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Proton-coupled multi-electron transfer
and its relevance for artificial photosynthesis
and photoredox catalysis

Andrea Pannwitz 2 ¥ and Oliver S. Wenger (2 *

The conversion of CO,, H,O, or N, to energy-rich compounds such as CHzOH, H, or NHz requires the
properly orchestrated transfer of multiple electrons and protons. Artificial photosynthetic systems
therefore must be able to synchronize the rapid primary photoinduced transfer of single electrons to
the slower catalytic (multi-electron) turnover of substrates, and this generates a need for temporary
accumulation and storage of redox equivalents. This is a very difficult task, particularly in absence of
sacrificial reagents. Toward this end, proton-coupled multi-electron transfer (PCMET) driven by light is
now receiving increased attention. This invited Feature article considers recent pertinent studies of
donor-sensitizer—acceptor compounds and inorganic—organic hybrid systems, as well as some recent
photoredox catalysis studies of proton-coupled multi-electron reductions. Key principles for successful
light-driven accumulation and storage of redox equivalents are discussed, and the relevance of PCMET

rsc.li/chemcomm

1. Introduction

Basic research on artificial photosynthesis addresses diverse
fundamental challenges ranging from photoinduced electron
transfer to the development of suitable catalysts for the activa-
tion of small inert molecules. The conversion of CO, to HCOOH
or CH;0H is especially challenging as it relies on the transfer
of multiple electrons and protons,' and the same is true for
water splitting or N, fixation.”” In photoredox catalysis applied
to synthetic organic chemistry, multi-electron transfer coupled
to proton transfer can potentially yield products that are
inaccessible via classic single-electron transfer (SET) reaction
pathways. Furthermore, the transfer of multiple charges often
operates at lower energy demand, as observed for example in
the proton-coupled electrochemical reduction of CO,." It is
therefore desirable to understand the basic principles of
proton-coupled multi-electron transfer (PCMET).® The specific
case of a one proton and two electrons transfer resembles a net
hydride transfer. Some tungsten-based metal hydrides have
promising reactivities via proton-coupled electron transfer in
the electronic ground state,” and some iridium-based metal
hydrides show immense potential in their photoexcited state
under photoelectrochemical and photochemically reducing
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for the formation of solar fuels and for photoredox catalysis is emphasized.

conditions for the production of H, and NADH analogs.'®™"?

Generally, the reaction products of a hydride transfer can be
very different from those resulting from PCMET,">'* and we
hope that selective formal and real hydride transfers, as well as
other charge accumulated chemical conversions will be part of
the common repertoire of light-driven reactions in the close
future. This Feature article focuses on recent progress in the
emerging field of PCMET, with particular focus on light-driven
reactions of this type.

The primary photochemical reactions in oxygenic photo-
synthesis are photoinduced long-range electron transfer and
proton-coupled electron transfer (PCET). These reactions take
place within the confined structure of the transmembrane
protein super complex photosystem II in the chloroplasts.'®
Upon absorption of four photons, the oxygen-evolving complex
buried in this protein super complex accumulates four redox
equivalents and oxidizes two water molecules to oxygen by
liberating four protons in a series of PCET steps.'®'” Funda-
mental studies of photoinduced electron transfer often rely
on donor-sensitizer-acceptor (D-S-A) compounds, in which
electron-hole pairs comprised of oxidized donor (D') and
reduced acceptor (A7) are formed after photoexcitation of
the sensitizer (Fig. 1a)."® It is tempting to think that light
absorption and photoinduced electron transfer simply has to
occur multiple times in such D-S-A compounds to result in the
formation of D** and A*~ (Fig. 1b), which then undergo multi-
electron chemistry with suitable substrates, for example the
splitting of water into O, and H,. As noted before, it is not that

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Some key concepts explored with donor-sensitizer—acceptor
(D-S-A) compounds: (a) formation of a classic charge-separated state;
(b) unrealistic scenario of multi-photon excitation and accumulation of
multiple holes and electrons; (c) light-driven electron accumulation using
sacrificial donors (Dg,c) and proton reduction to H, with a suitable catalyst;
(d) light-driven hole accumulation using sacrificial acceptors (Agac) and
water oxidation with a suitable catalyst: (e) water splitting without sacrificial
reagents relying on temporary accumulation and storage of redox
equivalents.

19,20 pside from the need

simple in purely molecular systems.
for suitable oxidation and reduction catalysts, the accumulation
of multiple oxidation and reduction equivalents is very difficult,
because many counter-productive processes can occur upon
repeated excitation of a photosystem, as discussed in detail
below.'>*® However, accumulation and temporary storage of
redox equivalents seems indispensable, because the oxidation
and reduction processes leading to conversion of energy-poor
into more energy-rich compounds are unlikely to operate
at identical rates. Moreover, the timescale of photoinduced
electron transfer and single PCET steps is usually orders of
magnitude shorter than the timescale of catalytic turnovers,
and the available flux of photons can be comparatively low.**
The catalysis community has so far largely circumvented
the fundamental challenges outlined above by focusing on half-
reactions either in electrochemical settings, or by using sacri-
ficial reagents (Fig. 1c and d). For example, the photochemical
reduction of CO, to various products has been achieved with
sacrificial electron donors,'*?? and the catalyzed oxidation
of water is now possible with spectacular turnover rates when
using sacrificial oxidants.”** Interestingly, these oxidants are
very often chemical oxidants, and not even photochemically
produced ones.”>** Sacrificial reagents decompose in the course
of their oxidation or reduction, rendering undesired reverse
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reactions ineffective. However, they are energy-rich substances
such as triethylamine, NADH analogs, or peroxydisulfate,*® and
their use will not permit sustainable light-to-chemical energy
conversion.

Proton-coupled multi-electron transfer (PCMET) connects
the two research areas shown on the left- and right-hand sides
of Fig. 1, because it can enable the accumulation and temporary
storage of redox equivalents in similar manner as in bacterial
photosynthesis. In our view, this is the missing link between
the communities investigating the fast photoinduced electron
transfer processes on the one hand and the (slower) catalysis of
small-molecule activation by multi-electron transfer on the
other hand (Fig. 1e). As we will emphasize in this Feature
article, electron transfer reactions that are coupled to proton
transfer seem essential, and the accumulation of oxidative and
reductive equivalents seems superior over the accumulation
of charges in the form of holes and electrons. Once the light-
induced separation and the temporary storage of accumulated
redox equivalents will become possible in an efficient manner,
concepts as illustrated in Fig. 1e will finally become realizable,
and oxidation and reduction half-reactions can be connected,
eliminating the need for sacrificial reagents. Ultimately, artifi-
cial photosynthesis will of course have to rely on very robust
accumulator and catalyst materials in order to become practical,
but molecular systems remain indispensable for fundamental
investigations.

Herein we first consider some light-induced SET processes
in donor-sensitizer-acceptor compounds and discuss how the
coupling to proton transfer can be beneficial for the temporary
separation of (single) redox equivalents and, in the future,
for the accumulation of multiple redox equivalents. Then we
introduce some of the key challenges associated with photo-
induced multi-electron transfer, before discussing recent case
studies of PCMET and multi-electron photocatalysis in purely
molecular compounds, as well as in some inorganic-organic
hybrid systems involving nanoparticles or quantum dots.
Lastly, we give some conclusions and an outlook.

2. From separating electrons and holes
to separating redox equivalents:
importance of photoinduced
proton-coupled electron transfer

Traditional studies of donor-acceptor compounds only deal with
the light-induced transfer of a single electron from the donor to
the acceptor, which usually leads to short-lived electron-hole
pairs (Fig. 1a). Porphyrin-quinone dyads are typical examples,
and they resemble in their function the role of the P680/Qa
couple in bacterial photosynthesis:*® following energy transfer
from the antenna system to P680, that chlorophyll unit donates
an electron to the quinone called Q, (purple arrows in Fig. 2a).
Subsequently, onward electron transfer from quinone A to
quinone B occurs, and the latter is protonated to its semiquinone
form (upper red arrow in Fig. 2a). On the oxidative side, Pggo" is
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Fig. 2 (a) Electron transfer (purple arrows) and proton transfer (red
arrows) events occurring in photosystem |l after excitation of P680.
(b) Molecular triad emulating the function of the tyrosine Z, P680, and
Qg units of photosystem Il. PCET occurs both at the donor and acceptor
units, leading to oxidized and deprotonated donor, as well as reduced and
protonated acceptor upon photoexcitation. Adapted with permission from
ref. 28 Copyright 2017 American Chemical Society.

reduced back to its neutral form by the nearby tyrosine Z (Y)
residue, and the latter is deprotonated to yield a tyrosyl radical
(lower red arrow in Fig. 2a).">'”*” The overall reaction up to this
point corresponds to long-range electron transfer from Y; to Qg,
coupled to deprotonation of the former and protonation of the
latter, yielding Y,* and QgH. Somewhat surprisingly, this overall
reaction sequence had not been emulated in artificial donor-
acceptor compounds until very recently,”® even though PCET in
artificial Y, mimics has received much attention.?*™*

The donor-sensitizer-acceptor compound in Fig. 2b contains
all the necessary components to emulate the global reaction
sequence seen for photosystem II in Fig. 2a. The central
Ru(bpy);>* (bpy = 2,2/-bipyridine) complex acts as the photo-
sensitizer similar to P680 in the natural system, the phenolic
unit emulates the function of Y, and the N-methylbipyridinium
(MQ") moiety is a combined proton-electron acceptor that func-
tions analogously to Qg.>® Visible light triggers concerted proton-
electron transfer (CPET) between the phenol and the excited
Ru(bpy);>* complex whereby the phenolic proton is released to
the solvent, a mixture between pyridine and pyridinium. The
one-electron reduced sensitizer rapidly passes the additional
electron on to the MQ" acceptor, which is then protonated by
pyridinium. The net result is a photoproduct storing ca. 1.2 eV
in the form of an oxidized and deprotonated donor (a neutral
phenoxyl radical) combined with a reduced and protonated
acceptor (MQH"). Conceptually, this is different from the classic
case of a charge-separated state in the form of an electron-hole
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pair (Fig. 1a), because the donor and acceptor charges are
unchanged with respect to the initial (ground) state. This is
interesting for multi-electron transfer, because the build-up of
positive charge on the donor unit as well as the build-up of
negative charge at the acceptor is avoided by PCET. The
accumulation of multiple reduction equivalents (comprised of
an equal number of protons and electrons) is more favorable
than the mere accumulation of several electrons, and likewise
the accumulation of multiple oxidation equivalents (i.e., the
release of an equal number of protons and electrons) is
energetically less demanding. The overall photoinduced reaction
in the molecular triad of Fig. 2b involves the transfer of one
electron and two protons. Related reactions have been observed in
so-called proton-relays,** and were recently termed E2PT.*>*¢ The
photogenerated radical pair state in the triad from Fig. 2b has a
lifetime of 1.9 ps in de-aerated pyridine-pyridinium buffer at
room temperature, and this is very similar to the typical lifetimes
of classic charge-separated states in comparable molecular triads
under similar conditions.*”" Thus, the fact that PCET is involved
at both the donor and the acceptor unit has little influence on the
kinetic stability of the photoproduct, but it could make accumula-
tion of redox equivalents after secondary photoexcitation more
feasible as noted above. However, even when the build-up
of charges is avoided, many challenges remain for productive
multi-electron transfer, as discussed in the following.

3. Some fundamental challenges in
photoinduced multi-electron transfer

Once a charge-separated state (such as that in the lower part of
Fig. 1a) or a radical pair photoproduct (for example that
resulting from the triad in Fig. 2b) has been formed, further
excitation is usually necessary to accumulate charges or redox
equivalents. Then, several hurdles must be overcome.**?°** For
example, when taking the charge-separated state in Fig. 1a
as the simplest example, one immediately notices that the
oxidized donor (D") is a strong acceptor because it lacks an
electron. Analogously, the reduced acceptor (A™) has an excess
electron and consequently is a potent donor. Thus, when
exciting the sensitizer in the D'-S-A~ primary photoproduct,
oxidative quenching by D' (Fig. 3a) or reductive quenching by
A"~ (Fig. 3b) are usually the thermodynamically much preferred
reactions, both ultimately leading to charge-recombination.>
To make things worse, D" and A~ are usually strongly colored
radicals, and when they absorb the secondary excitation light
directly, their oxidizing/reducing power is further amplified,>*"*
and charge-recombination is bound to occur. This has been
shown in recent two-pulse (pump-pump-probe) studies.’>>°
Productive secondary electron transfers, either further oxi-
dation of D" to D** by the excited sensitizer (Fig. 3c) or further
reduction of A~ to A>~ (Fig. 3d) have much less driving-force
than the counter-productive reactions in Fig. 3a and b. If they
nevertheless do occur, further charge-shift reactions (for example
electron transfer from S~ to A™; Fig. 3c) are in competition with
the thermodynamically more favorable recombination reaction

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Secondary excitation of donor—sensitizer—acceptor (D-S—A) compounds after absorption of a first photon and formation of either a single
electron—hole pair (a—d), or the separation of a single oxidation equivalent from a single reduction equivalent (e—h). On the left-hand side only electron
transfer reactions in a D—S—A compound occur, whilst the reactions on the right-hand side involve PCET processes in a H,D—-S—A triad comprised of a

(doubly) deprotonatable donor and a (twofold) protonatable acceptor.

leading back to the D'-S-A~ state. Thus, the formation of the
target D**-S-A>" photoproduct faces very significant thermo-
dynamic and kinetic challenges, and consequently it is not so
surprising that this has not been observed for purely molecular
donor-sensitizer-acceptor compounds until now.

However, a few years ago the groups of Hammarstrom and
Odobel reported on a molecular system attached to TiO, in
which the nanoparticles act as a two-electron acceptor.””*®
Upon consecutive excitation of a Ru(bpy);>* sensitizer, two elec-
trons are transferred from an oligo-triarylamine donor to the
semiconductor. The large density of acceptor states in the latter
greatly facilitates the uptake of two electrons. This is a significant
benefit compared to most molecular acceptors and makes the
overall two-electron transfer more readily possible. Nevertheless,
given a quantum yield of ca. 0.3 for both primary and secondary
charge-separation in that system, the overall quantum yield for
the formation of the final two-electron charge-separated state
(D**-S-A>") is limited to 0.09.°”*® Related work with TiO, as an
acceptor has been reported recently by Ardo.>® Furthermore, the
inverse situation was realized with a semiconductor quantum dot
(CdS) acting as a multi-electron donor whilst an electrostatically
bound molecular viologen-derivative served as a two-electron
acceptor.®® There are now a handful of cases in which charge-
accumulation in purely molecular systems has been achieved
without sacrificial reagents.>>®""®* However, for these systems it
was crucial to have multiple donors for the accumulation of
electrons on a single acceptor, or conversely, to have multiple
acceptors for the accumulation of holes on a single donor.®>™®

Fig. 3a-d summarizes the current struggles in the field."***°® For
solving these challenges in the future, PCET must be considered.

This journal is © The Royal Society of Chemistry 2019

When combining a two-electron deprotonatable donor (H,D)
with an acceptor (A) that is protonatable upon reduction, some
advantages emerge. In that case, absorption of a first photon by
a sensitizer can lead to a primary photoproduct comprised of
oxidized and singly deprotonated donor (HD) along with reduced
and singly protonated acceptor (HA), which is in analogy to what
has been observed for the triad in Fig. 2b. When now the sensitizer
of this primary photoproduct state is excited again (Fig. 3e), then
counter-productive electron transfer to the oxidized donor is still
possible, but HD is a significantly weaker oxidant than D". In other
words, undesired reverse electron transfer becomes thermo-
dynamically less favorable, and the desired accumulative electron
transfer involving HD becomes thermodynamically less unfavor-
able (Fig. 3g). The same logic applies to the reductive side: energy-
wasting reverse electron transfer from HA to photoexcited S is
thermodynamically less favorable (Fig. 3f), and therefore the
energy-storing onward electron transfer to produce HA™ (or H,A
in case of PCET) is less unfavorable (Fig. 3h). Thus, as long as the
involved electron transfer (or PCET) processes occur in the so-called
Marcus normal region, donor deprotonation and acceptor proto-
nation is beneficial for the light-driven accumulation of redox
equivalents. There can also be advantages regarding the lifetimes
of the photoproducts as discussed in the next section.

4. PCMET in molecular donor-
bridge—acceptor compounds

Along with the group of Hamm, we recently synthesized
and explored a molecular pentad comprised of a central

Chem. Commun., 2019, 55, 4004-4014 | 4007
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Fig. 4 (a) Molecular pentad for reversible accumulation of two electrons
and two protons on an anthraquinone acceptor;®”° (b) electron accu-
mulation on a dibenzoll,2]dithiin acceptor exhibiting redox potential
inversion.” 72 Copyright 2017 & 2018 American Chemical Society.

anthraquinone (AQ) acceptor flanked by two Ru(bpy),>" sensiti-
zers and two peripheral triarylamine (TAA) donors (Fig. 4a).°”%
Unlike triethylamine or related sacrificial donors, the triarylamine
units are reversible single-electron donors, and hence this mole-
cular pentad is useful for exploration of reversible multi-electron
transfer and charge accumulation. With the experimental setup
used in our investigations, both Ru(bpy);>" units of a given pentad
can be promoted to their photoactive *MLCT states within the
same laser pulse. This leads to intramolecular electron transfer
from the TAA donors to the central acceptor unit within 65 ps,
forming the quinone dianion (AQ*) in neat CH;CN at room
temperature. The pertinent AQ>~ infrared absorption bands
exhibit a quadratic dependence on the laser excitation power,
as expected for a two-photon absorption process in the low
power regime. Under optimized conditions 15% of all excited
pentads undergo double electron transfer to form AQ>~ whilst
the remaining 85% exhibit only single electron transfer
to result in AQ™. Once formed, the AQ>~ photoproduct is
kinetically remarkably stable, exhibiting a lifetime of 870 ns
in de-aerated CH3CN at room temperature. This long-lived
photoproduct stores ca. 3.5 eV of energy, whilst common donor-
sensitizer-acceptor triads typically store only 1.4-2.0 V.97
There were only two prior studies of charge-separated states in
which two electrons are reversibly accumulated on a single accep-
tor of a purely molecular system, and in both cases the lifetime of
that state was shorter than 10 ns.**%

In presence of 0.2 M p-toluenesulfonic acid (TsOH), AQ*™ is
protonated and the hydroquinone AQH, forms, leading to an
overall photoproduct comprised of two TAA" units and one
AQH, with a lifetime of 4.7 us in CH;CN at room temperature.®®

4008 | Chem. Commun., 2019, 55, 4004-4014
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Given the large energetic stabilization resulting from protona-
tion of AQ®™ (ca. 1.5 V), the lifetime prolongation from 870 ns
to 4.7 ps is relatively modest and could point to an important
inverted driving-force effect for the AQ*~ state storing 3.5 eV.
Transient infrared spectroscopy shows that AQH, forms via a
stepwise electron transfer, proton transfer mechanism, with the
AQ”” intermediate clearly visible after 65 ps whilst the first
proton transfer step occurs with a time constant of 3 ns.
By contrast, the intramolecular re-oxidation of AQH, by the
two TAA" units is a proton-coupled reaction with an H/D kinetic
isotope effect (KIE) of 1.4 (involving TsO™ as base). However,
there is no evidence for the formation of a semiquinone (AQH)
intermediate and the starting materials (TAA, AQ) are
re-instated directly, suggesting that oxidation of AQH, occurs
via a concerted two-electron, two-proton coupled reaction.®®

In a related electrochemical study, Meyer and coworkers
explored the two-electron reduction of tetramethylquinone by a
riboflavin derivative bound to an oxide surface.”* This reaction
occurs via protonation of the quinone and a rate-limiting
hydride transfer.

The compound in Fig. 4b is comprised of four TAA donors,
two Ru(bpy);>" sensitizers, and one dibenzo[1,2]dithiin (PhSSPh)
acceptor and functions as a molecular pentad similar to the
compound in Fig. 4a.”" The key difference is that the PhSSPh
acceptor exhibits very strong redox potential inversion, ie., the
second reduction to form to the dianion is far easier (ca. 1.3 V)
than the first reduction of the neutral species to the monoanion
due to structural changes associated with the second reduction.”
It was hoped that this would facilitate the observation of a two-
electron reduction photoproduct, which is normally formed
in small quantity compared to products resulting from single
electron transfer.”! Excitation of the Ru(bpy);>" units at 532 nm
with ns laser pulses leads to the desired dithiolate photoproduct
(PhS™PhS™) with a quantum yield of 0.5% in neat CH;CN, and
reverse electron transfer to the two TAA" units occurs with a time
constant of 66 ns at room temperature. In presence of 0.2 M
TsOH, the dithiol (PhSHPhSH) photoproduct accumulates under
steady-state irradiation with a 455 nm LED and then remains
stable on a minute timescale. The PCET mechanisms were not
investigated in detail and it is not clear to what extent concerted
and stepwise processes are involved in the overall reversible two-
electron, two-proton-coupled reaction. However, it is very obvious
that PCET entails an enormous lifetime prolongation for the two-
electron reduced photoproduct.

The compound in Fig. 4b, as well as a simpler variant
containing no peripheral triarylamine units, are able to catalyze
the reduction of aliphatic disulfides to thiols in presence of
excess sacrificial donors.”> Mechanistic studies reveal that this
occurs via a thiolate-disulfide interchange reaction involving
the two-electron reduced form of the dibenzo[1,2]dithiin unit.
This provides the proof-of-concept that multielectron photoredox
chemistry with organic substrates is possible after initial charge
accumulation on integrated donor-sensitizer-acceptor compounds.

The concept of redox potential inversion seems generally
promising for the light-driven accumulation of redox equivalents.
The acceptor present in the compound of Fig. 4b had been

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Compounds exhibiting redox potential inversion.

investigated previously by Benniston and Harriman (Fig. 5a),”>
whilst Glass and Evans explored a related 4,4’-bpy compound
(Fig. 5¢) as well as its methyl viologen analogue (Fig. 5b).”* More
recently, Cattaneo, Siewert, and Meyer developed a 2,2'-bpy
version of that same disulfide switch (Fig. 5d), for which it was
found that water triggers redox potential inversion due to proto-
nation of the radical monoanion at its basic N-atom.”® It will be
interesting to see how that bpy ligand behaves electrochemically

and photochemically when coordinated to a metal center.

5. PCMET in photoredox catalysis

In photoredox catalysis, the photoinitiated transfer of a single
electron to a substrate is often applied to generate radical
intermediates that are coupled to a reaction partner to give
access to products of added value,””””® and photoinduced PCET
in the initial charge transfer can be very beneficial in this
context.”” In the course of our investigations of photoinduced
multi-electron transfer, we became interested in the reductive
amination by photoredox catalysis. We found that a combi-
nation of ascorbate (AscH ™) and mercaptopropionic acid (MPA)
is well suited for the light-driven reductive amination of a range
of aliphatic aldehydes and ketones with anilines and aliphatic
amines.®® After reductive quenching of *MLCT-excited Ru(bpy);>",
single electron transfer (SET) to iminium cations (formed via
condensation of the substrates) produces highly reactive a-amino
alkyl radicals as key intermediates (rectangular box in Fig. 6a).
A cyclopropyl-based ketone substrate was used as a radical clock
to gain information on the kinetics of the subsequent hydrogen
atom transfer (HAT) yielding the final product. As long as only
AscH™ is present, the cyclopropyl-ring opens more rapidly than
HAT can occur, leading to 2-pentanone (bottom right corner of
Fig. 6a). When a mixture of MPA and AscH ™ is used, the ring-
retention reductive amination product is instead obtained,
indicating that MPA acts as a rapid (>10" M~ " s~ ') HAT donor
to the a-amino alkyl radical intermediate. However, MPA alone
does not lead to any product accumulation since HAT between
MPA and the a-amino alkyl radical is reversible due to similar
bond dissociation energies (BDEs) associated with the relevant
S-H and C-H bonds (Fig. 6b). The reaction between AscH™ and
the a-amino alkyl radical is exergonic by ca. 16 keal mol * (Fig. 6b)
but comparatively slow (Fig. 6a) because AscH is an anion
and the o-amino alkyl radical is an electron-rich, nucleophilic
intermediate.

When both MPA and AscH ™ are present, initial rapid HAT
between MPA and the o-amino alkyl radical produces an

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Reductive amination by photoredox catalysis:° (a) radical clock
experiment used to estimate the kinetics of hydrogen atom transfer (HAT);
(b) relevant bond dissociation energies (BDEs); (c) overall mechanism
involving polarity-matched HAT.

electrophilic thiyl radical (HAT, in Fig. 6¢) that can be inter-
cepted by AscH™ (HAT}, in Fig. 6¢) before the undesired reverse
reaction occurs. This concept of polarity-matching had long
been known,®" but came only recently into the focus of photo-
redox studies.®” The dehydroascorbic acid (DHA) oxidation
product is then regenerated to AscH™ by MPA, yielding the
disulfide of MPA as a terminal oxidation product and making
AscH™ a co-catalyst of the overall reaction. Thus, the overall
process of reductive amination by photoredox catalysis involves
an initial electron transfer followed by HAT, which in sum
corresponds to a proton-coupled two-electron transfer reaction.
Following Mayer’s recent notion that PCET and HAT are part of
a continuum of related reaction types,®® it seems justified to
classify this reductive amination method as a PCMET process.
A key difference to the PCMET studies discussed in the prior
section is that only the initial electron transfer is photoinduced
and the subsequent HAT is a thermal process, whilst in the
compounds from Fig. 4 every reduction step requires photo-
excitation. Meanwhile, another photoredox method for reductive
amination has also been reported.®* The concept of two-electron
reduction by sequential photoinduced electron transfer and HAT
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has been further exploited for the enantioselective synthesis of
amines by combined photoredox and enzymatic catalysis.>
Weiss and coworkers discovered that nitrobenzene can be
reduced to aniline by photocatalysis with MPA-capped CdS
quantum dots in a sequence of 6 consecutive PCET steps
(Fig. 7).%® MPA serves as a source of electrons and protons,
and methanol solvent also acts as an electron donor. Excitation
with 405 nm light produces excitons which are reductively
quenched by surface-bound MPA, leading to one-electron
reduced quantum dots that deliver one electron at a time to
the substrate. Nitrosobenzene is more readily reduced than
nitrobenzene hence former is not observed, but the phenyl-
hydroxylamine intermediate and the aniline product are both
detectable by GC-MS. It was estimated that ca. 80 molecules
of nitrobenzene, nitrosobenzene, phenylhydroxylamine, or
aniline can bind to a given quantum dot, and it seems plausible
that all of the 6 reduction steps are ‘“‘static” PCET reactions
from quantum dots to pre-adsorbed molecules which do not
desorb from the surface until the final product is formed.
Acidic conditions are beneficial for avoiding catalyst poisoning
by aniline, and moreover, protons are then readily available for
PCET. Due to uncertainties in the reduction potential for the
quantum dots it is not possible to know the absolute values of
the driving-forces for the individual reaction steps. However,
mechanistic studies suggest that electron transfer, and not
proton transfer, is the rate-limiting step for each reduction.
The quantum dot based catalytic system is very robust and
exhibited no detectable decrease in activity even after the
transfer of 4.5 x 10° electrons per quantum dot. Turnover rates
of 23 electrons donated per quantum dot and second were
obtained, and 2.6 aniline molecules could be produced per

o
O Oy
H
HyO e, H*
e, H*
®
® /H //O_H
N\' N
H
H,0
e, H*
e, H* Ho

Fig. 7 Photocatalytic conversion of nitrobenzene to aniline in six con-
secutive PCET steps using MPA-capped CdS quantum dots as sensitizers
and MPA/methanol as electron source.®® The overall reaction was per-
formed under acidic conditions and proceeds through nitrosobenzene
and phenylhydroxylamine intermediates.
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quantum dot and second. However, with a photon flux of
4.6 x 10" photons cm™? s there is no charge accumulation
in the quantum dots.

In a recent spectacular case of PCMET involving a light-
driven reaction step, dinitrogen splitting was achieved using a
rhenium complex with a pincer ligand that can actasa2 e /2 H
reservoir via interconversion between imine and amine forms.®”
Benzamide and benzonitrile can be cleanly formed from N,
in overall 61% yield in a three-step cycle. The cycle starts
with electrochemical N, activation leading to the dinuclear
N,-bridged complex, continues with photochemical splitting of
the latter into nitride complexes, and ends with thermal nitrogen
transfer from the nitride complexes to the benzoyl chloride
substrate.

6. PCMET in nanocrystals
and photocatalysis with some
inorganic—organic hybrid systems

When ZnO or TiO, nanoparticles in toluene are irradiated with
UV light, they can undergo a photoinduced redox reaction with
residual ethanol remaining from their synthesis and then
remain relatively stable in their intensely blue colored reduced
forms. Mayer and coworkers demonstrated that the description
as ZnO/e” and TiO,/e” is incomplete because the reduction
reaction is proton-coupled, i.e., these oxide nanoparticles are
in fact PCET reagents.?®®’ Addition of the stable 2,4,6-tri-tert-
butylphenoxyl (‘Bu;ArO*) or TEMPO radicals to suspensions of
photoirradiated ZnO and TiO, nanoparticles yields ‘BusArOH
and TEMPOH, demonstrating that the reduced oxide particles
are combined proton-electron donors. The likely reaction
mechanism is concerted proton-electron transfer, because an
initial outer-sphere electron transfer (as commonly proposed
for interfacial redox reactions) would have to form ‘Bu;PhO~ or
TEMPO™ in a thermodynamically very unfavorable step. Titra-
tion experiments revealed that the average number of reduction
equivalents is 4 for ZnO nanoparticles of 3.9 nm diameter after
30 minutes of irradiation, whereas for TiO, nanoparticles
of 3 nm diameter the average number is 45 after 1 hour. This
latter value corresponds to reduction of 10% of all Ti*" ions to
Ti**, whilst in ZnO the added electrons occupy more delocalized,
conduction band-like orbitals. The active protons presumably
originate from the particle synthesis and from the photochemical
charging itself. Residual ethanol from the synthesis is oxidized to
acetaldehyde, and this liberates protons. Moreover, surface hydro-
xide groups are likely to be present. Conceptually, the PCET
chemistry observed for these metal oxides is similar to the
accumulation of both e~ and Li" upon charging of a lithium
battery anode.’®

In follow-up studies Mayer, Gamelin, and coworkers
explored the chemical reduction of ZnO nanocrystals in aprotic
solvents in which the proton/electron stoichiometry can be
controlled precisely.”®> By adding CoCp*, (Cp* = n’-penta-
methylcyclopentadienyl) or CrCp*, in combination with acid to
toluene/THF suspensions of ZnO nanocrystals, the number of

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) Chemical reduction of ZnO nanoparticles with CoCp*, in

presence of acid;®? (b) the assembly of Pt nanoparticles with CdS/CdSe
quantum dots via polyacrylate linkers leads to a system that is able to
produce H, upon irradiation with visible light.93

electrons per nanocrystal ((n.-)) was determined as a function
of driving-force (Fig. 8a). The linear correlation between the
added numbers of electrons and protons indicatesa 1:1 e /H"
process. Depending on the size of the nanocrystal, a different
maximum number of electrons ({e-)max) can be stored per
nanocrystal. For instance, nanocrystals with an average size of
1.7 nm store up to 8 electrons, whereas nanocrystals with an
average radius of 3.5 nm saturate at about 120 electrons.
(ne-)max varies systematically with the volume of the nano-
crystals, and for CoCp,* a nearly constant maximum carrier
density of (4.4 + 1.0) x 10*® cm ™ for particle sizes between
1.5 and 5 nm was found. This corresponds to approximately
one additional electron for every 100 Zn>* ions. Even though
CrCp*, is ca. 400 mV less reducing than CoCp*,, the latter only
transfers ca. 3 times more electrons than CrCp*,. However, the
effective reduction potential of the nanocrystals is not constant,
and hence the higher reducing power of CoCp*, does not lead
to a charge carrier density that is orders of magnitude higher,
but rather it leads to the introduction of higher energy electrons.
The charge balancing protons possibly intercalate into the lattice
of the nanocrystals rather than merely attaching to their surface,
as the very large difference in electron addition between H' and
CoCp*," cation suggests. CoCp*, alone adds up to 40 electrons to
nanocrystals of 4.9 nm radius, but when protons balance the
charge, this reductant adds over 200 electrons to nanocrystals of
that size.

Aside from these fundamental studies of PCET with oxide
materials, nanoparticles continue to be of interest for the
photochemical H, production. Wu and coworkers explored
self-assembled frameworks between ligand-free CdSe/CdS
quantum dots (r &~ 2.0 nm) and Pt nanoparticles (r ~ 3.5 nm)
that are decorated with polyacrylate ligands.”® The latter have
pendant carboxylate groups that coordinate the Cd> ions of the
quantum dots with binding constants of ~10° M™" in water,
leading to a network in which multiple photosensitizers (CdSe/
CdS) are connected per Pt proton reduction catalyst (Fig. 8b).
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This enables interparticle electron transfer on a timescale of
ca. 65 ps after excitation of the CdSe/CdS quantum dots.
Continuous irradiation at 450 nm over 8 hours yields a total
TON of more than 1.64 x 10” mol of H, per mol of Pt and a TOF
of 570 s~ " with triethylamine (Et;N) as sacrificial reagent. Only
trace amounts of H, were formed in a reference experiment in
which MPA-capped CdSe/CdS quantum dots were used, high-
lighting the advantage of the covalent framework for electron
accumulation on Pt and H, production.

Cronin, Symes, and coworkers demonstrated that the
[P,W1506,]°” polyoxoanion can reversibly accept 18 electrons
and protons in an electrochemical flow system.’* When
exposed to Pt/C, an initial rate of 3.5 mmol of H, per hour
per mg of Pt was formed. This polyoxoanion can therefore be
used in electrolytic cells for the on-demand liberation of H,.
Alternatively, it can be employed as an electrolyte in redox
flow batteries, where it enabled an energy density of up to
225 Wh1 1%

The photocatalytic H, evolution on Pt nanoparticles using
molecular photosensitizers, notably Ru(bpy);>* derivatives,
continues to be of interest. In this context, recent work on
dendrimer-like systems by Sakai
noteworthy.”>°® By using bpy ligands with covalently attached
methyl viologen acceptors and sacrificial reagents, these
researchers achieved multi-electron storage, and in presence
of Pt colloids catalytic H, evolution was observed. Conceptually
this is related to earlier work on electron accumulation with
sacrificial reagents by MacDonnell, Campagna, and various
other research groups.®” %

and coworkers seems

7. Conclusions and outlook

The basic principles of single PCET events become increasingly
well understood,®*'° and the interest in photoinduced reactions
involving the transfer of multiple electrons and protons is
currently growing. In PCET reactions, concerted mechanisms
avoid the formation of charged high-energy intermediates
which would be formed in stepwise electron transfer-proton
transfer (or opposite order) processes.*>*>'°” In multi-electron
transfer reactions, protonation of reduction products and
deprotonation of oxidation products permits the accumulation
of multiple redox equivalents without the build-up of charge.”®**°
Nature follows this principle for example in the oxygen-evolving
Mn,Ca cluster or in plastoquinone,”>* and recently explored
artificial model systems emulate this behavior.?*¢%”%"> In most
cases of reversible redox reactions explored to date, only one
electron per absorbed quantum of light can be transferred, some-
times coupled to proton transfer. Consequently, the light-driven
accumulation of redox equivalents is usually a multi-step process
requiring the sequential absorption of several photons, and each
individual electron transfer step can be coupled to proton transfer
in a different manner. In other words, many combinations of
concerted proton-electron transfers and consecutive electron,
proton transfer reaction sequences are possible. Mechanistic
investigations as detailed as those performed in the past for single
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PCET events are therefore very difficult for PCMET. Pump-pump-
probe experiments can provide valuable mechanistic insight into
light-induced PCMET, but such experiments tend to be signifi-
cantly more challenging than ordinary transient absorption
Studies.55’57'64’108

Proton-coupling of multi-electron transfer reactions not only
helps to avoid the build-up of charges when accumulating
multiple redox equivalents, but in some cases it can even provide
a distinct thermodynamic advantage by making a secondary
redox process more energetically favorable than a primary redox
reaction. For instance, under sufficiently acidic conditions, semi-
quinone is more readily reduced than p-benzoquinone, and
consequently the two-electron reduction of p-benzoquinone
to hydroquinone is facilitated.' In non-proton-coupled redox
reactions, every additional redox step is usually thermodynami-
cally less favored than the preceding step, except in the somewhat
special cases of redox potential inversion.”"”*7*7110

As noted in the introduction, temporary storage of redox
equivalents is needed to synchronize the fast primary photo-
induced electron transfer events with the slower multi-electron
turnovers in catalytic reaction centers, but there is also the
important issue of photon flux. Two-electron transfer is difficult
to induce upon single excitation."™ The need for the consecutive
absorption of multiple photons leads to a situation in which all
relevant intermediate photoproducts must have a sufficiently long
lifetime to survive until the photon needed to perform the next
redox step reaches the system. Proton-coupled reactions lead to
less reactive intermediates, increasing the chances for productive
secondary reactions before energy-wasting reverse reactions
occur.”®®® The use of antenna systems could compensate for
low photon fluxes.*®'*?

The fundamental studies performed over the past few years
on donor-bridge-acceptor compounds provided some insight
into reversible multi-electron transfer reactions, and in the
mid- to long-term, this could help eliminate the need for
sacrificial reagents in research on artificial photosynthetic
systems. Spatial separation of oxidation and reduction events
then becomes an important issue.'**>"'**

Sacrificial reagents are less problematic for multi-electron
reductions (or oxidations) of organic substrates via photoredox
catalysis, at least when the products are sufficiently valuable
and when the side products resulting from the decomposition
of the sacrificial reagent are readily separable. Until recently, two-
electron reductions via photoredox catalysis were comparatively
rare, because most photoredox catalysis operates on an SET basis
generating reactive radical intermediates that must be intercepted
rapidly. This has been exploited more frequently for coupling rather
than reduction reactions, also in cases in which PCET was involved
in the photoredox catalysis.”® Until now, multi-electron reductions
via photoredox catalysis mostly rely on an initial photoinduced
and a secondary thermal step,’®®® for example SET followed by
subsequent thermal HAT. This is fundamentally different from the
cases discussed in Sections 4 and 6 in which all individual electron
transfer (or PCET) elementary steps are in fact photoinduced.

In photochemistry, there is always a kinetic challenge, because
chemical reactions must be initiated before electronically excited
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states deactivate. For photoinduced multi-electron transfer, the
situation is worse because usually multiple photons must be
absorbed sequentially in order to drive multiple subsequent
electron transfer reactions, and each additional electron transfer
step tends to become more challenging than the preceding step.
The studies discussed herein demonstrate that when occurring in
proton-coupled fashion, photoinduced multi-electron transfer can
proceed more readily. PCMET seems vital for the production of
solar fuels and it offers attractive opportunities for photoredox
catalysis.
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