambridge
Crystallographic Data Centre (CCDC) with the numbers
2285968 (1a) and 2285968 (1b).

Supporting Information File 1

General information, further synthetic and experimental
procedures, and additional results.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-129-S1.pdf]
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Photocatalytic hydrogen production from water is a promising way to fulfill energy demands and attain carbon emission reduction
goals effectively. In this study, a loop photoreactor with a total volume of around 500 mL is presented for the photocatalytic hydro-
gen evolution using a Pt-loaded polymeric carbon nitride photocatalyst under 365 nm irradiation in the presence of sacrificial
reducing agents. The fluid flow pattern of the developed photoreactor was characterized experimentally and the photon flux inci-
dent to the loop photoreactor was measured by chemical actinometry. The system displayed exceptional stability, with operation
sustained over 70 hours. A design of experiment (DOE) analysis was used to systematically investigate the influence of key param-
eters — photon flux, photocatalyst loading, stirring speed, and inert gas flow rate — on the hydrogen generation rate. Linear relation-
ships were found between hydrogen evolution rate and photon flux as well as inert gas flow rate. Photocatalyst loading and stirring
speed also showed linear correlations, but could not be correctly described by DOE analysis. Instead, linear single parameter corre-
lations could be applied. Notably, the loop photoreactor demonstrated an external photon efficiency up to 17 times higher than re-
ported in literature studies, while scaling the reactor size by a factor of 10.

Introduction

The world is in the midst of the first truly global energy crisis
with unprecedented breadth and complexity [1]. Meanwhile, the
rise of the world’s population and economic growth demands
more energy. Of all energy sources, fossil fuels have been dom-

inating over 80% of the global energy market for decades [1-3].

However, the combustion of fossil fuels contributes greatly to

environmental degradation, global warming, and air pollution,
which further damages public health [4-6]. Given the nature of
how fossil fuels are formed, which takes millions of years to
come to be [7], they are considered limited resources and nonre-
newable compared to the current consumption rate [8]. There-

fore, a pressing need exists to transition towards renewable
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energy sources to ensure sustainable energy development and
environmental preservation. Solar energy stands out as the most
compelling renewable energy source, holding the potential to
fully satisfy the energy requirements of humanity [9]. The
reliance on geographic locations and seasonal changes, howev-
er, makes it difficult to maintain a constant supply of solar
energy year-round [10]. To harness solar energy in a proper
way, solar energy can be converted to hydrogen fuels. Hydro-
gen as an energy carrier has zero carbon emission and a high
energy density [11,12]. While significant efforts are directed
towards developing effective photocatalysts for solar water
splitting [13-16], a crucial emphasis must also be placed on
upscaling reactors and catalytic systems to facilitate the transi-

tion to cleaner energy sources.

There are mainly three categories of solar to hydrogen genera-
tion methods based on semiconductors, namely photovoltaic-
powered electrolysis (PV-E), photoelectrochemical (PEC) pro-
cesses, and photocatalysis. Upon upscaling, both PV-E and PEC
reactors exhibit pH gradients at electrodes and elevated solu-
tion electrical resistivity. These challenges arise from the sub-
stantial separation between reduction and oxidation sites, along-
side mass transport restrictions in the liquid phase due to ex-
tended ion transport distances. These effects cause significant
potential losses, eventually reducing the efficiency of the reac-
tors. The addition of large amounts of supporting electrolyte
and vigorous circulation of the electrolyte solution also compli-
cates the scale-up process [17,18]. On the contrary, expanding
photocatalytic systems, particularly those employing powdered
photocatalysts, to a larger scale is notably more straightforward
[17,18]. However, complications arise when attempting to scale
up reactors solely based on geometric similarity, as alterations
in mixing and hydrodynamic attributes occur during the process
of scale-up [19,20]. Therefore, a suitable reactor, which ensures
excellent fluid dynamics and transport properties during scale-
up, is needed for photocatalytic hydrogen generation.

Loop reactors utilize partial inner circulation of the chosen reac-
tion medium around an internal concentrically fitted draft tube,
and are widely used in industry, such as microbiology fermenta-
tion and Fischer-Tropsch synthesis [21,22]. This type of reac-
tors provides very high mass transfer rates, well-defined fluid
flow patterns, and a simple design [23,24]. The construction and
operation of loop reactors are simple. Furthermore, investment
and operational costs are typically low. For these reasons, the
suitability of a loop reactor was studied in this work for the pho-
tocatalytic hydrogen generation process as a potentially scal-
able photoreactor concept.

Suitable light sources are one of the requirements for photocata-

Iytic studies, as they directly influence the performance of pho-
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tocatalytic reactions. While the ultimate goal is to utilize
sunlight directly for photocatalytic hydrogen generation, the
limited intensity of sunlight poses challenges [25]. Beside this,
identifying photocatalysts capable of efficient performance
across broad sunlight wavelength ranges proves to be a com-
plex endeavor [26-28]. Therefore, artificial light sources are
typically applied for lab testing of photocatalytic reactions.
Compared to conventional light sources, light-emitting diodes
(LEDs) have plenty of advantages including long life span (up
to 100 000 h), robustness, compact size, and high energy effi-
ciency, which make LEDs very attractive as a light source for
photocatalytic hydrogen generation studies [29].

In this work, a loop photoreactor for scaling up the photocata-
lytic hydrogen generation is designed and equipped with
365 nm LEDs. Fluid dynamics in the loop photoreactor are
characterized using a color tracer mixing experiment and image
analysis. Photonic characterization is performed with the
ferrioxalate actinometer. Finally, the photocatalytic hydrogen
evolution with Pt-loaded polymeric carbon nitride (Pt-PCN)
powder using methanol as sacrificial agent (Scheme 1) is
studied as a benchmark in the designed loop photoreactor. Four
parameters, namely photon flux, photocatalyst loading, stirring
speed, and inert gas flow rate, are investigated for their effect
on the activity of the hydrogen evolution. The efficiency of the
loop photoreactor is also compared with results from literature
obtained in a Schlenk tube system [30].

uv
CH3OH + Hy0 —————
Pt-PCN

3H, + CO,

Scheme 1: Photocatalytic hydrogen evolution with Pt-loaded poly-
meric carbon nitride.

Results and Discussion

Photocatalyst characterization

The surface morphology of the Pt-PCN photocatalyst has been
analyzed by scanning electron microscopy (SEM) at different
magnifications, as shown in Figure 1a—d. The images reveal a
layered structure exhibiting a rough surface with agglomerated,
irregular, and dense particles. Figure 2a—e shows the elemental
mapping analysis of Pt-PCN conducted using SEM-EDX. A ho-
mogeneous distribution of Pt (Figure 2d) was found across the
surfaces of the Pt-PCN, confirming their uniformity. To ensure
that the homogeneous distribution of Pt on the surface of PCN
is not random, multiple particles were analyzed using SEM-
EDX (see Supporting Information File 1, Figure S1), which
shows the uniform distribution of Pt on the surfaces of PCN
over all particles. Moreover, the EDX elemental composition

analysis indicates that the Pt content is 0.6 atom %.

75



5 um

Figure 2: SEM-EDX elemental mapping images of C, N, and Pt on a particle.

Reactor characterization

Fluid flow pattern

Figure 3 shows four representative frames of a mixing experi-
ment at times of 1.2, 2.2, 4.2, and 7.8 s using a stirring speed of
560 rpm. The regions of interests (ROIs) shown on frame of

Beilstein J. Org. Chem. 2024, 20, 74-91.

1.2 s are denoted as left side (blue ROI), draft tube (green ROI),
and right side (yellow ROI). The color of water changed first in
the draft tube and then outside the draft tube until the mixing
was complete. Thus, the liquid was first sucked into the draft
tube and flowed through the draft tube downwards until it
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Figure 3: Exemplary results of the mixing experiments using methylene blue to visualize and quantify fluid flow pattern in the loop photoreactor at stir-

ring speed of 560 rpm.

reached the bottom of the reactor, where it was redirected to
flow upward outside the draft tube back to the top of the
reactor. The arrows on the frame of 4.2 s show the fluid flow
direction. This confirms the desired operation of the reactor
design concept of a guided inner circulation around the draft
tube.

Figure 4 shows the red channel values of ROIs for the mixing
experiments with different stirring speeds (430, 560, 740, and
860 rpm). The mixing time in the draft tube only slightly
depends on the stirring speed. However, the mixing time
outside of the draft tube shows a clear dependence on the stir-
ring speed. As expected, both sides of the reactor show an
almost identical mixing behavior. Data for a stirring speed of

430 rpm shows pronounced fluctuation. This is because not the
whole methylene blue solution is immediately sucked into the
draft tube. Instead, parts of the tracer solution are swirling
above the draft tube, eventually being sucked slowly into the
draft tube and causing the observed fluctuations (see Support-
ing Information File 2, loop_430rpm).

Figure 5 shows the determined mixing times for the different
regions. The mixing time in the draft tube ranged from 2.72 s to
1.92 s and the mixing time outside of the draft tube from 4.48 s
to 2.52 s for 430 rpm and 860 rpm, respectively. The low
dependency of the mixing time in the draft tube on the stirring
speed might be related to the small size of the propellers used in
the draft tube, which might interfere with the draft tube, finally

(a) left side (b) draft tube (c) right side

200 200 200

175 430 rpm 175 430 rpm 175 430 rpm
S50 —=— 560mpm | 3459 —=— 560mpm | S5 —=— 560 rpm
g 740 rpm g 740 rpm g 740 rpm
=125 P =125 P =125 p
€ 100 - 860mm < g e 860mm | 4 —*— 860rpm
(] (] (]
5 75 5 75 575
B 50 B 50 B 50
4 4 4

25 25 25

% 2 4 6 8 10 12 % 2 4 6 8 10 12 % 2 4 6 8 10 12
Time /s Time /s Time/s

Figure 4: Red channel values of ROls with different stirring speeds: (a) left space between reactor and draft tube, (b) in draft tube, (c) right space be-

tween reactor and draft tube.
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reducing their effectiveness at higher stirring speeds. However,
the propeller used below the draft tube is larger and will not
suffer from interference with the draft tube, enhancing the
convection outside the draft tube.

Il draft tube
41 Hl side
n 31
£
==
1 1
0_
430 560 740 860

Stirring speed / rpm

Figure 5: Quantified mixing time using different stirring speeds.

Photonic characterization

The loop photoreactor using 6 LEDs was photonically charac-
terized by chemical actinometry. Figure 6 shows the actin-
ometer conversions and calculated photon fluxes at different ir-
radiation times. The reasonable linear fits of the conversion (see
Figure 6a) prove the applicability of the chosen experimental
protocol for the loop photoreactor [31]. Consequently, time-
independent photon fluxes were calculated for the different
operational conditions (see Figure 6b). Only for very short
times in combination with high electrical currents of LEDs
(e.g., 500 mA) a change of the photon flux is observed. For
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c /
o P
% 107 Y o 100mA
g Y o 200mA
c 8 T Wad
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short times this is caused by very low conversions and the asso-
ciated experimental uncertainties and for the latter conditions by

the application limits of the ferrioxalate actinometer [32].

The average photon flux incident on the reaction solution
depends linearly on the LEDs electrical current (see Figure 7).
The good linear regression shows that the chemical actinom-
etry gave quite reliable photon flux values in the loop photore-
actor. This relation was used to extrapolate the photon fluxes
for experiments with more than 6 LEDs or with higher elec-
trical current.

6
x  measured values A

T 5] - q=0.0091 x |
n e
© 4 /’,
€ R?=0.9960 <"
= 3
E P
L //
$2 e
g
a 11 e

0+ , , , ,

0 100 200 300 400 500 600

Electrical current / mA

Figure 7: Photon flux in the loop reactor with respect to the LED elec-
trical current.

Light absorption
According to the Beer—Lambert law, the absorption of light in a
solution can be described by Equation 1 [33].

(b)

6
751
p |
B4l e 100 mA
| I S — o 200 mA
<, e 300mA
X 9 .
5 ____.___.__'__.__.__.___.___ 400 mA
= 500 mA
c 2 ——-
..9 ____'___‘__.__.__.__‘__‘__1___ average
@]
.C
a1 ————8 e —e-—@-—e——p-—e-—F—-
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Figure 6: Chemical actinometry results: (a) actinometer conversion at different irradiation time, (b) photon flux at different irradiation time.
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1
A=log101—0=8><c><d (1)

d

where A is the absorbance, [ is the intensity of light entering
the solution perpendicularly to one face, /4 is the intensity of
light exiting the solution, € is the extinction coefficient, c is the
concentration of a light-absorbing solute, and d is the optical
path length. Figure 8 shows the measured absorbance as func-
tion of the photocatalyst loadings in the methanol/water solu-
tion using different optical path lengths. The absorbance
depends linearly on the photocatalyst concentration for low con-

centrations, which agrees with the Beer—Lambert law [33,34].

An extinction coefficient of 3.5 L g~! cm™! was determined by

fitting the experimental data. The deviation of the absorbance
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The long-term stability of the photocatalyst was initially tested
in the loop photoreactor with a photocatalyst loading of
0.22 g L™!, a stirring speed of 560 rpm, a photon flux of
4.70 ymol s7!, and an inert gas flow rate of 75 mL min~!.
Figure 9 shows the hydrogen generation rate as function of irra-
diation time. The hydrogen generation rate first increases to a
maximum value and decreases subsequently. After around
10 hours of irradiation, a steady level of hydrogen evolution is
reached. Even though some fluctuations in the range of £8%
can be observed, the hydrogen evolution rate remained at this
level for 70 hours of irradiation. These results prove the long-
term stability of the systems, which is a prerequisite for any

future application.

Concentration /gL~

Figure 8: Absorbance as function of photocatalyst loading for different
optical path lengths.

Photocatalytic hydrogen evolution

Long-term operation
Photocatalytic hydrogen evolution was performed using water

and methanol under UV LED irradiation with a Pt-PCN photo-

catalyst (R1). The volume ratio of water and methanol used in

this work is 9:1 with a total volume of 460 mL. The used setup
was equipped with a micro-GC for online measurements of the
hydrogen evolution, which enabled sampling every 3 minutes
and thus provides insights on the kinetics of hydrogen evolu-
tion. Compared to conventional manual sampling with gas-tight
syringes, online measurements also improve reproducibility by

minimizing potential errors such as contamination by air or

sampling mistakes.

from the linear relation is attributed to increased scattering at
high loadings and/or long optical paths, where consequently the — 501
requirements for the application of the Beer—Lambert law are lc
not fulfilled anymore. Considering the inner diameter of the g 401
loop reactor of 5 cm, a catalyst loading of 0.11 g L™! is suffi- 2
cient to absorb more than 95% of the photons. % 30
S
= 201
2.5 — E|
1 / ’ "4 o
[l i 3
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0.51 i & U adl Design of experiment analysis
4 /” - - . . . . .
éf’,{{ T e During design of experiment (DOE) analysis, the default linear
0'00_6 01 02 03 04 05 06 07 and quadratic model were found to describe the experimental

data reasonably well (see Table 1). While RZ is higher for the
quadratic model, it must be checked whether the model is over-
parameterized with terms that are not statistically significant. To
do this, the R2adj and Rzpred were analyzed. The Rzadj plateaus
when insignificant terms are added to the model, and Rzpred will
decrease when there are too many insignificant terms. The low
Rzpred value of 0.6213 confirms that the default quadratic model
is over-parameterized. For a reasonable model, the difference of
R2,4j and R%,;¢q should be within approximately 0.2 [35]. As it
is evident from Table 1, this is the case for the linear (0.0831)
but not for the quadratic mode one (0.3033). Therefore, com-
pared to the default quadratic model, the linear model is more
appropriate for predicting maximum hydrogen generation rate
within the value range of the studied parameters.

The significance of the chosen parameters was evaluated by
analysis of variance (ANOVA). The “Prob>F" probability value

gives the estimation of whether the parameter has a significant
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Table 1: Performance metric values for the suggested models from
DOE analysis.

Performance Model
metric

Linear Quadratic Modified
R2 0.8619 0.9686 0.9526
R2agj 0.8343 0.9246 0.9289
RZored 0.7512 0.6213 0.8426
RZaqj— R%preq 0.0831 0.3033 0.0863

effect on the response, and generally a parameter with a proba-
bility value less than 0.05 is considered as significant. A proba-
bility value larger than 0.10 renders the parameter generally as
insignificant [35]. It is evident from Table 2 that light intensity
and inert gas flow can be regarded as significant, while the
photocatalyst amount and the stirring speed are insignificant.

Table 2: “Prob>F” values of the studied parameters from DOE ANOVA
analysis.

Parameter Prob>F

Linear model Modified quadratic

model

q <0.0001 <0.0001
c 0.1671 0.8276

0.9278 0.1305
1% 0.0028 <0.0001
qxV - 0.0068
cxV - 0.0279
c? - 0.0164
v2 - 0.0054

In addition to this analysis, it is necessary to check if there are
any interactions between the studied parameters. After the in-
significant parameter interaction terms were removed from the
quadratic model, the interaction of photocatalyst loading and
stirring speed has a “Prob>F" value of 0.0279, which means this
interaction term also significantly affects the maximum hydro-
gen generation rate. The interaction effect was summarized in
the modified quadratic model, which has a difference between
Rzadj and Rzpred of 0.0863. Moreover, an ANOVA showed that
the p-value of the linear and modified quadratic model is lower
than 0.0001, which confirms that the model is adequate with a
significance level of more than 99%. Therefore, the linear and
modified quadratic models are suitable for describing the rela-
tion between photocatalytic hydrogen generation and the four

studied parameters.
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The linear and modified model from DOE analysis are de-
scribed with Equation 2 and Equation 3:

PR=-13.92+6.49 ¢ +15.70 c+1.07x1073v+0.42V (2)

PR=-150.23+3.31¢+255.36 c+0.38 v—7.77x10°
‘ 3
+0.1gxV-022 cxv—149.86 ¢> —2.42x1074?

where PR represents the predicted maximum photocatalytic
hydrogen generation rate (umol h™'), ¢ is the photon flux
(umol s71), ¢ is the photocatalyst loading (g L™1), v is the stir-
ring speed (rpm), and Vis the inert gas flow rate (mL min~1).
The response surfaces for the modified model are shown in
Figure 10. Linear correlations dominate the response to the
photon flux and inert gas flow rate, while the power law corre-
lations dominate the photocatalyst loading and the stirring
speed.

Figure 11 shows that a reasonable parity between the predicted
hydrogen generation rate and the actual experimental hydrogen
generation rate could be achieved. No significant difference be-
tween the prediction accuracy of the two models is observable.
The only difference between the two models is that the modi-
fied model considers the interaction of parameters. Therefore, to
validate the model from DOE analysis, experiments that vary
only the individual parameters were performed to see which
model is more appropriate.

Analysis of individual reaction parameters

General considerations: To test the validity of the model
derived with the DOE approach, the capabilities of the model
prediction were tested against conventional single parameter
studies. For that, additional experiments were conducted and
analyzed, when possible, together with the data points from the
DOE study. Given the significance of the photon flux and the
inert gas flow rate, these parameters were studied first. To
mimic the conventional experimental approach, the photocata-

lyst loading and the stirrer speed were investigated as well.

Photon flux: The effect of the photon flux on the temporal
evolution of the hydrogen generation rate was investigated
individually for a constant set of operating parameters
(c=022 gL} v =560 rpm, V =75mL min~!). The photon
flux related to the LEDs’ electrical current is calculated based
on the actinometry results presented in section "Photonic char-
acterization" (see Figure 7). The characteristics of the temporal
evolution of the hydrogen generation rate were found to depend
on the photon flux (Figure 12a). For all conditions, the ob-

served hydrogen evolution rate increased initially. At a low
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sis.

photon flux, a steady state evolution rate was reached quickly
and remained stable during the reaction. However, at higher
photon fluxes, the hydrogen generation rate decreased slowly
with the irradiation time (up to 18% after 15 hours for a photon
flux of 4.70 pmol s71).

An increase of the maximum hydrogen generation rate with an
increase of the incident photon flux was found. The maximum
hydrogen generation rate was 3.5 times higher for a 5 times
higher photon flux of 4.70 umol s~! than at a photon flux of
0.82 pumol s~ [36]. Furthermore, it was observed that an in-
creasing photon flux reduced the time needed for reaching the

maximum hydrogen generation rate. Nomikos et al. reasoned a

similar observation with a decreased time needed for complete
reforming of methanol and reaction intermediates at higher in-

tensities [37].

For further studies, the reactor setup was equipped with four
heat sinks around the reactor, each equipped with 6 LEDs. This
was the constructive maximum of LEDs that could be installed
and allowed for providing a maximum photon flux of
32.77 umol s~! to the reactor. Systematic studies on varying
photon fluxes showed an almost linear increase of the hydrogen
evolution rate with lower photon fluxes (see Figure 12b).

Generally, three regimes can be differentiated for the correla-
tion of the reaction rate with the photon flux [37-42]. At low
photon fluxes (regime 1), the hydrogen generation rate is typi-
cally limited by the available photon flux and can be approxi-
mated first order with respect to light intensity. For higher
photon fluxes, kinetic limitations appear (second regime) since
the larger amount of charge carriers present in the photocata-
lysts causes accelerated recombination in parts of the reactor.
When extremely high photon fluxes are used, the reaction
would be kinetically limited at every point in the reactor
(regime 3). Increasing the photon flux would not increase the
reaction rate anymore. Bloh proposed a model linking the
photon flux and reaction rate [42], which was used in this work

to fit the experiment results (see Equation 4).

4

* X g, XX
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sities, (b) hydrogen generation rate as function of the photon flux.

where <r> is the average (observed) reaction rate, k" is the
kinetic rate constant, 0 is the surface coverage of the photocata-
lyst, @ is the optical density, ¢ is the quantum yield, g, is the
volumetric photon flux density, ¢ is the photocatalyst concen-
tration, and k; is the recombination rate.

The linear correlation between reaction rate and photon flux
visible in Figure 12b indicates that the system is still in regime
1 and the hydrogen generation rate is limited by the available
photon flux, even for the highest photon flux used in this study.
The predictions from the DOE analysis hold for low photon
fluxes but the inaccuracy increases with the photon flux. The
deviations to the experimental data are larger for the linear as

for the modified DOE model. For instance, the linear model
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predicts an about 50% lower hydrogen evolution rate for a
photon flux of about 35 pumol s

Inert gas flow rate: The effect of inert gas flow rate on hydro-
gen generation rate is shown in Figure 13a (g = 4.70 umol 57,
¢=0.22 gL, v =560 rpm). The maximum hydrogen genera-
tion rate increased by 74% when the inert gas flow rate was in-
creased from 25 to 75 mL min~!. This effect is attributed to an
enhanced mass transfer of hydrogen from the photocatalyst to
the gas phase. The relevant mass transport steps for hydrogen
include the diffusion from the photocatalyst surface to the liquid
bulk, transfer from the liquid bulk to liquid—gas interface, and
transfer from liquid—gas interface to gas phase [43]. Since the

inert gas was purged into the reactor continuously, the gener-
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Figure 13: Effect of inert gas flow rate on hydrogen generation rate: (a) hydrogen generation rate as a function of the irradiation time, (b) maximum
hydrogen generation rate as a function of the inert gas flow rate in the solution.
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ated hydrogen could also directly be transferred from the photo-
catalyst surface to the gas phase if a gas bubble got in contact
with the catalyst surface. Furthermore, it is evident from
Figure 13a that higher inert gas flow rates decrease the irradia-
tion time needed to reach the maximum hydrogen generation
rate. At a flow rate of 25 mL min~! it took around 45 min to
reach to maximum hydrogen generation rate, while at a flow
rate of 75 mL min~! only around 30 min was sufficient.
Besides, the decrease of the activity with reaction time is less
pronounced compared to the studies on the influence of the
photon flux. Both observations are also attributed to the en-
hancement of mass transfer induced by a higher inert gas flow
rate.

The maximum hydrogen generation rate is linearly correlated to
the inert gas flow rate (see Figure 13b). This is in accordance
with the mass transfer studies published by Escudero et al. [43],
who also showed that the hydrogen generation rate is linearly
related to the gas flow rate. Moreover, the linear relationship is
also supported by the DOE analysis. Both DOE models predict
the experiment results quite well. The linear model yields a
slightly better prediction. A linear regression of only the data
points shown here shows an expected good agreement with the
experimental data.

Photocatalyst loading: The temporal hydrogen evolution activ-
ity for different photocatalyst loadings is shown in Figure 14a
(g =4.70 pmol s~1, v = 560 rpm, V=75mL min~1). Again, the
hydrogen generation rate increased to a maximum and then
slowly decreased until a steady state rate was reached, likely
due to the same reasons as discussed above. An increase of the
photocatalyst loading enhanced the hydrogen generation rate,

which might be a result of improved overall light harvesting at
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Beilstein J. Org. Chem. 2024, 20, 74-91.

higher loadings and indicates that the mass transport issues (i.e.,
transport of the reactants to and of the products away from the
surface catalytic sites) is still not rate-limiting in this regime
[38].

Figure 14b shows the predicted maximum hydrogen generation
rate for varying photocatalyst loadings. It is obvious that the
modified model deviates less from the experimental results.
Despite this, it also becomes clear that the quadratic model used
for the modified model is not suited for extrapolations since a
decrease of the hydrogen evolution activity is predicted which
is not found experimentally. In fact, a linear model, that is fitted
solely to this small data set and ignores the effect of the other
reaction parameters, yields a better prediction (see Figure 14b).
This would also be in line with observations reported by
Nomikos et al. for a 0.5 wt % Pt/TiO, photocatalyst suspended
in water and methanol solution at low loadings (from O to
033 ¢ L_]) [37]. These authors found a saturation point at
higher photocatalyst loadings after which hydrogen generation
activity did not increase any further.

Stirring speed: Figure 15a shows the hydrogen evolution
activity for different stirring speeds (¢ = 4.70 pmol s~!,
c=022gL7], ¥ =50 mL min~!). Increasing the stirring speed
results in an increase in the maximum hydrogen generation rate.
The maximum hydrogen generation rate was 1.5 times higher at
740 rpm than at 430 rpm. This gives evidence that increased
convection improves the mass transfer of generated hydrogen
from the liquid phase to the gas phase or even directly from the
catalyst to the gas phase. This is in line with the measured
mixing time. Furthermore, the experiments show that a certain
threshold is required to achieve higher activity. Only for stir-

ring speeds above 430 rpm, an improvement is observed. This is
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most likely due to limited convection at lower stirring speeds
and the hydrodynamic issues discussed above.

Figure 15b shows the prediction of the maximum hydrogen
generation rate for different stirring speeds. The modified DOE
model shows a better agreement with the experimental results
for conditions above 280 rpm than the linear model, but again
the physicochemical plausibility of the quadratic model is ques-
tionable. It is evident from the shown data that a linear fit de-
scribes the experimental data well when the correlations with
other parameters and the data points for “no stirring” and a stir-
ring speed of 280 rpm are excluded. The required threshold for
achieving sufficient convection is likely the reason why a linear

description cannot be applied for the data set.

Discussion: Analysis of the single parameter studies in compar-
ison to the DOE analysis shows that the studied parameter set
possesses complex correlations that cannot be described in the
required quality with the simple mathematical models available
for the DOE analysis. With power law models the description of
the experimental data can be improved in terms of statistics, but
physical and chemical plausibility cannot be ensured with this
approach. Thus, only interpolations in a predefined parameter
space are possible. In conclusion, application of simple statis-
tical models to reduce the experimental efforts is not suited for
the studied photocatalytic processes. The non-linear interplay of

various parameters limits the value of the derived DOE models.

Independent from this statistical analysis, it is possible to
compare the performance of the loop photoreactor and the
suspended photocatalysts to results presented in the literature.
The apparent quantum efficiency (AQE) is a suited perfor-

mance metric for such a comparison and defined as [41]:

&)

where 7 is the number of electrons involved in the photocatalyt-
ic reaction (2 in this case), r is the hydrogen generation rate, and
q is the total photon flux entering the reaction volume.

Figure 16 depicts the AQE at 365 nm calculated for all experi-
mental data points. The determined AQE ranges from 0.25 to
1.05%, which is a factor of 4 to 17 higher as reported in the lit-
erature for the photocatalytic hydrogen evolution using Pt
loaded polymeric carbon nitride in a 21 mL Schlenk tube
(AQE = 0.06%) [30]. The maximum hydrogen generation rate
observed was 460.66 pmol h~! at a photon flux of
32.77 umol s~!, a catalyst loading of 0.22 g L™!, a stirring speed
of 560 rpm and an inert gas flow rate of 50 mL min~!. Under
these conditions, an AQE of 0.75% was determined. The
highest AQE of 1.05% was found for the lowest photon flux of
0.82 umol s~ (¢ =0.22 g L1, v = 560 rpm, ¥ =75 mL min~}).
With respect to a high overall performance of the system, it is
notable that even for high photon fluxes of more than
12 umol s~! AQE larger than 0.75% are observed. This indi-
cates that the performance is not decreasing due to an increased
rate of recombination, which is in line with the analysis of the
photon flux dependency. Overall, the loop photoreactor not only
allows for an order of magnitude increase in reaction scale, but

also significantly increases the efficiency of light utilization.

Conclusion

The presented investigations show that loop photoreactors are
suited to scale up the light-driven hydrogen evolution with
Pt-loaded polymeric carbon nitride photocatalysts. With the

presented design, a scale-up by more than one order of magni-
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Figure 16: 3D plot of AQE for different studied parameters: (a) AQE for different photon fluxes and inert gas flow rates, (b) AQE for differrent photo-

catalyst loadings and stirring speeds.

tude could be realized compared to literature-reported systems.
Systematic evaluation of operational parameters revealed a sig-
nificant influence of the photon flux as well as the inert gas
flow rate. The latter finding indicates that sufficiently fast mass
transport is of major importance for the performance of the
studied reaction. The used loop reactor provides excellent mass
transport properties, which eventually enabled an increase of
the apparent quantum yield by a factor of 10. This result is even
more relevant than the demonstration of the scale-up as effi-
cient use of photons provided to the reaction solution is the
basis for a future large-scale application of solar-driven hydro-

gen evolution.

The findings emphasize that an interdisciplinary investigation
of light-driven reactions is of utmost importance for imple-
menting photocatalytic hydrogen generation on a large scale.
The strong interaction of the radiation field with mass transport
of the involved species, i.e., light absorber, catalyst, reactants,
and hydrogen as product, has a tremendous effect on the overall
performance. Engineering aspects may have direct implications
for the design of photocatalytic materials to cope, e.g., with
mass transport issues on a larger scale. Consequently, reaction
engineering studies should not only be conducted after a cata-
lytic system was developed but should be an integral part of
research on light-driven systems already during development of

photocatalytic active materials.

Experimental
Reactor design

The design parameters for the loop photoreactor are based on

the optimal design parameters suggested by Blenke et al. [44].

The draft tube diameter is adjusted to achieve maximal mass
transfer in the reactor [45-48]. The design parameters used in
this work are defined by Equations 6-9:

Dp = 044 xDy (6)
Lp = 44 xDg (7
Lt = 04 xDy (8)
Lp = 04 xDg 9)

where Dy is the inner diameter of the reactor, Dy is the inner
diameter of the draft tube, Lp is the draft tube length, Lt is the
distance of the draft tube to the reactor top, Lg is the distance of
the reactor bottom to the draft tube. The reactor is manufac-
tured from 2 mm thick borosilicate glass with a total height of
40 cm. Borosilicate glass was chosen as the reactor body mate-
rial based on the following reasons: (1) the transmission of
borosilicate glass at UV range is already over 90%, (2) borosili-
cate glass is easier to work with for manufacturing the reactor
with the proposed design, and (3) borosilicate glass is the
cheaper material. With 2 mm thickness, about 10% of the inci-
dent light is absorbed by the reactor wall. The inner diameter of
the reactor Dy is set as 5 cm, yielding a total reactor volume of
around 500 mL.

The designed loop photoreactor consists of three separate parts,
the reactor head with a gas inlet and a gas outlet (GL18 thread),
the reactor body with draft tube, and the reactor bottom (see

Figure 17a). The three parts are assembled using two clamps
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Figure 17: Reactor design: (a) CAD drawing of the loop reactor, (b) picture of the manufactured loop reactor.

(plastic black, DN 50) and O-rings. The reactor top has a 29/32
ground joint for an overhead stirrer.

3D-printed support structures were used to ensure a repro-
ducible installation for the reactor setup (see Figure 18a). The
propellers used to induce the required convection in the draft
tube were also 3D-printed. One large propeller was mounted at
the bottom of the shaft tube and four small propellers were
mounted on the shaft above the big propeller (see Figure 18b).
The mounted position of the propeller on the shaft is shown in
Supporting Information File 1, Figure S2a. To ensure that the
propellers were fixed at the same position on the shaft tube,
holes with M3 thread were drilled in the shaft. All 3D-printed
parts were printed with a 3D printer (Pro2 Plus, Raise3D) using
a polylactic acid (PLA) filament. The 3D printer setting is
shown in Supporting Information File 1, Table S1.

As light source 365 nm UV LEDs (Luminus SST-10-UV,
Luminus Devices, Inc.) were used. The technical specification
of the UV LED is shown in Supporting Information File 1,
Table S2. If not mentioned specifically, a total number of
6 LEDs was used, which were mounted on 2 plate-fin heat
sinks (each heat sink was equipped with 3 LEDs). The position

of the LEDs on the heat sink is shown in Supporting Informa-
tion File 1, Figure S2b. The design of reactor support and
propellers are shown in Supporting Information File 1, Figures
S3 and S4.

Reactor characterization

The fluid flow pattern in the loop photoreactor was experimen-
tally studied with a tracer experiment. The reactor was initially
filled with 460 mL deionized water. The stirrer motor was then
turned on with an appropriate rotational speed. When a steady
hydrodynamic state was reached in the reactor, 5 mL of a
0.8 g L~! methylene blue solution was injected at the top sur-
face of water at the top of the reactor. To ensure reproducibility
and comparability, the methylene blue solution was always
rapidly injected at the same spot using a syringe with a large
opening. The tracer injection time was kept constant throug-
hout the experiment at 1.2 s. The coloring of the solution was
monitored with a video camera (Sony ZV-1). The video was
shot under red light, which matched the absorption properties of
the dye, to obtain optimal optical visualization. Digital images
extracted from videos (see Supporting Information File 2) were
processed with the Python OpenCV package to quantify the
mixing time (see Supporting Information File 3, Python code)
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Figure 18: Assembled reactor and 3D printed parts: (a) the whole reactor setup, (b) 3D printed propellers.

by following the color evolution in the videos from red towards
black under the red-light environment [49]. ROI used as the
working zone were defined on the images when these were
processed to quantify the mixing time. The three rectangles
shown in Figure 3 on frame at 1.2 s showed the regions used for
image processing. To quantify the mixing time, the RGB color
model was used, representing each color as a mixture of pure
red, green, and blue light of varying levels ranging from 0 to
255 [50]. Because the videos were shot under red light, only the
red channel values were used for mixing time quantification.
For each frame of the video, the average red channel value of
all the pixels in the marked ROIs were calculated. The mixing
time calculation is explained in Supporting Information File 1
and the Python code for the corresponding calculation is shown
in Supporting Information File 3.

The loop photoreactor was photonically characterized by chem-
ical actinometry using a ferrioxalate actinometer [31,51]. For
each measurement, 495 mL 0.04 M K3Fe(C,04)3 solution was
irradiated with 365 nm LEDs (6 in total, mounted on 2 heat
sinks). Then different electrical currents of LEDs are used to
get the corresponding photon flux in the reactor. Depending
on the electrical current used for the experiment, the irradiation
time was in a range of 1-10 min (conversion between 1 and
13%). From the conversion, the incident photon flux was calcu-
lated.

Photocatalyst synthesis and characterization
For the synthesis of the photocatalyst, melamine (99%, Sigma-
Aldrich), HpPtClg-6H,O (with a minimum Pt content of
37.50%, Sigma-Aldrich), and methanol (99.9%, VWR) were
utilized. The heptazine-based polymeric carbon nitride (PCN)
was synthesized by thermally condensing 30 g of melamine at
550 °C for 4 h with a heating rate of 10 °C min~!. The resulting
yellow solid was then finely grounded using an agate mortar.
For the photochemical deposition of the Pt co-catalyst, 6 g of
the produced PCN were first dispersed in 340 mL of water and
subjected to sonication for 90 min. Subsequently, a mixture
containing 40 mL of methanol and 20 mL of an H,PtClg-6H,O
solution (0.03 mM) was added to the dispersion. The resulting
suspension was stirred under N, atmosphere for 45 min fol-
lowed by irradiation over 2 h with six 365 nm LEDs (with a
total photon flux of 4.7 pmol s™') mounted on 2 heat sinks (see
Supporting Information File 1, Figure S2b), while maintaining a
continuous flow of Ny in the headspace through a septum. The
resulting suspension exhibited a yellow/greenish color and was
subsequently washed with deionized water 3-5 times, followed
by drying at 70 °C overnight and grinding. The synthesized
photocatalyst is referred to as Pt-PCN.

The surface morphology, chemical composition, and elemental

distribution of the Pt-PCN were analyzed using a ZEISS LEO
1550 VP scanning electron microscope (SEM) equipped with
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energy dispersive spectroscopy (EDS) from Ametek, USA. The
SEM was operated at an acceleration voltage of 15 kV. To
prepare the sample for SEM imaging, a few milligrams of the
Pt-PCN material were dispersed in 1.0 mL of ethanol using
sonication for 5 min. Subsequently, a thin film of the sample
was obtained by drop-casting a few microliters of the suspended
sample onto a conductive Cu foil substrate and allowed to dry at
room temperature. To improve the conductivity and achieve
higher resolution SEM imaging, a 20 nm thick layer of Au was
sputtered onto the sample surface. For EDS mapping, the sam-
ples were not sputtered with Au to avoid interference during the
determination of Pt.

UV-vis electronic absorption measurement

Light attenuation in the reaction solution was measured for dif-
ferent optical paths (0.2, 0.5, 1, 2, 3, and 5 cm) with the same
concentration of photocatalyst in water and methanol solution
as used for photocatalytic hydrogen evolution. Cuvettes were
used to model the reactor system. The cuvette was first put in a
self-designed cuvette holder covered with cuvette holder cover
(see CAD drawing of 1 cm light path cuvette holder and cuvette
holder cover design as an example in Supporting Information
File 1, Figures S5 and S6) with collimators (COL-UV/VIS,
Avantes). All the 3D models for cuvette holder and cuvette
holder cover used for different light paths are provided in Sup-
porting Information File 4. Two Avantes fiber cables (FC-UV-
600-2-BX and FC-UVIR600-2-ME) were used for the absor-
bance measurement. The light source used was an Avantes light
source (AVALIGHT-DHC s/n: LS-2001019) and an Avantes

10
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spectrometer (AvaSpec-Mini2048CL) was used to measure the
absorbance with AvaSoft software. An example of the whole
absorption measurement setup using 1cm light-path cuvette and
the cuvette holder setup is shown in Supporting Information
File 1, Figure S7.

Photocatalytic hydrogen evolution

The flow diagram of the setup used for photocatalytic hydrogen
evolution is shown in Figure 19. The photocatalyst particles
were first put into 414 mL water and dispersed by ultrasonica-
tion. The suspension was then filled into the loop photoreactor
together with 46 mL methanol, adding up to a total of 460 mL
solution in the reactor (methanol/water = 1:9, v/v). The reactor
was then sealed and the overhead stirrer motor (HS-D, Witeg
Labortechnik GmbH) was turned on for stirring with the mag-
netic stirrer (Magnetic Stirrer Head (P-MRK), BOLA). Argon
gas served both as carrier gas for the used micro GC
(DynamiQ-S, Qmicro B.V.) and as inert gas to remove the
oxygen in the reactor. Before the light source was turned on,
argon gas was purged into the solution to remove dissolved
oxygen. During the reaction, a constant argon flow was set with
a mass flow controller (MFC, F-201CV-2K0-RGD-33-V,
Bronkhorst High-Tech B.V.). The light source was then turned
on and the photocatalytic reaction was allowed to proceed. The
outlet of the reactor was connected to the GC as online
analytics, probing the gas composition in 3 min intervals.
The product gas stream was allowed to vent into an exhaust
gas line. To align the results using photocatalysts from differ-
ent batches, an adjustment factor of 2.212 was calculated. The

Figure 19: Photocatalytic reaction setup: (a) reaction setup flow diagram, (b) reaction setup in lab. 1 argon gas cylinder, 2 mass flow controller (MFC),
3 MFC controller, 4 overhead stirrer motor, 5 shaft tube with propellers, 6 heat sink for LEDs, 7 LED, 8 loop photoreactor, 9 3D-printed support struc-

tures, 10 computer, and 11 micro GC.
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calculations are shown in Supporting Information File 1, Figure
S8.

Design of experiments

A DOE analysis was used to evaluate the effect of four oper-
ating parameters, i.e., photon flux ¢, photocatalyst load c, stir-
ring speed v, and inert gas flow rate ¥ on maximum photocata-
Iytic hydrogen generation rate. These selected parameters were
considered as the independent variables and the maximum
hydrogen generation rate (umol h™') was selected as the de-
pendent variable (response). Design-Expert® software (10.0.5.0
Stat-Ease, Inc.) was used to perform the DOE analysis. To
avoid random experimental values from a range of chosen
values of the parameters when using the software, the values for
the independent variables were chosen manually based on the
technical properties of the reaction setup, which are listed in
Table 3. The studied DOE set of experiments with different
combination of parameters is shown in Supporting Information
File 1, Table S3. A total of 25 parameter combinations for the
four independent variables was used for parameter analysis.
Collected results were evaluated based on the coefficient of de-
termination (R?), adjusted coefficient of determination (Rzadj)
and predicted coefficient of determination (Rzpred). These coef-
ficients were calculated based on Equations 10-12.

2
R2 :l_zn (yi,pred _yi,exp)

=1 — 2 (10)
l (y[,pred _yi,exp)
2 2 n—1
Radjzl— (1—R )m (]])
n 2
2 Z -:l(e—i)
Rpreq =1~ ’ (12)

no— 2
Z,’:] (yexp _yi,exp)

where n represents the number of data points, K is the number
of input variables, yj preq is the predicted response, y; exp is the
experimental data, y, is the arithmetic mean of the experi-
mental data, and e_; is a deletion residual computed by fitting a
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model without the ith run then predicting the ith observation
with the resulting model used in the Design-Expert® software

statistical analysis.

Supporting Information

Supporting Information File 1

Details of technical drawings, technical specifications,
adjustment factor calculation, and DOE table.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-9-S1.pdf]
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Table 3: Parameter label and values used for design of experiments analysis.

Parameter Label Levels
photon flux [umol s™1] q 0.82
photocatalyst loading [g L] c 0.11
stirring speed [rpm] 430
inert gas flow rate [mL min="] v 15

2.60 4.70 6.37 8.19
0.22 0.33 0.43 0.65
560 740 860

25 35 50
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