#® ROYAL SOCIETY
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

REVIEW ARTICLE

Organic thermally activated delayed fluorescence

".) Check for updates‘
(TADF) compounds used in photocatalysis

Cite this: Chem. Soc. Rev., 2021,

>0. 7587 Megan Amy Bryden and Eli Zysman-Colman 2/ *

Organic compounds that show Thermally Activated Delayed Fluorescence (TADF) have become wildly
popular as next-generation emitters in organic light emitting diodes (OLEDs). Since 2016, a subset of
these have found increasing use as photocatalysts. This review comprehensively highlights their
potential by documenting the diversity of the reactions where an organic TADF photocatalyst can be
used in lieu of a noble metal complex photocatalyst. Beyond the small number of TADF photocatalysts
that have been used to date, the analysis conducted within this review reveals the wider potential of
organic donor—acceptor TADF compounds as photocatalysts. A discussion of the benefits of com-
pounds showing TADF for photocatalysis is presented, which paints a picture of a very promising future
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1. Introduction

In the most basic definition, photocatalysis involves using light
as an energy input in concert with a light-absorbing material to
increase reaction rates. Since 2007, there has been a resurgence of
activity in the domain of photocatalysis following the pioneering
demonstrations by the likes of MacMillan, Yoon and Stephenson,
who showed that photoactive organometallic complexes can
mediate useful organic reaction transformations." The prospect
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for organic photocatalyst development.

of the widescale development of greener, more economical
reactions that proceed under mild reaction conditions has pro-
pelled photocatalysis from a niche concept to a widely accepted
and highly useful synthetic strategy. Photocatalysis presents a
significant advantage over traditional synthetic methodologies in
that it can allow for generation of products which are inaccessible
thermally. Moreover, the reactive intermediates are generated
under mild conditions, which opens the door to new transforma-
tions and to reaction conversions at higher efficiencies.

Upon absorption of light, the photocatalyst (PC) accesses its
excited state, PC*. From here, photoinduced energy transfer
(PEnT) and/or photoinduced electron transfer (PET) can occur
between the PC* and the substrate, with the latter requiring an
additional single electron transfer (SET) step to close the
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Fig.1 Energy transfer, oxidative quenching and reductive quenching
photocatalytic cycles of a generic TADF PC with donor (D) and acceptor
(A) substrates (Sub).

photocatalytic cycle, reflected in Fig. 1. When PET is in operation,
this is termed photoredox catalysis.

Regardless of the mechanism in operation, it is important to
use a PC that can be photoexcited selectively in the presence of
the organic substrate or the product formed. Thus, PCs with
absorption bands in the visible (or just within the UV) spectrum
are desirable as the absorption spectra of many organic com-
pounds are transparent in this regime. As the energy used to
photoexcite the photocatalyst increases, direct homolytic clea-
vage of bonds within both the PC and the organic substrates
becomes more prevalent, resulting in undesired side reactions
and, thus, limiting the usefulness of the process.

The yield of the formation of the excited state should be as
high as possible, which relates to both the quantum yield of
its formation, as well as the absorption cross section of the PC
(as measured by the concentration and the molar extinction
coefficient, £).* Ideally, the quantum yield, ¢(2), for a photocatalytic
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reaction, as defined in eqn (1), should be as close to 1 as possible,
for reactions not proceeding via a radical chain mechanism.

mol of product formed

- (1)

mol of photons absorbed

The intensity of the excitation source, the molar extinction
coefficient of the PC at the excitation wavelength and the
optical path length each affect the reaction rate.” Additionally,
the excited state of the PC must be sufficiently long-lived, on
the order of at least a few nanoseconds, in order to overcome
diffusion processes that are required to generate an encounter
complex in these bimolecular reactions.®*° The diffusion rates
to generate the required encounter complex define a rate-
limiting step in photocatalysis.

Traditionally, visible light PCs have been based around 4d-
and 5d-transition metal complexes that possess low-lying charge
transfer excited states. The most popular PCs remain those
based on iridium(m) and ruthenium(u) complexes (¢f. Fig. 9
and 10)."" These phosphorescent complexes possess long-lived
excited states. For instance, [Ru(bpy)s]** (bpy = 2,2'-bipyridine)
has a lifetime, tpr, of 1100 ns in acetonitrile'* while fac-Ir(ppy)s
(ppyH = 2-phenylpyridine) has a tp;, of 1322 ns in acetonitrile
(Table 1).">'* However, despite their inherently attractive photo-
physical and electrochemical properties, the scarcity of the
metals in these commonly used PCs, their expensive cost
(1287 GBP/Oz and 215 GBP/Oz for iridium and ruthenium,
respectively),'”> and the unfavourable toxicity profiles are all
detracting features that present barriers to wider and larger
scale adoption of photocatalysis.'®™8

To address these problems, PCs based on either Earth-abundant
metal complexes, previously reviewed by us and others,"*° or
organic fluorescent compounds® have been developed. Organic
PCs are generally inexpensive, possess lower toxicity profiles than
transition metal complexes and are widely available.>" A broad
range of organic PCs have now been studied. Notable examples

Table 1 Redox potentials and selected photophysical properties of 4CzIPN and common visible light photocatalysts®

Photocatalyst Jabs/Mm  Jpp/nm  Ego/eV (K] mol ™)  Eg/V  Erea/V  Eo*/V  Ered*/V  t/ns Ref.
4CzIPN 435 535 2.67 (258) 152 —1.21 -1.04 135 18.7 Ty 60, 114 and 119-121
X 1390 Tdar
Jac-Tr(ppy)s 375 518 2.75" (265) 0.77 -219 -1.73 0.31 1322 14, 122 and 126
[Ir(ppy).(dtbbpy)]PFs 410 581 1.21  -1.51 —0.96 0.66 557 122,123, 127 and 128
[Ir(dF(CF;)ppy)2(bpy)]PFs 405 473 2.20/ (212) 1.69 —1.37 -1.00 1.32 2280 11 and 122
[Ir(dF(CF;)ppy)2(dtbbpy)]PFs 380 470 2.77 (267) 1.69 —1.37 -0.89 1.21 2300 11 and 122-124
[Ir(dF(Me)ppy).(dtbbpy)|PFs 360 512 2.97 (287) 1.49 —1.44 —0.97 0.92 1187 123 and 128
[Ir(F(Me)ppy).(dtbbpy)]PFe 543 2.44 (235) 133 —1.50 —0.77 0.94 1100 123
[Ru(bpy)s](PFs). 452 615 2.10" (203) 129 -1.33 -0.81 0.77 1100 12 and 53
[Acr-Mes]ClO, 430 570 2.65 (256) —0.57 2.08 6.4 15 23,107 and 129
30 000 7
Eosin Y 520° 5374 2.31° (223) 0.78” —1.06> -1.11° 0.83°  2.10° 7 118 and 130-134
160 0007 7
Rose Bengal 558 576 2.17° (209) 0.84° —0.99° —0.96° 0.81° 2.38 15 132 and 135-137
2400° 1

“ All potentials are given in V versus SCE. Eo* = Eox — Eo o and Ereq* = Ereq + Eg 0. 1 €V = (1.602 X 10722 KkJ) x Np where N, = Avogradro’s constant. Aaps
refers to the absorption maximum of the lowest energy absorption band. /p, refers to the photoluminescence maximum. E,, values given
correspond to the optical gap to the S; state unless otherwise noted. 7, 4f, Ts and tp are the prompt fluorescence lifetime, the delayed fluorescence
lifetime, the s1nglet excited state lifetime and the trlplet excited state lifetime, re dpectively Data reported in MeCN at room temperature unless
otherw1se noted. ? Determined in CH,CN:H,O (1:1). © Determined in methanol Determined in H,0. ¢ Determined in 10~* M NaOH in an air

saturated sample. Corresponds to the optical gap to the T, state.

7588 | Chem. Soc. Rev., 2021, 50, 7587-7680 This journal is © The Royal Society of Chemistry 2021
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include acridinium salts and organic dyes such as eosin Y,
fluorescein®®®” and rose bengal®®* (¢f Fig. 9 and 10), which all
have moderate redox windows making them suitable in photo-
redox catalysis (Table 1).>® In multiple cases, these organic PCs
have been shown to outperform their transition metal-based
counterparts,’*>* although their limitations must still be con-
sidered. Lengthy and often complex syntheses may be required
to produce the PC, which can reduce its desirability to industry.
Moreover, there have also been reported problems with separation
and low recyclability when using organic PCs.*® One of the main
disadvantages with organic PCs is the limited flexibility in terms of
tuning their redox potentials in comparison to transition metal
complexes, whereby modification of the ligands generally permits
a wide tuning of the redox properties.

Although these phosphorescent and fluorescent compounds
have been well documented in the literature as PCs, beyond
their ground and excited state redox potentials, their intrinsic
photophysical properties have often been neglected when gauging
their effectiveness as PCs. These compounds differ greatly in terms
of available excited states, and thus their ability as PCs is quite
different. Thus, a fundamental understanding of their photo-
physics must first be considered.

General photophysics of luminescent compounds

In photocatalysis, the first fundamental step involves formation
of the excited PC, whereby a photoinduced transition from the
ground state to an excited state must occur. The rate and
feasibility of radiative transitions are dependent on the spin,
vibrational and electronic wavefunctions of the initial and
finial electronic states. The probability of transitions to/from
these states are reflected in the oscillator strength, f, which
takes into account orbital, vibrational and spin configuration
factors and varies between 0 and 1.3°

For spin considerations, only transitions between states of
equivalent spin are formally allowed (spin selection rule),
although this can be relaxed through spin orbit coupling (SOC).

The dependence of the vibrational wavefunctions is in
accordance with the Frank-Condon factor, F, defined in eqn (2),
where ¥,,,r and V., are the final and initial vibrational wave-
functions, respectively. This gives the transition probability, which
for absorption reflects the transition from the zeroth vibrational
level of the ground state to the mth vibrational level of the excited
state. A greater overlap of the vibrational wavefunctions will lead to
a greater probability that the transition occurs.

F=|(Pive| Puivi) | (2)

The electronic factor dictates the overall intensity of the
transition and is proportional to the overlap of the initial and final
state wavefunctions, as well as the transition dipole moment.

Therefore, to maximize the probability of a transition, the
spin must be conserved, the vibrational and electronic wavefunctions
of the initial and final states should each overlap strongly and a
change in symmetry must occur. The more probable an absorption
transition, the greater the associated molar absorptivity, ¢, a bene-
ficial factor to the efficiency of a photocatalytic process.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Jablonski diagram for luminescent compounds alongside possible
photochemistry routes of the excited states. The prototypical rate con-
stants for defining the dominant photoactive excited state for fluorescent,
phosphorescent and organic TADF compounds are given alongside the
required rate constants for productive photocatalysis, where ket and ket
are the rate constants for energy and electron transfer, respectively, kqif iS
the rate constant for diffusion, kﬁ, and k,s are the rate constants for non-
radiative and radiative decay, respectively, from the singlet state, k}, and k&
are the non-radiative and radiative decay, respectively, from the triplet
state and kpr and kpr are the rate constants for prompt and delayed
fluorescence, respectively.

Fig. 2 shows a Jablonski diagram outlining many of the
different photophysical and photochemical processes available
to the excited PC. The probable pathways for each of fluores-
cent, phosphorescent and TADF PCs depend on the relative
magnitudes of the rate constants for each class of PC. The
photophysical processes shown in Fig. 2 are mononuclear;
however, the photocatalysis implicates bimolecular reactions.
Promotion of an electron from the closed shell singlet ground
state, Sy, to a higher-level singlet excited state, S,, occurs upon
photoexcitation, with the initially accessed excited state based
on the energy of the excitation source. Rapid vibrational
relaxation and internal conversion (IC) occur typically within
picoseconds, causing the excited electron to populate the low-
est vibrational level within the lowest singlet electronic excited
state, Sy, in accordance with Kasha’s rule.’” Radiative decay, in
the form of fluorescence, or non-radiative decay can ensue from
S; to regenerate the ground state, which are both spin-allowed
processes, hence the lifetime of molecules in the S; state is
short, on the order of a few nanoseconds. Intersystem crossing
(ISC) can also occur from S; to the triplet manifold, although
this a formally spin-forbidden process (see below for a detailed
discussion of ISC rates). Subsequent IC results in population of

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7589
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the lowest triplet excited state, Ty, which can decay radiatively
(via phosphorescence), or non-radiatively to the ground state,
both of which are spin-forbidden processes. On account of the
formally spin-forbidden nature of these decay process from the
T, state, the triplet excited state is typically much longer-lived,
with a lifetime on the order of microseconds.

These are the available photophysical processes of all com-
pounds, with the dominating processes depending upon the
intrinsic properties and structure of the molecule in question
and will be discussed in detail in the following sections. The
rate constant for diffusion, kqis, to form an encounter complex,
corresponds to the first step in a photochemical reaction, and
as previously mentioned, is a bimolecular process on the order
of 10° M~* s71.3% An encounter complex can be formed between
the substrate and either "PC* or *PC*. Which encounter complex
is most likely, is dependent upon the magnitude of the inter-
system crossing rate constant, kisc. When kisc < kais, this implies
the singlet excited state of the PC is involved in encounter
complex formation, while when kisc > kaisr, the triplet excited
state of the PC participates. It is also possible that kisc ~ kqigr, in
which case both 'PC* or *PC* are available to participate in the
photochemistry. Upon formation of the encounter complex,
subsequent electron and energy transfer can occur, with relative
rate constants of kgr and kg,t, respectively. These must occur
sufficiently fast to outcompete alternative radiative and non-
radiative decay pathways from the excited PC.

To ensure that photochemistry occurs (PET and/or PEnT),
the associated rates for these processes must outcompete those
of alternative photophysical pathways. To simplify the analysis
of competing pathways, it can be helpful to use a PC with a high
photoluminescence quantum yield, @pr, (eqn (3)), where in this
limiting case only the radiative decay rate constant, k& or k;,
need be considered as a competing pathway as either will out-
compete k.. This simplifies the analysis as the only competitive
pathway for PET and PEnT that must be considered is radiative
decay, which can be experimentally determined through emission
lifetime measurements. The rate of radiative decay must still be
slow compared to kg and kg,r. However, a high PLQY is not a
necessity for a compound to be a useful PC. Ultimately, as long
as kgr and kg, are faster than all other mononuclear decay
processes, radiative or non-radiative, then photocatalysis is
kinetically feasible.

photons emitted
photons absorbed

®)

The rate constant kisc is key to determining whether "PC* or
*pC* is involved in the subsequent photocatalysis, the importance
of these states will be discussed in the photocatalysis mechanism
section. As ISC is a formally spin-forbidden process, it is important
to understand the factors that moderate the kinetics of this
pathway.

Spin-forbidden transitions are only possible when state
mixing occurs. This transpires with the aid of spin orbit coupling
(SOC), which is a relativistic effect.>® SOC occurs through coupling
of the total spin angular momentum, S, and total orbital angular
momentum, L, to yield a total angular momentum, J, defined by

7590 | Chem. Soc. Rev., 2021, 50, 7587-7680
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the vector sum in eqn (4).*° Since the total angular momentum
must be conserved during a transition, a change in S can be
compensated for through a corresponding change in L, to allow for
J to remain constant. This allows for the spin flip of an electron,
required for processes such as ISC, RISC or phosphorescence to be
feasible. Hence, a formally spin-forbidden process becomes
possible through the perturbation of singlet and triplet state
wavefunctions, which is made possible by SOC.

J=S+L (4)

The importance of SOC is manifested in terms of El Sayed’s
rule,** which imposes a symmetry change between the S, and
T, state in order to facilitate spin-forbidden ISC. This rule was
initially developed to describe ISC in carbonyl compounds and
states that there must be a change in orbital angular momentum
in concert with the change in spin. This implies that rates of spin-
forbidden processes, such as ISC, become faster when there is a
greater difference in orbital symmetry of the excited states. For
example, '(n-1¥) — *(n-n*) is fast while '(r-n*) — 3(n-n¥) is
formally forbidden. However, it should be noted that this rule
assumes the involvement of pure electronic states in a static
nuclear configuration.

Within the El Sayed framework, there is the intrinsic spin—-
orbit coupling constant associated with each atom involved in
the transition. As the mass of the atom increases, so does the
magnitude of the SOC; this is known as the heavy atom effect.
The degree of state mixing is also dependent on the energy
difference between the two states, as shown in eqn (5). The first
order mixing coefficient between the S; and T, states, 4, is
proportional to both the direct spin-orbit coupling (Hso)
(which is itself proportional to the fourth power of the atomic
number (Z) of atoms involved in the S; and T, transitions
divided by the third power of the principal quantum number
(n)), and on the aforementioned difference in orbital symmetry
between the two states, and inversely proportional to the energy
gap between the S; and T states, AEgr.

Hso Z°
S AEst

)

(5)

n’

This description of state mixing is suitable for static nuclear
configurations. When vibrational motion is taken into account,
both spin-vibronic coupling and SOC must be considered. This
can be done using second-order perturbation theory, which
involves both spin-orbit and non-adiabatic coupling, with
additional intermediate state(s) mediating the coupling.***?
This provides a route for El Sayed-forbidden ISC to occur
between S; and T;. These factors play a role, to varying degrees,
to explain the importance of ISC as a potentially competing
pathway in Fig. 2 for fluorescent, phosphorescent and thermally
activated delayed fluorescence (TADF) compounds.

An additional consideration to be made is the nature of the
excited state. For organic compounds, there are two predominant
types of excited states: locally excited (LE) or charge transfer (CT).
In the former, the electron density distribution is retained in the
same area of the molecule during the transition, which usually

This journal is © The Royal Society of Chemistry 2021
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involves the promotion of an electron from a m-orbital to a
n*-orbital in a symmetry-allowed transition. In the latter, the
electron density distribution is displaced from one part of the
molecule, the donor moiety, to another, the acceptor moiety.
Here, the overlap of the orbitals involved in the symmetry-allowed
transition is smaller and so the probability of the transition is
lower, reflected in the smaller molar absorptivity values observed
in the absorption spectrum of the compound.

Transitions to/from LE states usually occur with a higher
oscillator strength in comparison to the CT state, since transitions
to/from LE states exhibit a greater amount of orbital overlap.
Accordingly, LE absorptions will have a greater ¢, and from this,
may seem like the preferential state to access in terms of
photocatalysis. However, these LE states are typically shorter-
lived than CT states owing to their larger radiative rate con-
stants, k, according to Fermi’s golden rule.***>

There are of course some exceptions to the relative behaviour
of LE and CT states typically observed, which presuppose that
both transitions are symmetry-allowed. Pyrene is a notable
example where transitions to/from the LE state (a S; — S
transition) of this rigid organic molecule are weak despite
strong spatial overlap of the relevant orbitals. This is due to
the similar symmetries of the HOMO and LUMO wavefunctions,
which results in a symmetry-forbidden transition that is reflective of
the low oscillator strength (f= 0.0016 in n-heptane).*® Consequently,
a weak fluorescence is observed with a much longer radiative decay
rate (k. ~ 10° s ").*” A long-lived excited state is preferable in terms
of photocatalysis, as if the LE (or CT) state decays quicker than the
rate at which an encounter complex can form, productive photo-
catalysis cannot occur. Therefore, although generally the longer-
lived CT states would be more advantageous than the shorter-lived
LE states for photocatalysis, the example of pyrene illustrates that
LE states are not always short-lived. Thus, emission lifetimes
should be explicitly determined to assess whether the excited
state of the compound is sufficiently long-lived for it to act as a
photocatalyst.

Further, the energy of the CT state (but not the LE state) can
be significantly influenced by the polarity of the medium. The
size of the Stokes shift in a particular solvent, and hence the
available energy to initiate the photocatalysis, becomes depen-
dent on whether the excited state is LE or CT in nature. For
most of the PCs discussed, the CT excited states have a larger
associated transition dipole moment (TDM) in comparison to
the permanent dipole moment associated with the ground state.
In these cases, increasing polarity of the medium is associated
with a more stabilized CT excited state, reflected in a red-shifted
emission (positive solvatochromism).*® The energy of LE states
is relatively independent of medium as there is no large TDM,
hence the Stokes shift will be small. In the context of photo-
catalysis, a smaller Stokes shift would be preferred as this
indicates that most of the energy absorbed is available for the
photochemistry.

This behaviour is present in not only organic compounds,
but also organometallic complexes with excited states with CT
character, such as metal to ligand charge transfer (MLCT) or a
ligand to metal charge transfer (LMCT) states.

This journal is © The Royal Society of Chemistry 2021
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Consideration of these fundamental photophysical concepts
is important when discussing the pros and cons of each sub-
category of compounds used in the literature as PCs.

Fluorescent compounds as photocatalysts

The vast majority of fluorescent compounds are organic molecules,
with photophysical processes occurring as described by Fig. 2.
Fluorescence, in almost all cases, occurs from the S; state (adhering
to Kasha’s rule), hence, is independent of the excitation wavelength.
For fluorescence to be detected, the non-radiative decay rate
originating from S; must not be more than three orders of
magnitude greater than k,; with k,, two orders of magnitude
faster than k., emission will appear very faint.*’

The rate constants that typically define a successful fluor-
escent PC are shown in Fig. 2. Fluorescent compounds possess
slow kisc and so there is little to no population of the T, state.
This is a generalised statement, typically organic fluorescent
compounds have kg in the region of 10° s~%.°°> Assuming
the rate constant for fluorescence is faster than kgc, fluores-
cence is the only radiative decay process possible.

For productive photocatalysis, diffusion of the excited PC to
form the encounter complex must ensue and be faster than i
(and ksc and kir) to allow for bimolecular reactions to compete
with monomolecular photophysical decay pathways of the excited
state. Typically, if the lifetime of the singlet excited state is less
than 1 ns, the compound will not be useful as a PC as the
compound will fluoresce before diffusion to the substrate can
occur.’ Upon formation of the encounter complex, kg and kgur
must then be sufficiently fast to occur prior to dissociation of the
encounter complex and to outcompete alternative decay pathways
for the excited PC in terms of radiative and non-radiative decay.

Phosphorescent compounds as photocatalysts

Phosphorescent compounds are typically transition metal com-
plexes. The presence of the central metal allows for these com-
pounds to readily access the triplet excited state on account of the
heavy atom effect. This increases the magnitude of the SOC, in
accordance with eqn (5), and relaxes the spin-forbidden nature of
the ISC. As a result, rapid population of the T; state occurs, which is
long-lived with tpy, typically on the order of microseconds.

In most low oxidation state transition metal complexes
surrounded by m-accepting ligands, absorption of a photon
typically results in promotion of an electron from a metal
d-orbital to a ligand n* orbital,>®>* which describes a MLCT
transition and is symmetry-allowed. Rapid ISC from the singlet
to the triplet MLCT state requires these states to have different
symmetry for a direct transition to be allowed, for example
when the n* orbital is the same, but the d-orbital is different.>®
When the two MLCT states have the same symmetry, an
intermediate state of different symmetry must instead mediate
the ISC. Typically, ISC occurs from the S; state with 'dn*
character, to a higher lying triplet state, T, as S, and T; have
analogous electronic transitions, hence the ISC is symmetry-
forbidden.” Since ISC is usually very fast, (~10'°-10"* s~ " regime
for complexes with strong MLCT character in the excited state),>>>°
kisc therefore outcompetes &5 by several orders of magnitude.

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7591
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The presence of the heavy metal contributes to near unity inter-
system crossing quantum yield, ®;sc, being frequently observed.®”
Thus, the rapidly generated, long-lived *MLCT state is the only
accessible excited state when considering the subsequent photo-
chemistry. This implies that kigc > kqifr; however, kqige must be
faster than kf and k., to allow for formation of the encounter
complex. As these latter two rate constants are typically much
slower, this is not an issue. Subsequent kgt and kg,r must also
be fast processes with respect to other decay pathways of the
excited PC.

TADF compounds as photocatalysts

A third class of homogeneous PCs that can be used are TADF
compounds. Although examples of organic, organometallic and
inorganic TADF compounds have each demonstrated photo-
catalytic behaviour,*®>® this review focuses solely on the use of
the organic analogues.

The S; state is rapidly populated upon photoexcitation.
Radiative decay can then occur by direct fluorescence, known
as prompt fluorescence (PF), with a lifetime of 7,¢ on the order
of nanoseconds, analogous to that observed for normal fluor-
escent compounds. Alternative competing pathways include
non-radiative decay back to the ground state or ISC to the
triplet manifold followed by IC such that the electron populates
the lowest triplet excited state, T;. Phosphorescence from this
state remains a spin-forbidden process and so is typically not
observed at ambient temperatures in these molecules (due to
large AEs 1., ¢f. eqn (5)); however, reverse intersystem crossing
(RISC) from T; back to S; is possible at ambient temperatures
due to the small singlet-triplet energy gap, AEsr, between the
lowest lying singlet and triplet excited states that can be over-
come thermally, resulting in delayed fluorescence (DF), which
occurs on a time scale of similar order to phosphorescent
complexes, typically in the microsecond regime.®® RISC can
also be mediated by spin-vibronic coupling, as discussed earlier
(Fig. 3). As shown in Fig. 2, the rate constant for prompt
fluorescence, kp, is greater than kisc (and kflr), which explains
why prompt fluorescence is observed. Delayed fluorescence
occurs as kgisc is faster than both &; and k...

For organic TADF compounds k;sc is typically <107 s~*,°
although this value can vary widely depending on the indivi-
dual compound. For this class of compounds kisc < kaisr, hence
PET and PEnT are most likely to occur from the S, state. For
TADF compounds in which faster ksc rates are observed, this
opens the availability of the triplet manifold to participate in
photocatalysis. When this is the case, the relative populations
of the singlet and triplet excited states, which are dependent on
the quantum yields of prompt, @pr, and delayed fluorescence,
dpr, respectively, become significant in identifying the probablity
of PET and PEnT from each state.

The excited state from which the photocatalysis occurs is
directly dependent on both kisc and kgisc in TADF PCs. The
rates associated with ISC/RISC are, to a first approximation,
understood through the relation disclosed in eqn (5), where the
rate constants are dependent upon both Hgo and AEgr.
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Fig. 3 Modified Jablonski type diagram with Morse potentials, showing
the photophysical processes of TADF molecules including photon absorption,
radiative (solid arrow) and non-radiative (dashed arrow) decay, internal and
reverse internal conversion (IC and RIC, respectively), intersystem and reverse
intersystem crossing (ISC and RISC, respectively) along nuclear coordinate, g.

Organic TADF compounds distinguish themselves by pos-
sessing a small AEgr, typically less than 0.3 eV,*' which is the
primary factor that governs the degree of the mixing of states.®>
The AEgr itself is proportional to the exchange integral, J,
between the excited singlet and triplet states, according to
eqn (6).°"°® The exchange integral is dependent on the orbital
overlap of the frontier molecular orbitals involved in the
transitions to S;/T; (eqn (7)), where @ and ¥ are typically
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) wavefunctions, respectively,
as these are involved in the Sy-S; and S,-T; transitions, and e is the
electron charge.

AEgr=Es — Er=2] (6)

J= ”qs(rl)qf(rz) (n ¢ rz) S ¥(r)dndr ()

From eqn (7), it becomes clear that by minimising the
overlap of the electron density distribution between the HOMO
and LUMO, a reduction in J will be observed and hence a small
AEgr will be obtained.®' Spatially separated and electronically
decoupled donor-acceptor compounds in which there are large
torsions between the donor and acceptor groups are thus the
most commonly employed molecular design strategies invoked
in TADF emitters, in which the HOMO and LUMO are localised
on the donor and acceptor units, respectively.®*

Since the excited singlet state of TADF compounds is CT
in nature, positive solvatochromism will be exhibited. There-
fore, solvent choice should be considered when utilising these
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compounds as PCs, as it will affect not only the excited state
redox potentials, but also the relative competition between ksc/
krisc and therefore from which state the PET or PEnT originates.

Photocatalysis mechanism

All three subcategories of luminescent compounds previously
discussed; fluorescent, phosphorescent and TADF, have been
successfully applied as photocatalysts in both PEnT and PET
reactions. An understanding of their intrinsic photophysical
properties is required in order to correlate the performance of
the photocatalysts to their structure and to distinguish under
which mechanism the photocatalysis takes place, a point which
is all too often not adequately discussed in the photocatalysis
literature.

PEnT photocatalysis

In the photoinduced energy transfer (PEnT) mechanism, the
excited PC sensitises the substrate by direct energy transfer
(Fig. 1). Upon acceptance of the embedded energy, the substrate
is in an electronically excited state, allowing for the subsequent
reaction to occur.®® This energy transfer process can proceed via
Forster or Dexter quenching mechanisms, which are both non-
radiative decay processes.®® The former involves dipole-dipole
coupling interactions mediated through space, whereby the
transition dipole moment on the donor (the excited PC) and
the acceptor (the substrate) couple non-radiatively, generating
the required electronic transition through relaxation of the
donor and simultaneous excitation of the acceptor.®” Since this
mechanism is dipolar in nature, orbital overlap of the two
species is not required, allowing for Forster resonance energy
transfer (FRET) to occur over long distances (1-10 nm).%®
Spectral overlap of the emission of the donor and absorption
of the acceptor species is instead crucial for this mechanism, as
quantified in the overlap integral, J¥, in eqn (8), where f;, is the
normalised donor emission spectrum, [(fp(s) is the photon
exitance of the donor at wavenumber o], ¢5(0) is the molar
extinction coefficient of the acceptor at wavenumber ¢, and o is
the wavenumber.®®”°

JF — (O)QfD(U)SA(U)dG (8)

p

The distance dependence associated with FRET in indicated in
eqn (9), which shows the dependence of the rate constant of FRET,
kereT, On both the spectral overlap integral and the donor-acceptor
distance, Rpa.®” The (Rp,) ® distance dependence of FRET allows
for this energy transfer to still be possible at longer distances. In
eqn (9), «* is the orientation parameter, 7 is the refractive index of
the medium, N, is Avogadro’s constant and (D) is the lifetime of
the donor in the absence of the acceptor.

9000In(10)> ¢ ©)
128mn*Nat?(D)(Rpa)®

krreT =

By contrast, the Dexter energy transfer (DET) mechanism
typically involves simultaneous intermolecular electron exchange
between the excited state of the donor, the excited PC, and the
ground state of the acceptor, the substrate.”* The DET mechanism
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is electric-dipole forbidden on account of the change in the local
spin state of the excited donor and acceptor, which disables the
FRET mechanism.”>

For DET, orbital overlap is essential, which is achieved
through collisional interaction for bimolecular PEnT mechanisms.
To aid this orbital overlap, easily accessible spin density on the
excited PC is beneficial, which is linked to the shape of the PC.
Spectral overlap of the emission of the donor (phosphorescence)
and absorption of the acceptor (singlet to triplet absorption) is
likewise important, which is calculated according to eqn (10) for
DET, where f;, is the normalised donor emission spectrum and &,
is the normalised acceptor absorption spectrum.®®”® Unlike
Forster PEnT, which requires spectral overlap of spin-allowed
transitions, for Dexter PEnT the spectral overlap required is for
spin-forbidden transitions and so the overlap integral is inher-
ently smaller in this case.

JP = [:oﬁ)(o‘)aA(a)da (10)

The absence of information on spin-forbidden transitions
for many organic substrates means that assessing whether spectral
overlap occurs becomes challenging. In light of this, the energy of
the triplet state, Er, of the donor (the photocatalyst) relative to the
acceptor (the substrate) is instead used to provide an estimation of
the thermodynamic feasibility of the energy transfer mechanism.*®
The criterion for an exergonic energy transfer thus is Er (D) > Er
(A). In this instance, it is assumed that J® is large, which correlates
to a faster rate of DET according to eqn (11), where Rp, is the
donor-acceptor distance, K is the parameter for specific donor and
acceptor orbital interactions and L is the sum of the van der Waals
radii of the donor and acceptor.”*

If, however, Er (D) < Er (A), then energy transfer from donor
to acceptor is only possible if the donor, in its vibrationally/
rotationally excited state of its electronically excited state, is higher
in energy than the acceptor in its electronic excited state. Spectral
overlap between the emission of the donor and the absorption of
the acceptor remains a criterion for energy transfer.

The main drawback of the Dexter mechanism is that it is
limited to shorter distances of typically no more than 10 A due
to the exponential dependence of the energy transfer rate with
donor-acceptor distance, eqn (11).”*> Comparing the two energy
transfer mechanisms, both FRET and DET require spectral
overlap for the energy transfer to occur; however, the latter
also requires orbital overlap as it is a double electron exchange
mechanism. For bimolecular mechanisms, since DET requires
collisional interactions, higher reactant concentrations are
beneficial for this mechanism, while FRET can operate effi-
ciently at lower concentrations.® At all but the shortest donor-
acceptor distances, FRET will be faster than DET, due to the
Rpa~° distance dependence of FRET (eqn (9)) in comparison to
the exponential distance dependence of DET (eqn (11)).

—2RpA
kpeT = KJDC L

(1)

At larger distances, FRET occurs at a faster rate and is
consequently the dominant PET mechanism while DET only
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becomes the dominant pathway when FRET is not allowed.
Regardless of which PEnT mechanism is in operation, a sufficiently
fast rate of energy transfer is required in order to outcompete other
radiative and non-radiative decay pathways available to the excited
PC. Similarly, for exergonic energy transfer, both mechanisms
require the excited state energy of the donor to be greater than that
of the acceptor.

The nature of the FRET and DET mechanisms mean com-
pounds with a predominately photoactive singlet state, namely
fluorescent compounds, undergo energy transfer through a
FRET mechanism while phosphorescent compounds, whose
photophysics relies on triplet excited states, undergo DET,
since the FRET mechanism would result in breaking of the
spin conservation rule of Wigner.®®”*

Some energy transfer photochemistry proceeds via the singlet
excited state of the substrate while other photochemistry requires
accessing the triplet excited state of the substrate, and the precise
nature of the photochemical reaction must be considered
when designing a PC that can participate in PEnT photo-
catalysis. For example, in the Paterno-Buchi [2+2] cycloaddition
reaction of 2,3-dihydrofuran with different aromatic carbonyls
(Fig. 4), the nature of the excited state of the carbonyl impacts
upon the diastereoselectivity of the reaction. Naphthaldehydes
react through excited singlet states while benzaldehydes (such
as mesitylaldehyde), react through excited triplet states.””

Another example of the importance of singlet state photo-
chemistry is the Norrish-Yang photocyclization.”® When using
an alanine derivative, and in the presence of a triplet quencher,
the cyclization proceeds through a helically chiral singlet biradical,
conveying a “memory of chirality” effect to the product.”” If the
reaction proceeds in the absence of a triplet quencher, the
longer-lived triplet biradical forms and this leads to racemiza-
tion, destroying the enantioconservation.

Triplet state sensitisation occurs through the DET mechanism,
typically forming triplet biradical intermediates. These tend to
have lifetimes of the order of nanoseconds to microseconds,
which is enough time to allow for single bond rotations to
occur.”® By contrast, singlet biradical intermediates, formed
through a FRET mechanism, are much more short lived,”®
hence the configuration found in the starting material is
retained in the product. High enantioconservation is thus
typically observed with singlet photochemistry.®*~®* This is also
possible with triplet biradical intermediates which only slowly
interconvert.®*%*

H o H o
N h wH wAr
* ArCHO Y » ar H

9 o H o H

Ar = Mes, dr > 98:2
Ar = 1-naphthyl, dr < 2:98

Chem. Ber., 1991, 124, 407-410

Fig. 4 Reaction scheme for the Paterno—Buchi [2+2] cycloaddition reac-
tion of 2,3-dihydrofuran with different aromatic aldehydes.
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The benefit of TADF compounds is that they have the
potential to access both FRET and DET pathways. However,
since kisc is typically slower than kg;¢r, DET from the triplet state
is inefficient for organic TADF compounds, much more so than
for phosphorescent complexes. The capacity for organic TADF
compounds to participate in triplet DET is dependent on the
intersystem crossing quantum yield, ®;cs, which describes the
population of PCs in their triplet excited states.®> Under the
constant irradiation conditions employed in photocatalysis and
given the long delayed lifetimes of most organic TADF PCs,
there is sufficient population of triplet excitons to permit triplet
sensitization reactions by organic TADF PCs. Additionally, it
should be noted that DET is not limited to PEnT from triplet
states, and can indeed occur from the singlet excited state.®
Since TADF compounds have singlet excited states that are
accessible for subsequent photochemistry, this opens the path-
way for DET energy transfer to occur from this state.

Undoubtedly, TADF compounds can access the FRET path-
way, a mechanism exploited in the sensitization of fluoro-
phores by TADF compounds, coined Hyperfluorescence™, that
has been exploited in OLED developement.’” Accessing the
FRET mechanism is beneficial in photocatalysis as it allows
the reaction to occur over much longer distances, implicating
lower required concentrations. However, as stated above, this
relies on the singlet radical intermediate formed being productive
in forming the required product.

PET photocatalysis

Photoredox catalysis involves in nearly all cases single electron
transfer (SET) processes. Photocatalysis proceeding by PET is
more prevalent than by PEnT and the majority of the examples
in this review proceed via photoredox catalysis. It is important
to first understand both the thermodynamic and kinetic factors
at play when discussing PET.

Upon absorption of light, the excited PC becomes both a
stronger oxidising and reducing agent than in the ground state.
It can then either be oxidatively or reductively quenched via SET
(Fig. 1), depending on the relative energies of the molecular
orbitals of the substrate compared to the PC. The PC, in its
oxidized or reduced form, respectively, can then participate in a
second SET that will close the photocatalytic cycle and regenerate
the ground state of the photocatalyst. Typically, a sacrificial
oxidant or reductant is employed to complete or initiate the
photocatalytic cycle; however, if none is required then the process
is considered redox neutral. Photoredox catalysis typically pro-
duces radical ion intermediates as a result of the SET, which are
usually difficult to access using conventional chemical synthetic
procedures.®®

The redox properties of a PC define its oxidising and reducing
power. The ground state reduction and oxidation potentials are
defined as E.q = (PC/PC*”) and E,, = E(PC*"/PC), respectively,
while the excited state reduction and oxidation potentials are given
bY Erea*(PC*/PC*™) = Eyeq(PC/PC® ) + Eop and En*(PC*'/PC¥) =
En(PC**/PC) — Eoo,>”***° where E,, is the lowest energy
electronic transition between the lowest vibrational states of
the ground and first excited state, otherwise known as the
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optical gap. In fluorescent compounds, this is defined as the
intersection point between the normalized absorption and
emission spectra of the PC, and typically involves a transition
between the S, and S, states.®® By contrast, in phosphorescent
compounds, the E, 4 is correlated with the triplet state energy,
Er, and is estimated from the onset of the phosphorescence
spectrum.

According to Marcus theory, the redox potentials of the PC
must be sufficiently oxidising or reducing to allow the required
SET to occur. To permit the maximum reactivity it is therefore
desirable that the PC have a wide redox window, both in the
ground and the excited states. When proceeding via a reductive
quenching cycle, the PC is described as a photooxidant. To
ensure that oxidation of the substrate is thermodynamically
feasible, v must be more positive than E,, of the substrate. By
contrast, for an oxidative quenching cycle, the PC behaves as a
photoreductant. In this case, E.* must be more negative than
E.q of the substrate for the reduction to take place.6’9’19'89

These criteria are encapsulated within the Gibbs energy of
photoinduced energy transfer (eqn (12)),”*>°! which relates the
change in the Gibbs free energy, AG®, and hence the thermo-
dynamically feasibility of the reaction, with the ground state
redox potentials and the optical gap. In eqn (12), e is the
electronic charge, E°(D**/D) is the oxidation potential of the
donor, E°(A/A*7) is the reduction potential of the acceptor, &, is
the vacuum permittivity, ¢ is the dielectric constant of the
solvent, r is the electron donor-acceptor distance and E,, is
the optical gap of the photoexcited species.

2

AG® = ¢[E*(D*™* /D) — E°(4/A™*)] —Eyo  (12)

B dmeger

For the electron transfer to be thermodynamically allowed,
AG° must be negative. Since the excited triplet state is lower in
energy than the excited singlet state, the absolute AG® value for
electron transfer from the triplet state is smaller than that from
the singlet state. Taking this into consideration, this informa-
tion can be applied to the kinetics of electron transfer, which is
explained using the Marcus equation (eqn (13)).">°> Here, the
rate of electron transfer, kgr, is linked to the electronic coupling
between the initial and final states, Hj, the reorganisation
energy, 4, and AG°.

2 +AG + 1)°
kgt = %| ( ) } (13)

) 1
i \/We"p{ TkeT

When AG® is equal to Z, this represents a situation in which
the activation energy, AG*, is equal to zero and represents the
maximum rate of the electron transfer. In the normal Marcus
region, increasing the absolute value of AG® causes a decrease
in AG* and an increase in kgr. However, in the inverted Marcus
region, the opposite relationship is observed, whereby increasing
the thermodynamic driving force, AG®, actually causes a decrease in
ker (and an increase in AG*). In PET from an excited compound to
another reactant, namely the forward electron transfer, the normal
Marcus region is in operation;™* however, in back electron transfer
the inverted Marcus region has been observed.”* % In the forward
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PET regime, in the highly exergonic region, the absence of the
inverted region is thought to be related to 4, which increases in
value on going from a contact radical ion pair to a solvent separated
radical ion pair since the latter involves a greater distance between
the radical ions.'®

Considering only forward electron transfer first, since the
absolute value of AG® is smaller when electron transfer occurs
from the triplet state, the rate of electron transfer, according to
eqn (13), is slower when arising from the triplet state rather
than the singlet.'®*'°® Recall that kzr must be sufficiently fast
to outpace unproductive decay pathways, both radiative and
non-radiative. With these thermodynamic and kinetic factors in
mind, the nuances in PET mechanisms of fluorescent, phos-
phorescent and TADF compounds can be understood. Since
fluorescent compounds are usually dominated by singlet
excited states, PET occurs from this state. For phosphorescent
compounds, the triplet excited state is the assumed state from
which electron transfer can occur. Despite kgt being slower from
triplet excited states, this does not present much of a problem in
phosphorescent compounds since the T; states are so long-
lived, reflecting slower radiative and non-radiative rates.

For TADF compounds, the situation is less clearly ascertained.
Since TADF compounds are characterised by small AEgr, AG® and
consequently kgr will be similar from both the singlet and triplet
states, suggesting that there is negligible difference in electron
transfer rates from these states when using TADF compounds
as PCs.

Since kgr is rate-limited by kg, it is therefore less than or
equal to 10° s~ *. As this is faster than the typical kisc observed
for organic TADF compounds (<10’ s~ *°°), the excited state
involved in SET is likely to be the S; state. If kisc and kgysc are
fast in comparison to kgr, then a steady-state approximation
may be assumed, and the relative populations of singlet and
triplet excited states will be governed by a Boltzmann distribution.
The majority of excitons will thus exist in the triplet state, on
account of its lower energy.'*® The exact populations of these states
are determined by the respective quantum yields of the prompt
and delayed fluorescence. SET under this scenario is thus more
likely to occur from the *PC*.

Therefore, on account of the small AEg; of TADF compounds,
the reactivity and kinetics of PET from both singlet and triplet
excited states are similar, hence from this point of view, both states
would be equally productive in photoredox catalysis.

Back electron transfer (BET) can be a detrimental path in
photocatalysis. As previously mentioned, BET has been shown
to occur through the inverted Marcus region, whereby the rate of
electron transfer increases with decreasing thermodynamic driving
force. This is exemplified in the selective oxygenation of p-xylene to
p-tolualdehyde, using 10-methyl-9-phenylacridinium perchlorate
([AcrPh]ClO,), as the PC (Fig. 5)."”” The proposed mechanism
involves PET from p-xylene to the singlet excited state of the PC,
as supported by previous work from the same group.'® Deproto-
nation of the resultant p-xylene radical cation occurs in competi-
tion with BET. When the former outcompetes the latter, a p-xylenyl
radical is formed, which is trapped by oxygen, reduced by the
reduced PC and decomposed to yield p-tolualdehyde selectively.

Chem. Soc. Rev., 2021, 50, 7587-7680 | 7595
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Org. Lett, 2000, 2, 3647-3650

Fig. 5 Reaction scheme for the oxygenation of p-xylene to p-tolualdehyde.

In changing the solvent for this reaction from MeCN to
chloroform, the yield of product increases despite a slower
Stern-Volmer quenching rate constant observed (kq = 8.6 x
10° M ' s !t and 4.2 x 10° M~ ' 57! for MeCN and chloroform,
respectively). Since the reorganization energies (0.34 eV and
0.27 eV for MeCN and chloroform, respectively) are much
smaller than the driving force of the back electron transfer
(AG°® = —2.36 eV when using [AcrH]CIO, as the PC), the back
electron transfer falls within the Marcus inverted region. With
decreasing solvent polarity, a slower back electron transfer rate
is observed, and thus an increase in final product yield. This
example highlights the impact of solvent selection on reaction
yield when conducting photocatalytic reactions. Of course, the
choice of PC is also important, if using [AcrPh]ClO, instead
of [AcrH]ClO,, the thermodynamic driving force increases
(2.48 eV and 2.34 eV, respectively), resulting in slower BET
and consequently higher yields.

Whether PET occurs from the S, or T; state may also have an
impact on whether BET becomes an important non-productive
pathway (Fig. 6). Upon SET transfer from a donor (D) to the
excited PC in a reductive quenching mechanism, a radical ion
pair (RIP) is formed (Fig. 6a). For successful photocatalysis, this
RIP will then dissociate to form the free ions/radicals, which
can then react productively to complete the reaction. An alter-
native unproductive mechanism for this RIP involves BET from
the PC*~ back to the D**, regenerating the ground state PC and
the donor. A spin flip must occur for the electron during BET
from the PC*~ to the D** when the PC has a triplet excited state,
whereas this is not the case if the PC were in the singlet excited
state. As a spin-forbidden process is required for BET when
involving the *PC*, this makes the BET a much slower process,
therefore making dissociation to the free ions the more favourable
pathway.'>**° For 'PC*, the BET is a spin-allowed process, hence
is much faster, and can provide significant competition to the
productive dissociation pathway. Therefore, BET is likely to be
least competitive when PET occurs from the triplet excited state of
the PC. Moreover, PET from *PC* does not have to overcome the
associated pairing energy penalty present when the PC is in the
singlet excited state. A similar situation is shown in Fig. 6b, where
an oxidative quenching mechanism is in operation. Assuming the
rate determining BET occurs as shown in Fig. 6, then this signifies
that BET becomes more problematic when the PC is in its singlet
excited state rather; however, it should be noted that kger may not
be a significant competing pathway to productive photocatalysis.
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Fig. 6 Back electron transfer mechanisms for a) reductive quenching and
b) oxidative quenching of the PC with donor (D) and acceptor (A)
substrates.

Thus, both the energetics of the states and the nature of the
excited state are important determinants for kggr.

In diffusion-controlled photocatalysis processes, the triplet
states are perhaps more attractive owing to their longer-lived
excited states in comparison to singlet states. However, when
assessing the potential thermodynamic driving force of a PC,
the energy loss from the initial photon through processes such
as IC and ISC within the PC must be considered. For example,
for compounds with fast and efficient ISC, such as Ir(m)
photocatalysts, an energy loss equivalent to AEsr occurs to
solvent (0.65-1.08 eV, 63-105 k] mol '), resulting in a less
potent PC."™ Since the singlet state retains a larger component
of the initial photon energy in comparison to the triplet state, it
is a priori more desirable to access this state for photoredox
catalysis. A recent study by Lupton et al. concluded that when
the photocatalysis mechanism involves pre-association of the
PC and the substrate, the long excited state lifetime of the PC
no longer becomes an important feature since diffusion is not a
limiting factor.'™
transfer from the singlet state to be much more beneficial as
a result of the lower available energy in triplet states in
comparison to singlets.

A combination of all the aforementioned factors must be

In this case, the authors propose electron

taken into consideration when evaluating whether electron transfer
from the singlet or triplet excited states is preferable. Electron
transfer from the singlet state is more exergonic according to

This journal is © The Royal Society of Chemistry 2021
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the Gibbs free energy and therefore will have faster electron
transfer rates. However, utilisation of the triplet excited
state means slower BET as well as having the advantage of a
longer excited state lifetime, making electron transfer a more
competitive pathway to radiative decay as k. will be slower.
Quantifying the relative rates of ISC and electron transfer is
crucial to understanding which state is predominantly active in
the SET. Notably, measurements of these kinetic parameters are
rarely reported in photocatalysis investigations.

In-depth mechanistic consideration of the photoactive state
of organic photocatalysts has seldom been reported, with this
being non-existent for TADF PCs. A study from Kwon et al.
focused on using TADF compounds as PCs in polymerisation
reactions (see Section 7), implicating the triplet state as respon-
sible for electron transfer,"”® although no evidence was pro-
vided to support this conjecture. As TADF compounds have
accessible singlet and triplet excited states, SET from each is
viable. At this point, it is unclear whether the nature of TADF
compounds is particularly beneficial for facilitating photoredox
reaction. Typically, the success of TADF (and indeed most) PCs
are rationalised using only thermodynamic considerations by
acknowledging their promising redox potentials in comparison
to alternative photocatalysts."'* Recently, the success of these
compounds as PCs has been linked to their accessible CT states
which, as previously mentioned, are significant in photoredox
catalysis. This is seen in the hypothesis of Diebel et al. who
suggested the presence of chlorine in 3CzCIIPN increases the
charge transfer character of the excited states in comparison to
4CzIPN, which may contribute to the former outperforming the
latter in a recently demonstrated oxidation reaction.'*® While
this observation may be true, there is no explanation provided
as to how an increase in the CT character can translate into
improved thermodynamics or kinetics for aiding the photo-
catalysis process.

Although the specific impact the TADF character of the PC
has on its photocatalytic potential is unclear at present, what is
evident is that TADF compounds have long excited state life-
times, comparable to those of iridium and ruthenium PCs.
Redox potentials of TADF compounds in both the ground and
excited state are of comparable magnitude to those of heavy
metal PCs, and the organic compounds have been shown to
have in many cases enhanced molar absorptivity for the CT
band compared to transition metal complexes. All of these are
contributing factors to their success as PCs.

The significance of 4CzIPN in photocatalysis

The first TADF compound to be tested as a PC was eosin Y,"*°
an organic dye that was one of the first organic compounds
identified as showing TADF."" In fact, for many years TADF
was known as E-type fluorescence, acknowledging eosin Y’s
historic link to this radiative decay process. The moderate redox
potentials (E,x = 0.78 V, Ereq = —1.06 V, E,,* = —1.11 V and
Ereq® = 0.83 V in MeCN:H,O 1:1) as well as absorption in the
visible region (Z,ps = 520 nm in MeOH), have contributed to the
popularity of this commercially available and inexpensive dye
being widely used as a PC.>® However, to the best of our
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knowledge, no mention of its TADF character has ever been
discussed in the context of its use in photocatalysis. Interestingly,
it has been widely accepted that SET occurs from the triplet state of
eosin Y,® owing to its large ®rgc as well as its extremely short
singlet excited state lifetime (2 ns in MeOH),"'® which reduces the
probability of interaction of the PC in this excited state with the
substrate. The ability of eosin Y to act as a PC has been well
documented previously and so will not be included within this
review.

Of the articles published using TADF compounds as PCs, one
TADF material, 2,4,5,6-tetra(carbazol-9-yl)benzene-1,3-dicarbonitrile,
4CzIPN, first reported by Adachi et al in 2012,°° has been
predominant (Fig. 7a). 4CzIPN is composed of four carbazole
electron-donor moieties and an isophthalonitrile that acts as
the electron-acceptor component. The torsions of the carbazolyl
groups from the plane of the dicyanobenzene are large due to
steric interactions between adjacent carbazoles. This twisted
conformation results in the HOMO and LUMO being localised
on the donor and acceptor moieties, respectively, thus reducing
the exchange integral between the two and ensures a sufficiently
small AEgr of 0.08 eV in toluene,®® allowing for the necessary
RISC to occur to make this compound TADF.

In polar solvents such as MeCN, the ®5¢ is extremely low at
0.041, with kg being 2.2 x 10° s~ . These data indicate
minimal formation of triplet excitons and implies that the
singlet excited state is the state from which subsequent photo-
chemistry is likely to occur in this solvent. In apolar solvents
like toluene, the value of ®5c increases dramatically to 0.73.
This clear difference in intersystem crossing quantum yields
upon changes in medium highlights the significant role that
solvent can play in modulating the photophysical and poten-
tially the photochemical properties of a PC.

The photophysical and electrochemical properties of 4CzIPN,
summarised in Table 1, mimic quite closely those of the
commonly used iridium complex [Ir(dF(CF;)ppy),(dtbbpy)]PFs
(Fig. 7b) [(dF(CF3)ppy) = 2-(2,4-difluorophenyl)-5-trifluoromethyl-
pyridinato and dtbbpy = 4,4’-di-tert-butyl-2,2’-bipyridine], as can
be seen clearly in Fig. 8, and, as will become evident below, can
serve as a useful replacement for the latter. Both compounds
exhibit CT excited states. In 4CzIPN this is manifested in a radical
cation delocalised over the donor component and a radical anion
associated with the isophthalonitrile acceptor unit. Similarly, in
the mixed metal-to-ligand/ligand-to-ligand charge transfer excited

Fig. 7 Structures of (a) 4CzIPN and (b) [Ir(dF(CF3)ppy).(dtbbpy)]PFe.
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state of the iridium complex, the radical cation has dngrcrs)ppy)
character and the central metal can be considered to be oxidised
to Ir(v), while the dtbbpy ligand is reduced to its radical anion.

The excited-state redox properties of 4CzIPN are particularly
significant, making it a very strongly photooxidising and photo-
reducing photocatalyst in comparison to other commonly used
visible light photocatalysts, as shown in Fig. 9 and 10.

One of the primary advantages of 4CzIPN is its relatively low
synthesis cost. The one-pot synthesis of 4CzIPN from the
corresponding dicyanotetrafluorobenzene via an SyAr reaction
translates to an approximate cost of $5 per mmol for 4CzIPN in
comparison to $935 per mmol for [Ir(dF(CF;)ppy),(dtbbpy)]PFs
(prices are in US$ in 2020)."*® These values come from Wen-
dlandt et al. in 2020,'*® who determined this cost based on the
price of the reagents, solvent and energy as well as the product
yield. Cost considerations, in addition to the lower toxicity profile,
wide redox potentials, appreciable visible-light absorption (¢ = 6.2 x
10° M™' em™" at 380 nm for [Ir(dF(CF;)ppy)(dtbbpy)]PF, in

o
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Fig. 9 Excited state reduction potentials of common, visible light PCs.
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Fig. 10 Excited state oxidation potentials of common, visible light PCs.

MeCN"** and ~1.7 x 10° M~ " em™" at 377 nm for 4CzIPN®)
and long excited-state lifetime (zp¢ = 18.7 ns and 74¢ = 1390 ns in
MeCN)'"® are all important factors that contribute to the
popularity of 4CzIPN as a PC.

Throughout this review, we will highlight the comparative
performance of TADF photocatalysts with alternative PCs.
However, there are some caveats to these comparisons and
caution must be taken when drawing conclusions as to perfor-
mance. Firstly, in almost all articles referenced, a photocatalyst
is considered the best when it provides the highest yield of
product. It is not always the case that the reaction has been
identified as going to full conversion and so differences in yield
may reflect a combination of differences in reaction kinetics
and differences in reactivity. As such, we define a threshold for
yield comparison whereby a variation of less than 5% between
reaction yields obtained using different photocatalysts will be

This journal is © The Royal Society of Chemistry 2021

classed as not statistically significantly different. Further,
product yields are sometimes based on isolated yields where
there is a greater chance for variance between experiments,
NMR yields by contrast, provide more accurate quantification
of product formation. For photocatalysts, a more quantitative
method is the quantum yield of reaction, ®(), (eqn (1)); how-
ever, these are seldom reported."*® A maximum quantum yield
of one is obtained for situations in which one mol of photons
absorbed produces one mol of product. Typically, quantum
yields are only reported as mechanistic evidence for a radical
chain mechanism or a lack thereof, whereby one mol of
photons forms n mols of product, producing a quantum yield
>1. Usually, a quantum yield less than one signifies that a
radical chain mechanism is not operational; however, this is a
largely oversimplified interpretation of the reaction quantum
yield. It is possible that the reaction proceeds through a radical

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7599
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chain mechanism even with a quantum yield less than 1, but
with a highly inefficient initiation step. Estimations of the
chain length are possible if the quenching fraction is taken into
consideration,”® although such an analysis is rarely under-
taken in much of the photocatalysis literature. As such, we are
largely limited to reporting the quantum yield determined by
the authors and the conclusions that have been drawn from
such a value.

Cross-comparison of multiple studies becomes fraught
when the excitation source changes, affecting both the photon
flux and the excitation wavelength used to photoexcited the
PC."*®'° Throughout the development of photocatalysis, a
wide variety of excitation sources have been employed from
simple household compact fluorescent lightbulbs (CFLs) with
moderate light intensity and a broad excitation spectrum to
high-powered light emitting diode (LED) lamps, which have
controllable intensity and narrow excitation spectra.**" Further,
photoreactors that are capable of capturing and reflecting all
of the photons emanating from the excitation source and
directing them into the reaction vessel will lead to more
efficient reaction transformations.

Furthermore, throughout this review mechanisms are shown
for each reaction mentioned; however, it should be noted that
for the most part, these are putative with frequently little
evidence provided to corroborate the proposed mechanism.
Typically, only a comparison of the thermodynamic parameters
of the PCs and the substrates is used to support the mechanistic
proposals. This type of comparison and its correlation to reac-
tion yields provides a very crude assessment of PC potency and
ignores the reaction kinetics. For example, a study by Wolf et al.
investigated the impact of the lifetime of the photoexcited state
of the PC on the product yield in the trifluoromethylation of
quinoline."? It was found that a longer excited-state lifetime
resulted in faster SET involving the excited PC; however, there
was no significant impact on the yield, indicating the rate
determining step is not the initial SET for this reaction; indeed,
further investigations suggested the second SET was the rate
limiting step. The importance of reaction kinetics was high-
lighted also in the work of Scaiano et al.*** It was concluded that
while appropriate redox potentials are necessary for the PC to
initiate the required SET, the kinetics of the process may be the
deciding factor as to how successful the photocatalyst is.
Unfortunately, kinetics studies like these are rarely completed.

Despite of these lacunes, this review aims to summarize the
reactivity and document the potential of TADF compounds,
such as 4CzIPN, as photocatalysts.

2. 4CzIPN as an independent
photocatalyst

Thus far, 4CzIPN is the most widely studied TADF-based photo-
catalyst. The majority of examples in this section proceed
via PET and are therefore photoredox catalysis reactions
although a very small handful to be discussed occur via PEnT.

7600 | Chem. Soc. Rev,, 2021, 50, 7587-7680
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Where applicable, the relative success of 4CzIPN is compared
with other photocatalysts.

Photoinduced decarboxylation of carboxylic acids in the
formation of C-C and C-X bonds in a reductive quenching
mechanism

Many examples employing 4CzIPN as a photocatalyst involve
decarboxylation of the substrate, whereby a reductive quenching
mechanism is typically in operation. Utilisation of carboxylic acids
to form C(sp?) radicals via photoinduced oxidative decarboxylation
has opened a variety of new synthetic pathways for the formation
of C-C or C-X bonds."** The carboxylic acid or carboxylic acid
derivative is activated through SET to the excited photocatalyst,
forming an alkyl or haloalkyl radical. This requires the photocata-
lyst to be a relatively strong photooxidant in order to oxidise the
carboxylate (E,, of carboxylates typically ranges from 1.2-1.5 V)."*>
Through either a radical addition or radical coupling mechanism,
a C-C or C-X bond (where X = O or N) is formed. This step is
usually facilitated through a SET reduction from the reduced
photocatalyst, concomitantly closing the photocatalytic cycle
and regenerating the photocatalyst. A generic mechanism for
this process, involving a radical addition mechanism can be
seen in Fig. 11.

Reactions that have exploited this decarboxylation mechanism
in combination with a radical addition include the formation of:
formyl radical equivalents (from 2,2-diethoxyacetic acid)**® which
can be used in hydroformylation reactions (Fig. 12a), alkyl
radicals which can subsequently react with nitrosoarenes to
synthesise hydroxylamines (Fig. 12b),"*” a-amino radicals which
can be added to vinyl boronic esters producing y-amino boronic
esters (Fig. 12¢),"*® amidyl radicals which can be added to alkenes
(Fig. 12d),"*° alkyl radicals, which can be added to C=C bonds of
amino acids or peptides (Fig. 12¢)"*° and silyl radicals, which can
be added to alkenes (Fig. 12f).">"

These reactions all proceed via a photoinduced decarboxylation
followed by a radical addition mechanism (Fig. 11). For the
hydroformylation reaction (Fig. 12a), 4CzIPN is the most efficient
photocatalyst, obtaining 70% yield of product, as well as
100% conversion, in the batch reaction while all other organic

,R1 O /R1
Y—X or Y—X\
R © R
PC
hv,
.,R1 : /R1
o /Y—x or Y—X
PC R
PC* 2
Ry
-CO, Y=x"
©
OH o.__0O R

R base R

Fig. 11 Photoinduced oxidative decarboxylation catalytic cycle using a
radical addition mechanism where X = Cor N, and Y = C or O.
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Fig. 12 Reaction schemes involving photocatalytic decarboxylation; (a)
hydroformylation of aromatic vinyl substrates, (b) synthesis of hydroxyla-
mines, (c) synthesis of y-amino boronic esters, (d) 1,2-amidoalkynylation of
alkenes, (e) derivatisation of amino acids and (f) hydrosilylation of alkenes.
R¢ = residence time in the flow reactor.

photocatalysts tested, including eosin Y and [Mes-Acr]|ClO,,
obtained no product.**® Similarly, in the 1,2-amindoalkynlation
of alkenes (Fig. 12d), 4CzIPN produced a 77% yield of product
when using 2-methylpent-1-ene as the alkene, while other organic
photocatalysts yielded between 7-33% of product, with eosin Y
being the next best photocatalyst at 33% yield.'*° These differences
in yield correlate with the ground state reduction potential of the
photocatalysts (Eyeq = —1.21 V, —1.06 V and —0.57 V for 4CzIPN,
eosin Y and [Mes-Acr|ClO,, respectively), suggesting this thermo-
dynamic parameter may have crucial impact on the success of
the photocatalyst. In the hydrosilylation of alkenes (Fig. 12f),">*
4CzIPN considerably outcompeted the iridium and ruthenium
complexes, yielding 82% while the next best PC, [Ir(dF(CF;)-
ppy)2(dtbbpy)|PFs, could manage only 45%. This is likely
on account of the superior photooxidising ability of 4CzIPN

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review Article

(Erea* = 1.35 V and 1.21 V for 4CzIPN and [Ir(dF(Me)ppy),-
(dtbbpy)]PFs, respectively), which is implicated in the oxidation
of the silacarboxylate (E,«(Ph,MeSiCO,*/Ph2MeSiCO, ) = 1.32 V
vs. SCE). For the derivatisation of amino acids (Fig. 12e),"*°
4CzIPN and [Ir(dF(Me)ppy).(dtbbpy)]PFs provided the same
yields (90% and 89%, respectively), with 4CzIPN being selected
as the PC for the subsequent substrate scope.

Unfortunately, 4CzIPN proved unsuccessful in synthesising
the hydroxylamine product (Fig. 12b), as did the iridium photo-
catalyst tested, [Ir(dF(CF3)ppy),(dtbbpy)]PFe."*” Both [Mes-Acr|ClO,
and [Mes-Acr|BF, worked as photocatalysts for this reaction, which
is likely due to their far superior oxidising capability in the excited
state (Eq* = 2.06 V for Mes-Acr” compared to 1.35 V for 4CzIPN
and 1.21 V for [Ir(dF(CF;)ppy),(dtbbpy)]PFe). For y-amino boronic
ester synthesis (Fig. 12c), four photocatalysts were considered:
[Ir(ppy)2(dtbbpy)]PF, [Ir(dF(CF;)ppy).(dtbbpy)[PFs, [Ru(phen);]Cl,
and 4CzIPN. [Ir(ppy).(dtbbpy)]PFs was the most efficient photo-
catalyst with the substrate Boc-Pro-OH, giving a final product yield
of 88% in the presence of the additive Cs,CO3, although 4CzIPN
also provided a moderate yield of 66% in the absence of this
additive. No yield was given for the use of 4CzIPN with the additive
Cs,CO;z;, making a direct comparison somewhat challenging.
Nevertheless, a possible reason for [Ir(ppy).(dtbbpy)]PFs out-
performing 4CzIPN is their relative ground state reduction
potentials (Erq = —1.51 V and —1.21 V, respectively). The more
negative E.q value for the iridium photocatalyst facilitates the SET
between the reduced photocatalyst and the intermediate o-boryl
radical and thus the turnover of the photocatalytic cycle.

A mechanistically related example can be seen in the remote
functionalisation of amides and amines using electrophilic nitrogen
radicals (Fig. 13).">* This reaction proceeds via decarboxylation of
the carboxylic acid derivatives to generate an electrophilic amidyl
radical, which can then undergo a 1,5-hydrogen atom transfer (HAT)
to form a distal alkyl radical (Fig. 14). Homolytic atom/group
transfer with a polarised SOMOphile (SOMO = singly occupied
molecular orbital) affords amines or amides that are remotely
substituted. An extensive SOMOphile substrate scope study was
undertaken, in the comparison of 4CzIPN and [Ir(dF(CF;)ppy).-
(dtbbpy)]PFs, 4CzIPN gave a higher product yield in y-chlorination
(76% vs. 64%), thioetherification (71% vs. 59%), cyanation (64% vs.
21%) and alkynylation (80% for 4CzIPN, iridium PC not tested).
Unusually, for y-fluorination, 4CzIPN was not tested, so in this case
[Ir(dF(CF5)ppy).(dtbbpy)]PFs was the best photocatalyst. Quantum
yields were obtained for the reactions involving the five SOMOphile
substrates with their respective superior photocatalyst and varied

Me
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R. O . x_y PC(5mol%) %\ R

N K,CO; orCs,CO; . O X/X

2\ R t, blue LED X R2
o X

/\( 16-97%

R2
Angew. Chemie. Int. Ed., 2018,57, 12945-12949

Fig. 13 Reaction scheme for the remote functionalisation of amides and
amines using electrophilic nitrogen radicals.
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from 0.02-0.08. Unfortunately, quantum yields were not obtained
across the PCs tested and so a direct comparison of the photo-
catalysts is not possible using this metric.

Carboxylic acids may be used as radical precursors in C(sp®)-

C(sp) type coupling reactions, for example the acetalation of

alkynyl bromides (Fig. 15).">* Decarboxylation occurs to generate
an acetal radical, which then adds to alkynyl bromide, forming a
bromoalkenyl radical (Fig. 16). Elimination of a bromyl radical,
which is reduced by the reduced photocatalyst, results in the

OEt
Br COH  PC (1 mol%) _
/ * Cs,CO;, DMFIMeCN "o
Ar Et0” OEt Ar, 24 h, blue LED =
RSC Adv., 2019,9, 36213-36216 27 - 64%

Fig. 15 Reaction scheme for the acetalation of alkynyl bromides.
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Fig. 16 Putative mechanism for the photocatalytic acetalation of alkynyl
bromides.>
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formation of product. Radical trapping experiments confirmed
the presence of the acetal radical while radical inhibition experi-
ments provided further confirmation this is a radical-based
process. Only 4CzIPN and [Ir(dF(CF;)ppy),(dtbbpy)]PFs provided
any product (36% and 5% yield, respectively), with photocatalysts
such as [Ru(bpy);](PFe), and eosin Y giving no product. Wang
et al. postulated that this is a result of the photooxidising
capability of the PC. The caesium salt of 2,2-diethoxyacetic acid
has an oxidation potential of E,, = 0.95 V,”* hence the excited
state reduction potential of the photocatalyst must be more
positive than this for the transformation to be thermodynamically
feasible. Both 4CzIPN and [Ir(dF(CF;)ppy).(dtbbpy)]PFs, are
sufficiently photooxidizing (E..q* = 1.35 V and 1.21 V, respectively)
and their relative strength as photooxidants may explain why the
former outperforms the latter. For [Ru(bpy);](PFs), and eosin Y,
however, this SET is not thermodynamically possible (E.eq* =
0.77 V and 0.83 V, respectively).

Cyclisation reactions following an oxidative decarboxylation
have also been reported. This can be observed in the synthesis
of functionalised cyclopropanes (Fig. 17a),">* intramolecular arene
alkylation (Fig. 17b)"*> and the synthesis of 2-substituted pipera-
zines (Fig. 17¢)."° The former involves a radical addition-polar
cyclisation cascade mechanism, generating functionalised cyclo-
propanes through a polar 3-exo-tet cyclisation (Fig. 18a).">* This
mechanism was supported by quantum yield measurements for
the reaction between Boc-Pro-OH and (4-chlorobut-1-en-2-yl)-
boronic acid pinacol ester, giving a quantum yield of 0.65.

R' R?
2 Pt bNPN
cl B(pin) R B(pin)

R! R? 38-91%
)\ . or PC (1-5 mol%) or
R Cs,CO;, DMF

CO,H R' RRv—=
A)L Blue LED >\X
Cl CO,Me R CO,Me

16 - 95%
Angew. Chemie Int. Ed., 2018,57, 15430-15434
(o]
_‘ PC(05moI%) (T )n
1 TFA DMSO, rt, 24 h — X
o 40 W purple LED
5-76%

o (o]
n=0-2; X=0orCH,

J. Org. Chem., 2019, 84, 8360-8379

?n (o]
N\)J\ i) KOH, MeOH, 0.5 h, rt, Ar
OH . 07 "R ii)PC (1 mol%)

NH, .2CF;CO,H MeCN/MeOH, 34W Blue LED

R

o

70-99%
Org. Lett, 2020, 22, 5157-5162
Fig. 17 Reaction schemes for cyclisation reactions involving a photoin-
duced decarboxylation mechanism for the formation of (a) functionalised
cyclopropanes, (b) intramolecularly alkylated arenes and (c) 2-substituted
piperazines.
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Fig. 18 (a) Proposed mechanism for the photoinduced cyclopropanation

using carboxylic acids as radical precursors (EWG = electron withdrawing
group), (b) carboxylate radical intermediate and (c) electron rich benzylic
radical intermediate.

Since the quantum yield is below 1, this helps to support the
proposal of the closed photocatalytic mechanism, rather than any
alternative radical chain mechanisms. Under the optimised
conditions, 4CzIPN was highlighted as the best photocatalyst,
providing a 99% yield of product with a slightly lower yield of
90% obtained with [Ir(ppy),(dtbbpy)]PFs under the same reaction
conditions. The wide ground state redox window of 4CzIPN
allows the substrate scope to go beyond just homoallyl chlorides
bearing electron-withdrawing substituents. For example, 4CzIPN
(Erea = —1.21 V) could undergo SET with o-carboxylate ester
radicals (Fig. 18b) (E..a(R*/R7) & —0.6 V)'* as well as electron-
rich benzylic radicals (Fig. 18¢) (Ereq(R*/R7) < —1.4 V).*®

The intramolecular arene alkylation reaction (Fig. 17b) also
involves a radical addition mechanism in combination with
decarboxylation (Fig. 19)."”> Stern-Volmer quenching experiments
were conducted in order to support the proposed mechanism as
well as quantum yield determination (0.022 for 1,3-dioxoiso-
indolin-2-yl 5-oxo-5-phenylpentanoate). For this reaction, 23
photocatalysts were screened initially with 4CzIPN and iridium
photocatalysts [Ir(ppy),(dtbbpy)]PFs, [Ir(dF(CF;)ppy).(bpy)]PFs,
[Ir(dF(CF)ppy).(dtbbpy)]PFs, [Ir(dF(Me)ppy)(dtbbpy)]PFe, Ir(dFppy)s,
Ir(dF(‘Bu)ppy); providing the highest yields (70-75%). Since 4CzIPN
provided high yields at a lower cost, it was chosen as the PC for
the scope study.

The synthesis of 2-substituted piperazines (Fig. 17¢)"*® proceeds
through condensation of the aldehyde and amine to generate an
imine prior to irradiation. Oxidative decarboxylation of the
imine by the excited PC leads to the a-amino radical, which
intramolecularly adds to the imine. Closure of the photocatalytic
cycle is proposed to occur through either reduction of the
resultant N-centred radical, which after protonation yields the
final piperazine product, or the N-centred radical abstracts a

This journal is © The Royal Society of Chemistry 2021
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Fig. 19 Possible mechanism for the photoinduced intramolecular arene
alkylation of N-(acyloxy)phthalimides (NAPs).

proton from the solvent, MeCN, to afford the piperazine directly,
and the cyanomethyl radical is reduced by the reduced PC. Both
4CzIPN and [Ir(ppy).(dtbbpy)](PFs) provided essentially the same
yields under the same conditions (70% and 75%, respectively), with
[Ru(bpy);](PFs), and [Ir(dF(CFs)ppy).(dtbbpy)]PFs both managing
only 33%. There seems to be no obvious link between the thermo-
dynamic parameters of these PCs and the yields obtained.

Additionally, the C(sp®) radical produced from oxidative
decarboxylation of carboxylic acids or their derivatives can be
used to generate new C-C or C-O bonds via a radical coupling
mechanism. In the reductive quenching photocatalytic reaction
conditions, two different radical species from two different
substrates may be formed that can then couple together. For
example, a benzylic radical and an a-amino radical anion were
demonstrated to couple together to produce B-arylethylamines
(Fig. 20a)"*° The proposed mechanism (Fig. 21) was supported
by Stern-Volmer quenching studies that indicated that the
excited photocatalyst is not quenched by the imine, but rather
by the carboxylic acid in the presence of K,HPO,. For PC
optimisation, both 4CzIPN and [Ir(dF(CF;)ppy).(bpy)]PFs yielded
a comparable amount of product (45% and 50%, respectively).
Perhaps the stronger ground state reduction capacity of the
iridium PC (Ereq = —1.21 V and —1.37 V for 4CzIPN and
[Ir(dF(CF;)ppy).(bpy)]PFs, respectively) is the reason it performs
slightly better, especially since imines can have challenging
reduction potentials (up to Eeq = —2 V).'%%1%!

An additional example involves an alkyl radical and (2,2,6,6-
tetramethylpiperidini-yl)oxyl (TEMPO), which couples to form
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Fig. 20 Reaction schemes for (a) benzylation of imines, (b) oxygenation
of aliphatic carboxylic acids and (c) coupling of aliphatic acids with
trifluoroborate salts.
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Fig. 21 Photoinduced oxidative decarboxylation catalytic cycle used for a
radical-radical coupling mechanism.**°

an alkoxyamine (Fig. 20b)."** In this case, 4CzIPN is outperformed
as a PC by [Ru(bpy);]CL,.6H,0 (yields of 80% and 95%, respectively),
which again could be related to the regeneration of the PC. The PC
needs to be moderately reducing in the ground state in order to
reduce the N-(acyloxy)phthalimides, which have a reduction
potential of Eq = —1.26 to —1.37 V.*** Since the ruthenium PC is
more reducing in the ground state (E,q = —1.33 V), this may explain
the difference in yields. A quantum yield of 6.7 was obtained with
the ruthenium(u) photocatalyst. It is unlikely that a radical chain
process is involved since the TEMPO trapping of the alkyl radical is
a termination process, hence Chen et al. propose an energy transfer
process is likely to be occurring simultaneously to rationalize the
high quantum yield, although no further investigations were under-
taken to substantiate this claim.

Similarly, radical-radical coupling can be seen in the cross-
coupling of aliphatic acids with trifluoroborates salts (Fig. 20c).'®*
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In this case, the excited PC is reductively quenched by both the
carboxylic acid and the trifluoroborate salt to generate two alkyl
radicals, suggesting two photocatalytic cycles are in operation.
These alkyl radicals can then couple together to form the product.
The photocatalyst is regenerated in both cycles by oxidation from
persulfate. This proposed mechanism is supported by the
observation that both carboxylic acids and trifluoroborate salts
quench the photocatalyst emission, while persulfate did not;
radical trapping experiments are corroborative. Only 4CzIPN
and [Ir(dF(Me)ppy),(dtbbpy)]PFs were considered as photocatalysts,
with both providing similar yields (50% and 44%, respectively). The
slightly higher yield obtained by 4CzIPN is likely related to its
superior photooxidising behaviour (E.q* = 1.35 V and 0.92 V
for 4CzIPN and [Ir(dF(Me)ppy).(dtbbpy)]PFs, respectively)
which is needed for the oxidation of both carboxylic acids
and trifluoroborate salts.

Photoinduced decarboxylation of carboxylic acids in the formation
of C-C and C-X bonds in an oxidative quenching mechanism

Carboxylic acids have also been used as carbon-centred radical
precursors in C-C or C-X bond forming reactions when then
photocatalyst is operating in an oxidative quenching mechanism,
for example in formation of urethanes and ureas (Fig. 22a)."**
Reduction of oxamic acids by the excited photocatalyst precipitates
a decarboxylation to generate a carbamoyl radical. When this
reaction was first developed, the carbamoyl radical was oxidised
to form an isocyanate, regenerating the photocatalyst (Fig. 23).
Radical trapping experiments with TEMPO were conducted to
corroborate the mechanism proposed. 4CzIPN was chosen as the
photocatalyst, despite slower reaction kinetics, requiring 24 hours
to reach a 91% product yield in comparison to [Ru(bpy);]Cl,,
which gave a 94% product yield in 15 hours. This is due to the
authors’ aim of identifying a “green” route to the synthesis of
urethanes and ureas, which 4CzIPN provides in comparison to
transition metal photocatalysts. A follow-up study demonstrated
that the carbamoyl radical could be reacted with heteroarenes
(Fig. 22b)."®> Of the photocatalysts screened, 4CzIPN gave the
highest yield of 95%, with [Mes-Acr]ClO, managing 70%, eosin Y
obtaining only a trace of product and rose bengal being completely
unreactive. This is likely to be related the superior ground state
oxidation potential of 4CzIPN (E,, = 1.52 V for 4CzIPN compared
with 0.78 V for eosin Y and 0.84 V for rose bengal).”®

a @ PC (1mol%) . j\
- R'—OH BI-OAc, DCE, 24-48 h, rt N o R
N CoH Blue LED H
- 0,
Chem. Commun., 2018, 54, 9337-9340 30-90%
b) o

R. )k 1_/\::(/11\“.

COzH PG (1 mol%) B H
o
. N

+ BI-OAc, DCM, 12 h, rt
*N°~ Chem.Commun., 2019, 55, 466-469 41-93%

/\("t:: Blue LED
1 "

RHZ i

P

Fig. 22 Reaction scheme for oxidative decarboxylation of oxamic acids
with (a) alcohols and (b) heteroarenes.
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Fig. 23 Possible mechanism for the oxidative decarboxylation of oxamic
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Fig. 24 Reaction scheme for a Minisci reactions using carboxylic acids via
N-acyloxyphthalimides.

Analogously, oxidative quenching of the excited photocatalyst
by N-(acyloxy)phthalimides (NAPs) generates an alkyl radical,'®
which can then undergo radical addition to a heteroarene to
afford the functionalised product (Fig. 24). Three photocatalysts
achieved comparable yields: 4CzIPN, [Ir(dF(CF;)ppy,)(dtbbpy)]PFs
and fac-Ir(ppy)s; however, 4CzIPN was chosen as the photocatalyst
since the authors sought an organocatalysed reaction to pre-
vent elemental impurity toxicity concerns presented by iridium
photocatalysts.

A similar mechanism is involved in the formation of C-F
bonds using N-hydroxyphthalimide esters as the radical pre-
cursor (Fig. 25)."®” The excited PC is proposed to be oxidatively
quenched by this redox-active ester, forming an alkyl radical
(Fig. 26). Rather than this radical adding to a double bond or
coupling with another radical, as has been the case so far, the
alkyl radical is oxidised by the oxidised PC to form a carbocation,
closing the photocatalytic cycle. The carbocation is trapped by the
fluoride ion to yield the alkyl fluoride. This proposed mechanism

R g2 PC (1 mol%) R1 R
N Et;N-3HF, DCM, 1t, 4 - 6 h N
R™ > copnth o R™F

ue 6-93%

J. Am. Chem. Soc., 2020, 142, 20, 9493-9500

Fig. 25 Reaction scheme for the nucleophilic fluorination of redox active
esters.
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Fig. 26 Suggested mechanism for the nucleophilic fluorination of redox
active esters.

is consistent with the measured quantum yield of 0.37, suggesting
this is not a chain mechanism. Moreover, Stern-Volmer quenching
experiments revealed that the excited PC is indeed quenched
efficiently by the phthalimide ester. Addition of TEMPO inhibits
formation of the desired product, instead favouring a TEMPO
adduct, which confirms the formation of the alkyl radical. The
presence of the alkyl radical is also demonstrated by addition of
other radical trapping reagents, including methyl acrylate and
styrene. Finally, the formation of the carbocation was corrobo-
rated through trapping experiments with a range of nucleo-
philes, including alcohols and 1,3,5-trimethoxybenzene. 4CzIPN
was the only organic PC considered for this reaction, with the
desired product formed in 91% yield, which is comparable to
the yields obtained using Ir(dFppy)s (99%), fac-Ir(ppy)s (96%)
and [Ir(dF(CF;)ppy).(dtbbpy)]PFs (94%).

Thus far, the excited photocatalyst has been oxidatively
quenched by the carboxylic acid derivative to generate the required
alkyl radical; however, it is possible for the oxidised photocatalyst
to be responsible for generation of the alkyl radical. This can be
observed in the photocatalytic synthesis of aldehydes and ketones
from arylacetic acids (Fig. 27a),"°® a 3-C-H mono and dihalo-
gentation reaction (Fig. 27b),'®® the intermolecular hydro-
alkylative dearomatization of electron-deficient indole derivatives
(Fig. 27¢),""° the intermolecular dearomatization of naphthalene
derivatives by 1,2-hydroalkylation (Fig. 27d)"”* and the decarb-
oxylative radical addition bifunctionalization cascade for the
production of 1,4-amino alcohols (Fig. 27e)."”>

In the former, radical coupling of the alkyl radical with a
superoxide radical (generated by SET from the excited PC),
followed by protonation and dehydration yields the final pro-
duct (Fig. 28). Stern-Volmer quenching experiments indicated
that significant PC luminescence quenching was only observed
with oxygen. Moreover, when 4-benzoquinone was added to the
reaction, which acts as a superoxide radical scavenger, the yield
decreased markedly from 91% to 18%, suggesting that the
superoxide radical does play an active role in the mechanism.
Electron paramagnetic spectroscopy (EPR) provided further
evidence of the presence of the superoxide radical. Addition of
TEMPO arrested the reaction, providing further evidence that this
reaction involves radical processes. Only organic photocatalysts
were considered, with 4CzIPN giving an impressive yield of 91%
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Fig. 27 Reaction scheme for the (a) photocatalytic generation of aldehydes
and ketones from carboxylic acids, (b) 3-fluorination using carboxylic acid
derivatives, (c) intermolecular hydroalkylative dearomatization of electron
deficient indole derivatives, (d) intermolecular dearomatization of naphthalene
derivatives by 1,2-hydroalkylation and (e) decarboxylative radical addition
bifunctionalization cascade to produce 1,4-amino alcohols.
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Fig. 28 Plausible reaction mechanism for the photocatalytic generation
of aldehydes and ketones from carboxylic acids.
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while others, such as eosin Y or rose bengal provided only a trace
amount of product. This is likely related to the ground state
oxidation potential of the photocatalyst, with eosin Y and rose
bengal (E,x = 0.78 V and 0.84 V, respectively) not capable of
oxidising the carboxylate (E,, = 1 to 1.25 V),"”? while 4CzIPN is
more than capable of doing this transformation (E,x = 1.52 V).
Decreasing the photocatalyst loading from 5 mol% to 1 mol%
resulted in a slightly higher product yield (91% to 98%, respectively).

In the 8-C-H mono and dihalogentation reaction (Fig. 27b),"®
the oxidised photocatalyst is used to oxidise the carboxylic acid
derivative, which loses CO, and MeCN, and undergoes 1,5-HAT
to yield an alkoxy radical (Fig. 29). This radical then abstracts a F
atom from selectfluor to generate the fluorinated product, with
the selectfluor radical cation being reduced by the excited PC.
This mechanism was supported by Stern-Volmer quenching
experiments. A very short reaction time of 10 mins was needed
to accomplish the fluorination reaction (with 1 mol% of PC)
while for chlorination, a reaction time of 18 h was necessary
(with 3 mol% of PC), hence quantum yield measurements were
undertaken to confirm suspicion of a radical chain mechanism
for the fluorination reaction. However, quantum yields of 0.070
and 0.016 were obtained for the fluorination and chlorination,
respectively, suggesting radical chain mechanisms are not in
operation. This result instead seemed to indicate that the
fluorination reaction is more efficient, even with lower photo-
catalyst loading. Indeed, the rate of quenching of the alkoxy
radical was found to be 53 times higher in the fluorination than
chlorination reaction through radical clock experiments. Only
4CzIPN and [Ir(dF(CF;)ppy).(dtbbpy)]PFs were considered as
photocatalysts, providing the same yields (67% isolated yield with
4CzIPN and 71% LCMS yield with [Ir(dF(CF;)ppy).(dtbbpy)]PFs)
with the former being chosen as the photocatalyst of choice.

For the reaction involving intermolecular hydroalkylative dearo-
matization of electron-deficient indole derivatives (Fig. 27¢),’’® a
similar mechanism is invoked. The excited PC is oxidatively
quenched by the indole to generate a radical species, which
after protonation, couples with the a-amino radical formed from

0@

co, co,
g N o,

N N
o o~ -MeCN HO
K/\ K/\ LSHAT R
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|
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Fig. 29 Proposed mechanism for the fluorination of carboxylic acid
derivatives.*®®
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the oxidative decarboxylation of the carboxylic acid derivative
(induced by the oxidised PC), to yield the final product. The
proposed mechanism is supported by Stern-Volmer quenching
experiments, which indicated that the excited PC is quenched by
the indole much faster than by glycine (Stern-Volmer constant,
Ksy = 1460 and 173, respectively). Moreover, addition of a radical
trapping agent proved the presence of the indole-based radical.
4CzIPN provided an essentially quantitative yield of 99%, while
high yields were obtained by the transition metal PCs [Ir(ppy).-
(dtbbpy)|PFs (84%), fac-Ir(ppy)s (73%) and [Ru(bpy);]Cl, (56%).
The relative yields correlate generally with the photoreducing
ability of the PC (Eox* = —1.04 V, —0.96 V and —0.81 V for
4CzIPN, [Ir(ppy),(dtbbpy)]PFs and [Ru(bpy);]Cl,, respectively);
however, the data do not align for fac-Ir(ppy)s (Eox* = —1.73 V).
Instead, the lower yields obtained for fac-Ir(ppy); may be related
to its less positive ground state oxidation potential (Eox = 1.52 V
and 0.77 V for 4CzIPN and fac-Ir(ppy)s, respectively).
Penultimately, the intermolecular dearomatization of naphtha-
lene derivatives by 1,2-hydroalkylation (Fig. 27d)'”* occurs ana-
logously to the previous example. Stern-Volmer experiments
indicated the naphthalene derivative oxidatively quenches the
excited PC at a significantly faster rate than the carboxylic acid
(Stern-Volmer constant, Ksy, = 3870 and 253, respectively, in
MeCN and 3068 and 232, respectively, in THF). 4CzIPN per-
formed considerably better in this reaction than alternative PCs,
yielding 90% of the product (2: 1 ratio of uncyclized and cyclised
product), while the next best competitor, [Ir(ppy).(dtbbpy)]PFs
managed only 60% (3.7 :1 ratio of products). It is unclear why
this difference in yield was obtained, especially given that
thermodynamically, neither should be capable of reducing the
naphthalene derivative (E;eq = —1.45 V vs. SCE for (3,5-dimethyl-
1H-pyrazol-1-yl)-2-naphthalenylmethanone) and E,* = —1.04 V
and —0.96 V for 4CzIPN and [Ir(ppy).(dtbbpy)]PFs, respectively).
Finally, in the decarboxylative radical addition bifunctionaliza-
tion cascade for the production of 1,4-amino alcohols (Fig. 27¢)"">
the excited PC is oxidatively quenched by the aldehyde to form a
ketyl radical. The oxidised PC generates the alkyl radical from the
carboxylate analogously to the previous two examples. The alkyl
radical adds to the olefin, with the resultant radical coupling with
the ketyl radical. Subsequent protonation yields the final product.
Addition of a radical scavenger TEMPO and deuterium labelling
experiments substantiated the proposed mechanism. Of the eight
PCs screened, only 4CzIPN and [Ir(dF(CF;)ppy).(dtbbpy)|PFs yielded
any product (90% and 42%, respectively). This may be on account
of their photoreducing ability (E,x* = —1.04 V and —0.89 V,
respectively, compared to —0.81 V for [Ru(bpy);]Cl, which
obtained no product). Alternatively, the authors imply a reductive
quenching mechanism may also be in operation, the lack of
mechanistic clarity makes it difficult to ascertain why 4CzIPN
performed so excellently in comparison to the other PCs.

Alternative radical precursors in forming C-C or C-X bonds

In lieu of carboxylic acids, a number of other precursors have
been used to generate carbon-centred radicals via a reductive
quenching pathway. These include alkyltrifluoroborates,"”*'”>
alkyl bis(catecholato)silicates (or other alkyl silicates),"¢*7>718°
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Fig. 30 Radical precursors which are used in photoredox reactions: (a)
trifluoroborate salts, (b) 4-alkyl-1,4-dihydropyridine derivatives (DHPs), (c)
silicates, (d) carboxylic acids and (e) a-trimethylsilylamines.

4-alkyl-1,4-dihydropyridine ~ derivatives (DHPs)'””'®"  and
o-trimethylsilylamines'” (Fig. 30), all of which are oxidised
via SET by the excited PC. These subsequent radicals were then
reported to react with a structurally diverse number of sub-
strates such as alkenes (Fig. 31a),"”” heteroarenes (Fig. 31b, 31c
and 31i),"*'7'% imines (Fig. 31d),"®" CO (Fig. 31e and
31h),"7%'7? 50, (Fig. 31f)'®! and N-acylhydrazones (Fig. 31g)."”®

For the alkylation of imines (Fig. 31d),'®* the carbonylation
of alkenes (Fig. 31e),'”® hydrosulfonylation of alkenes (Fig. 31f)'®'
and synthesis of aliphatic amides (Fig. 31h),"””° 4CzIPN was
demonstrated to be the best photocatalyst as it provided the
highest product yields. In the alkylation of N-acylhydrazones
(Fig. 31g), 4CzIPN was the only photocatalyst considered, reaching
very high yields of 88% during the optimisation experiments.'”®

However, in the alkylation of heteroarenes (Fig. 31b, ¢ and i),
the identification of the superior photocatalyst is far more
substrate dependent. For example, primary alkyltrifluoroborates
have a significantly higher oxidation potential (E, = 1.90 V vs.
SCE)'®? than their secondary and tertiary counterparts, hence
require a much stronger photooxidant. Since [Mes-Acr]* has a
considerably greater excited state oxidising capacity compared
with 4CzIPN (E..q* = 2.06 V and 1.35 V, respectively), it is not
surprising that it performed better; 4CzIPN, however, was a
promising alternative for tertiary alkylation, outperforming
[Mes-Acr]" (96% yield for 4CzIPN and 57% for the acridinium
salt).”’* For the heteroarene alkylation shown in Fig. 31i,
4CzIPN was again outcompeted by [Mes-Acr]" (73% and 87%,
respectively).'®° 4CzIPN was shown to give high product yields
when DHPs (E,x ~ 1.05 V vs. SCE)'® were used as the radical
precursor (although no other photocatalysts were tested), but
unfortunately gave low yields when silicates were used (E,x &
0.75 V vs. SCE),"””'#* achieving only 14% of product in compar-
ison to 78% obtained with [Ru(bpy)s](PFs),. The inferiority of
4CzIPN to [Ru(bpy)s;](PFs), was also evident in the defluorinative
alkylation protocol (Fig. 31a), whereby the ruthenium photo-
catalyst resulted in a 0.28 ratio of product:internal standard,
while 4CzIPN managed only 0.23."7> Perhaps this is related to
the regeneration of the photocatalyst, since 4CzIPN is less
reducing in the ground state (E..q = —1.21 V for 4CzIPN
compared to —1.33 V for [Ru(bpy);](PFs),).

Another important class of radical precursor is amines,
which undergo SET to the excited PC, generating o-amino
radicals after a subsequent deprotonation. This reactivity is
seen in the dicarbofunctionalization of styrenes with amines
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Fig. 31 Reaction schemes for the use of common radical precursors
other than carboxylic acid derivatives in C-C and C-X bond forming
reactions.

185 The g-amino

and CO, to generate y-amino acids (Fig. 32).
radical adds to the styrene derivative, with the resultant

v-amino benzylic radical being reduced by the reduced PC to
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Fig. 32 Reaction scheme for the dicarbofunctionalization of styrenes
with amines and CO, to generate y-amino acids.

form a carbanion. Nucleophilic addition of this carbanion to
CO,, followed by protonation, yields the final product. The quantum
yield of the reaction was determined to be 0.04, implying a radical
chain mechanism is unlikely; radical scavengers such as TEMPO
inhibited product formation, confirming that the reaction is a
radical process. Deuterium labelling studies implicated the presence
of the y-amino benzylic anion as an intermediate.

4CzIPN performed excellently, yielding 95% of product.
Cationic iridium and ruthenium complexes also performed
very well ([Ir(dF(CF;)ppy)(dtbbpy)]PFs, [Ir(ppy).(dtbbpy)]PFs
and [Ru(bpy);](PFs), obtained 76%, 84% and 83%, respectively).
Sfac-Ir(ppy)s was the only PC in the study that performed poorly,
yielding only 12% of product. The success of 4CzIPN may be on
account of its stronger photooxidising ability (E.eq* = 1.35 V,
1.21 V, 0.66 V, 0.77 V and 0.31 V for 4CzIPN, ([Ir(dF(CF;)ppy),-
(dtbbpy)]PFs, [Ir(ppy).(dtbbpy)[PFs, [Ru(bpy)s](PFe), and fac-Ir(ppy)s,
respectively).

Interestingly, the o-amino radicals formed may not necessarily
be present in the final product, but may instead be used as a
halogen atom transfer (XAT) agents in the alkylation (Fig. 33a) and
allylation (Fig. 33b) of alkyl and aryl halides."®® A proposed
mechanism is shown in Fig. 34 for the alkylation reaction, with
a similar mechanism being suggested also for the allylation. A
quantum yield of less than 1 for both reactions is suggestive that
this is not a radical chain process. Only 4CzIPN was utilised as a
PC in both reactions; however, in the study, Leonori et al. do justify
this choice by conducting a PC optimisation for the dehalogenation
reaction involving a HAT catalyst, finding 4CzIPN to be the highest
yielding and employing this PC in the subsequent reactions. For
further information on this study and the PC optimisation, refer to
the HAT dual catalysis Section 3.

Alkylboranes may be used as the radical precursors, which
themselves are obtained from functionalised 1,2-bis(boronic
esters) (Fig. 35)."®” A boronate complex is first formed through

AR__X . PC(5mol%) R
\(ﬁ ~” “EWG RZ,N, CH;CN/H,0, it, 16 h R1J\/\EWG
R
Blue LED 22 -98%
Science, 2020, 367, 1021-1026
b) R X c1 PC (5 mol%) R
\f+ P R%;N, DMSO, rt, 16 h 1J\/§
R Blue LED R

32 -80%
Science, 2020, 367, 1021-1026

Fig. 33 Reaction scheme for the (a) alkylation and (b) allylation of alkyl
and aryl halides.
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Fig. 35 Reaction scheme for the functionalisation of 1,2-bis(boronic
esters).

reaction of the 1,2-bis(boronic esters) with an aryl lithium
species, which is oxidised by the excited PC, generating a
primary radical (Fig. 36). A 1,2-boron shift results in the more
thermodynamically favourable secondary radical, which under-
goes radical addition to an alkene. Reduction of this species by

Ar
Bpin LI® €] Bpln Bpin
/E ArLi /E .
L S—
R Bpin R Bpin Bpin
Z > EWe
Bpin Bpin

J/\/\ BucH J/\/\
-
R EWG R EWG

Fig. 36 Proposed mechanism for the functionalisation of 1,2-bis(boronic
esters).
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the reduced photocatalyst closes the photocatalytic cycle and
allows for the formation for the final functionalised product.
This mechanism, particularly the 1,2-boron shift, was supported
by mechanistic studies, DFT modelling and boron isotope
labelling. Only 4CzIPN and fluorescein were considered as PCs
in this study, with 4CzIPN vastly outperforming the latter (100%
and 11% yield, respectively). These results were expected based
on their relative excited state reduction potentials (E;eq*=1.35V
and 0.77 V, respectively).

Borylation of aryl groups is additionally possible in a sp®-sp*
type coupling to form C-B bonds (Fig. 37).'%® All six PCs
considered in this study performed well, ranging between
68-95%, with 4CzIPN performing the best. Since the mechanism
is unknown as of yet, it is difficult to ascertain why 4CzIPN
yielded the largest amount of product.

Carbotrifluoromethylation via photocatalytic decomposition
of reagents such as CF;SO,Na to generate CF; radicals has been
reported to proceed by a reductive quenching pathway.'*"*> This
electrophilic trifluoromethyl radical can then add to electron-rich
substrates such as alkenes in an anti-Markovonikov fashion to
afford trifluoromethylated products. When the substrate is an o,0-
diaryl allylic alcohol, p-trifluoromethyl-a-aryl ketones are obtained
(Fig. 38a), proceeding via a radical 1,2-aryl migration."®® When the
substrate is an N-aryl acrylamide, an oxindole is generated
(Fig. 38b),"*° proceeding via a radical cyclisation (Fig. 39) while
if the additional reactants involve quinoxalin-2(1H)-ones and
alkenes, 3-trifluoroalkylated quinoxalin-2(1H)-ones are formed
(Fig. 38¢)."" Finally, in the combination of styrene and carbonyls,
B-trifluoromethyl-o-substituted alcohols are obtained (Fig. 38d)."*>

The proposed mechanism for carbotrifluoromethylation
involving N-aryl acrylamides was supported by radical trapping
experiments and the results from control reactions. A quantum
yield of 3.33 was obtained for the cyclisation reaction of N-methyl-
N-(p-tolyl)-methacrylamide using 4CzIPN, suggesting strongly that
a radical chain process is involved.'*

In the reactions shown in Fig. 38a and b, 4CzIPN gave the
highest product yields, with [Ir(ppy),(dtbbpy)]PFs and [Ir(dF(CF;)-
Ppy)2(dtbbpy)]PFs being the closest competitors (86%, 45% and
68% yields, respectively in the reaction shown in Fig. 38a, 83%,
64% and 71% yield, respectively in the reaction in Fig. 38b). For
the reaction shown in Fig. 38d, only 4CzIPN and [Ir(dF(CF5)-
PPy)2(bpy)]PFs provided any product (82% and 48%, respectively).
The superiority of 4CzIPN could be corelated to its excited state

(BPin),, DMAP

Tf,0,DCM
-40°Ctort, th to rt,1h
OTf CH,CN, N, rt
: : @ :@ 8 h, blue LED

Sci. China Chem., 2020, 63, 336-340

PC (5 mol%)

BPin
16 - 87%

Fig. 37 Reaction scheme for the borylation of aryl groups. R = alkyl, aryl, F,
OR or NR,.
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Fig. 38 Reaction scheme showing carbotrifluoromethylation of (a) allylic
alcohols, (b) N-aryl acrylamides, Nc) quinoxalin-2(1H)-ones and alkenes
and (d) styrenes and carbonyls.

reduction potential (E.q* = 1.35 V), which is considerably more
positive than those of the other PCs considered (E.q* = 0.66 V,
1.21 V and 1.32 V for [Ir(ppy)(dtbbpy)]PFs, [Ir(dF(CF3)ppy.-
(dtbbpy)|PFs and [Ir(dF(CF3)ppy).(bpy)]PFs, respectively). Given
the oxidation potential of CF;SO,Na (E = 1.05 V),'*® there is a
greater thermodynamic driving force for the generation of the
CF; with 4CzIPN, which may be why it attains the highest yield.

Meanwhile, in the synthesis of 3-trifluoroalkylated quinoxalin-
2(1H)-ones (Fig. 38c), the mechanism differs, as shown in
Fig. 40."°" In this case, the excited PC is reductively quenching
by the qunoxalin-2(1H)one, affording a nitrogen centred radical
cation. The CF; radical, generated by oxidation and fragmenta-
tion of CF;SO,Na using molecular oxygen, then adds to the
alkene. The carbon-centred radical intermediate couples with
the aforementioned nitrogen-centred radical cation, which after
deprotonation, yields the final product. The photocatalytic cycle
is closed by oxidation of the reduced PC induced by molecular
oxygen. Addition of the radical scavenger TEMPO inhibited the
reaction, forming instead an adduct with CF3, confirming the
presence of the CF; radical and that this is a radical process.
Stern-Volmer quenching experiments conducted by Wei et al
indicated that only quinoxaline-2(1H)-one could quench the
excited PC while CF;SO,Na did not, which contradicts the
mechanism shown in Fig. 39, as proposed by Huang, Cai and
Liang.'®*'°>'*> Only organic PCs were considered for this reaction,
with 4CzIPN outperforming its competitors, obtaining 56% yield

7610 | Chem. Soc. Rev, 2021, 50, 7587-7680

View Article Online

Chem Soc Rev

R3
©\ I\CF:‘
l‘ll o
R I
R3
- CF
PC* PC | ?
radical .
r;l o
R2

ot

e

wn=
0]

cFy o~ SOz CFy

0, © cyclisation
3
PC o R ~TCcF,

Fig. 39 Proposed mechanism for the photocatalytic carbotrifluoro-
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Fig. 40 Putative mechanism for the synthesis of 3-trifluoroalkylated
quinoxalin-2(1H)-ones.

while the next best PC, rose bengal, afforded only 30%. This is
likely due to the superior photooxidising ability of 4CzIPN (Eeq* =
1.35 V and 0.81 V for 4CzIPN and rose bengal, respectively).
Carbotrifluoromethylation can also proceed via an oxidative
quenching cycle using CF3;SO,Cl or Togni’s reagent [1,3-dihydro-

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00198a

Open Access Article. Published on 18 May 2021. Downloaded on 6/28/2026 6:33:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

pc (2 mol%) OH |
4 dloxane MeO )\/'\/
)\/\ P rt,12h R CFs
'\ 40 W blue LED /

casozm
Org. Lett., 2019,21, 5116-5120

Fig. 41 Carbotrifluoromethylation reaction scheme for the synthesis of 5-
fluoromethylated alcohols.

3,3-dimethyl-1-(trifluoromethyl)-1,2-benziodoxole] as the trifluoro-
methylating agent (Fig. 41)."* The CF; radical, generated through
reduction by the excited PC, can undergo radical addition to
benzyl-protected homoallylic alcohol and amine derivatives, which
upon 1,5-HAT, produce a radical that is oxidized by the oxidized
PC, closing the photocatalytic cycle (Fig. 42); the corresponding
benzylic carbocation is quenched by the alcohol solvent to form an
acetal, with an aqueous work-up resulting in the formation of the
final product. Of the PCs investigated, eosin Y produced only trace
amounts of the desired product while [Ir(ppy),(dtbbpy)]PF, yielded
57% and 4CzIPN 69%. The more positive oxidation potential for
4CzIPN than the other PCs (E,x = 1.52 V compared with 0.78 V for
eosin Y and 1.21 V for the iridium PC), may account for its
improved performance. Replacement of the CF; source, in this
case Togni’s reagent or CF3;SO,Cl, with CF;SO,Na altered the
mechanism, favouring a reductive quenching cycle instead, as
had been demonstrated by Huang et al."®’

Coupling of a CRF, group is likewise possible using photo-
catalysis (Fig. 43). The excited photocatalyst is first reductively
quenched by an in situ formed hydrazone, resulting in a radical
intermediate (Fig. 44). The reduced photocatalyst then generates
the difluoroalkyl radical from BrCF,R by SET, closing the photo-
catalytic cycle. The two radical intermediates subsequently couple
together to form a,a-difluoroketone hydrazones.'** Only 4CzIPN
was considered for this reaction and investigation into the catalyst

Fig. 42 Proposed mechanism for organic photoredox catalysed synthesis
of 3-trifluoromethylated alcohols and amines where X = O or NAr.
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Fig. 43 Reaction scheme for the coupling of aldehydes with hydrazines
and bromodifluorinated reagents.

BICF,R’

CF,R!

Fig. 44 Potential mechanism for the formation of a,a-difluoroketone
hydrazones using photocatalysis.

loading revealed that increasing the loading from 2 to 4 mol%
did little to impact the product yield (increasing from 72 to 75%).
The suggested mechanism (Fig. 44) was supported by radical
trapping experiments with TEMPO as well as Stern-Volmer
quenching studies.

A similar example involves the fluoroalkylation of arylidene
and alkylidene amidrazones (Fig. 45)."* The putative mechanism
involves first the reductive quenching of the excited PC by DABCO.
The reduced PC is then proposed to reduce the fluorinated iodide
reagent to yield the fluorinated radical. This radical then adds to
the amidrazone and after oxidation (from oxidized DABCO) and
deprotonation, the final product is formed. No evidence is pro-
vided to support this mechanism. 4CzIPN performed very well in

?N\

-

PC (0.5 mol%)
DABCO, DMF, 1t, 6 h __
Blue LED NI

N X
| L

R) Eur. J. Org. Chem., 2020, 393-396 R R,
25-91%

Fig. 45 Reaction scheme for the fluoroalkylation of arylidene and alkyli-
dene amidrazones.
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Fig. 46 Reaction schemes for the difunctionalisation of alkenes.

this reaction (89% yield), closely followed by [Ru(bpy);](PFs), (78%
yield), while [Ir(ppy).(dtbbpy)]PFs and eosin Y acted poorly (38%
and 10%, respectively). The trends in reaction yield may be linked
to the photooxidising ability of the PC (Eeq* = 1.35V, 0.77 V, 0.66 V
and 0.83 V for 4CzIPN, [Ru(bpy);](PFs),, [Ir(ppy).(dtbbpy)]PFs and
eosin Y, respectively), which is linked to the capacity to oxidise
DABCO (E,y = 0.69 V vs. SCE).

Alkyl formates have been utilised as precursors for alkoxy-
carbonyl radicals, which can then react with alkenes to form a
variety of substituted alkanoates, depending on the conditions
employed (Fig. 46)."°° The proposed mechanism involves oxidative
quenching of the excited PC by the N-alkyoxyazinium salt (Fig. 47)
to yield an isopropoxy radical, which first abstracts a hydrogen
atom from methyl formate and then adds to the alkene. The
resultant radical is oxidised by the oxidised PC. From here,
products can form depending on the reaction conditions, as
shown in Fig. 47. For example, when excess formic acid is
present, this acts as a nucleophile and a B-formyloxy ester is
produced (Fig. 46¢) while when MeOH is present as the nucleo-
phile, a B-methoxy ester is formed (Fig. 46a). Support for this
mechanism was provided in the form of Stern-Volmer quench-
ing experiments, which revealed that the N-alkyoxyazinium salt
was responsible for quenching the excited PC. Complementary
mechanistic studies involved isotope labelling, addition of
radical scavengers and control experiments to investigate the role
of the additives used. The 1,2-methoxy methoxycarbonylation of
a-methyl styrene was investigated as the model reaction in order to
determine the optimal reaction conditions. Only 3 PCs were
tested, 4CzIPN (80%), [Ru(bpy)s]Cl, (72%) and [Ir(dF(CF3)ppy)a-
(dtbbpy)](PFs) (62%). This difference in yield seems to be a
reflection of the photoreducing ability of the PC (E,* = —1.04 V,
—0.89 V and —0.81 V). Consequently, 4CzIPN was chosen for the
substrate scope.

All radical precursors shown thus far can be used to generate
the corresponding radical species relatively easily through
SET to or from the excited or ground state PC; however, the
situation becomes more complex when the reagents used are
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Fig. 47 Proposed mechanism for the dinfunctionalisation of alkenes
using alkyl formates.

difficult to oxidise or reduce directly. This is exemplified through
the use of aldehydes as radical precursors. Oxygen is required as
an additive to allow for the formyl radical to be accessed, which
upon dicarbonylation form alkyl radicals that can be added to
heteroarenes (Fig. 48)."”” In this case, the excited PC is oxidatively
quenched by oxygen, generating a superoxide radical anion, which
can abstract a proton from the aldehyde, forming the acyl radical.
Decarbonylation of this acyl radical followed by addition to the
heteroarene and deprotonation, results in a tertiary radical species
that is then oxidised by the oxidised PC (Fig. 49). This mechanism
is supported by radical trapping experiments using TEMPO,
whereby an adduct was formed between TEMPO and the acyl
radical of the aldehyde reagent. Stern-Volmer quenching experi-
ments identified oxygen as the only significant quencher involved in
the reaction. Both 4CzIPN and [Ir(dF(CF;)ppy),(dtbbpy)]PFs
provided the same yields (70% and 66%, respectively). These
high yields are likely due to the strong ground state oxidation
potential of these PCs (E,x = 1.52 V and 1.69 V for 4CzIPN and
[Ir(dF(CF3)ppy).(dtbbpy)|PFs, respectively) in comparison to that
of eosin Y (E,x = 0.78 V), which afforded only 33% of product.

Xy, RCHO PC (1 mol%) - X
TsOH+H,0, NaBr, DCE/H,0 P
NZ 18 h, air, 35 W blue LED N~ R
31-93%

Green Chem., 2019, 21, 5512-5516

Fig. 48 Reaction scheme for the alkylation of heteroarenes using
aldehydes.
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Fig. 49 Possible mechanism for the photocatalytic alkylation of hetero-
arenes using aldehydes.

Alternatively, LiBr has been used as an additive for accessing
a formyl radical species from aldehydes as shown in the
hydroxyalkylation of quinolines with aryl aldehydes (Fig. 50a)"*®
and alkyl aldehydes (Fig. 50b)."*® A reductive quench of the PC is
proposed to occur by the bromide anion, forming a bromyl radical,
which abstracts a proton from the aldehyde via a deprotonated
electron transfer (DPET) step (Fig. 51). The resultant acyl radical
can add to the quinolines, yielding the hydroalkyl radical after
subsequent deprotonation and a spin-centre shift. This radical is
reduced by the reduced PC to form the product and close the
photocatalytic cycle. Control deuterium labelling experiments
indicated that a ketyl radical pathway was not occurring and
formation of the acyl radical was likely the dominant pathway.
This was further confirmed by the trapping of an acyl adduct
with TEMPO, with product formation inhibited. Stern-Volmer

i
—7R
PC (0.5 mol%) HO ~
LiBr, TfOH
; O PhCIH0 o A
RN 60°C,48 h,N, |
AN 7
36 W blue LED TN
34 -93%
Green Chem., 2020, 22, 8233-8237
b) PC (0.5 mol%)
X 0\ LiBr, MSA.5H,0 I AN
R—Il\ _ + \ R1 EtaSIH, acetone K _ R1
N 25°C, 60 h, N, N
36 W blue LED
22 - 96%

ACS Catal., 2020, 10, 154-159

Fig. 50 Reaction scheme for the hydroxyalkylation of quinolines with (a)
aryl aldehydes and (b) alkyl aldehydes.
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Fig. 51 Putative mechanism for the hydroxyalkylation of quinolines with
aldehydes.

quenching experiments showed that only the bromide ion acted
to significantly quench the luminescence of the PC.

In the coupling with alkyl aldehydes, an additional additive
Et;SiH was included, which was proposed to cause the mechanism
to differ. The putative mechanism still involves the reductive
quenching of the excited PC by the bromide ion, but the resultant
bromyl radical then undergoes HAT with Et;SiH. The silyl radical
adds to the aldehyde to form a nucleophilic silylether radical,
which then adds to the protonated heteroarene. The mechanism
then follows similarly to that shown in Fig. 51, where deprotonation
followed by spin-centre shift (and elimination of triethylsilanol)
forms a carbon-centred radical that is then reduced by the reduced
PC to yield the final product.

Only 4CzIPN and [Ir(dF(CF;)ppy).(dtbbpy)]PFs were investi-
gated as PCs in the coupling with aryl aldehdyes,"*® providing
yields of 77% and 66%, respectively. The relative yields correlate
with the photooxidising ability of the PC (E;eq*=1.35Vand 1.21V
for 4CzIPN and [Ir(dF(CF3)ppy).(dtbbpy)]PFs, respectively), which
must be capable of oxidising the bromide anion. Since single
electron oxidation of halides cannot accurately be determined
by cyclic voltammetry, recent estimations from Marcus theory
suggest the single electron oxidation of bromide in MeCN is
Eox = 1.11 Vvs. SCE.*°° The greater thermodynamic driving force
for 4CzIPN for the oxidation of bromide may explain the higher
product yield for this PC.

In the follow up study with alkyl aldehydes, [Ir(dF(CF;)ppy),-
(dtbbpy)]PFs shown to be superior to 4CzIPN (60% and 41%,
respectively), while the other PCs employed, such as eosin Y or
[Ru(bpy)s](PFe)2, could not complete the transformation.'®’
These other PCs are likely to have failed on account of their
poor photooxidising ability (E;eq* = 0.83 V and 0.77 V for eosin Y
and [Ru(bpy);](PFe),, respectively). It is unclear why the iridium
PC outperformed 4CzIPN in this case.

The use of bromide ions to facilitate the formation of radical
species can also be seen in the coupling of alkyl bromides and
heteroarenes using silyl-mediated visible light photocatalysis
(Fig. 52).°" The excited PC oxidises the bromide ion, generating
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Fig. 52 Reaction scheme for the coupling of alkyl bromides and hetero-
arenes, where A = O or NBz.

an electrophilic bromyl radical (Fig. 53). This radical then
abstracts a hydrogen atom from (Me;Si);SiH, producing a silyl
radical species, which in turn abstracts the halogen atom from
the alkyl bromide. The resultant alkyl radical then undergoes a
radical addition mechanism with the protonated heteroarene,
forming the alkylated product. The photocatalytic cycle is closed
in the presence of a sacrificial perfsulfate oxidant. Both 4CzIPN
and [Ir(dF(CF;)ppy).(dtbbpy)]PFs were evaluated as the photo-
catalyst for this reaction, with 4CzIPN providing slightly superior
yields (81% and 70%, respectively), which may be linked to its
greater photooxidizing power (Eeq* = 1.35 V for 4CzIPN vs. 1.21 V
for the iridium photocatalyst).

The aid of the hypervalent iodine oxidant trifluoroacetox-
yiodobenzene (PIFA), which is reduced in the presence of the
excited photocatalyst, helps to promote the formation of radicals
that may be difficult to generate through direct oxidation/
reduction from the PC. The resultant iodanyl radical is then used
to generate the alkyl radical via H-atom abstraction from the
substrate. Three mechanistically related examples involving
PIFA have been reported: the oxidative alkylation of unactivated
alkenes with DMSO (Fig. 54a),>%*> of N-aryl/benzoyl acrylamides
with acetonitrile (Fig. 54b)*®® and of alkenes with carbonyl
compounds (Fig. 54¢).>** In the former, o-sulfinyl radicals are
generated from DMSO, which then add to a a,0-diaryl allylic alcohol,

Br

(Me3SI)3S|H>—2e3S|)3S| g BZO
>-< H

Fig. 53 Proposed mechanism for the coupling of unactivated alkyl bro-
mides with heterocycles.
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Fig. 54 Reaction schemes for (a) oxidative alkylation of unactivated
alkenes with DMSO, (b) oxidative alkylarylation of N-aryl/benzoyl acrylamides
and (c) oxidative alkylation of alkenes with carbonyl compounds.

292 Stern-Vomer

producing a-aryl-y-methylsulfinyl ketones (Fig. 54a).
quenching experiments support the proposed mechanism (Fig. 55)
since quenching of the PC is only observed with the hypervalent
iodide compound, not the alcohol. Of the PCs tested, 4CzIPN
provided a considerably greater yield of 89% in comparison to
[Ru(bpy)s](PFs), (23%) and [Ir(dF(CF3)ppy),(dtbbpy)]PFs (47%). The
higher yield is likely due to the greater reducing power of 4CzIPN
in the excited state (E,* = —1.04 V for 4CzIPN, —0.81 V for
[Ru(bpy)s](PFe), and —0.89 V for [Ir(dF(CF;)ppy)(dtbbpy)]PFs.

A similar mechanism was invoked for the oxidative alkylarylation
of N-aryl/benzoyl acrylamides (Fig. 54b), whereby the iodanyl radical
was used to abstract a H atom from acetonitrile, generating the key
alkyl radical, which in turn adds to the N-aryl acrylamide.**?
Subsequent cyclisation, oxidation and deprotonation results in
the required product. This mechanism was supported by radical
trapping experiments with TEMPO, as well as Stern-Volmer
quenching studies. Kinetic isotope effect studies (Ku/Kp = 3.2)
implied that the C-H bond cleavage is likely to be the rate-
determining step. 4CzIPN performed similarly to both [Ru(bpy)s]-
Cl, and [Ir(dF(CF3)ppy).(dtbbpy)|PFs, (82%, 76% and 79% product
yields, respectively), and was chosen as the PC for the remainder
of the study.

Fig. 54c documents the oxidative alkylation of alkenes with
carbonyl compounds.>* In this case, the iodanyl radical abstracts
a H atom from acetone to generate the a-carbonyl alkyl radical,
which then adds to the alkene. Addition of TEMPO inhibits the
reaction and a kinetic isotope effect of Ky/Kp = 5.6 again implies
that the C-H bond cleavage constitutes the rate determining step.
In the PC screen, 4CzIPN yielded 78% of product, similar to that
of [Ir(dF(CF;)ppy):(dtbbpy)]PF, at 72%. This modest statistically

This journal is © The Royal Society of Chemistry 2021
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Fig. 55 Suggested mechanism for the oxidative alkylation of alkenes
using DMSO.

different yield may relate to the slightly stronger photoreducing
ability of 4CzIPN.

As previously discussed, alkyl or haloalkyl radicals generated
from radical precursors can then add to alkenes to form alkylated
products. An alternative reaction pathway can involve reduction
of the radical intermediate to the anion, which then can undergo
a cyclisation reaction (Fig. 56a-c) in the presence of a remote
leaving group. For example, cyclopropanation can occur through
anionic 3-exo-tet ring closure (Fig. 56a with the mechanism
shown in Fig. 57).2°%2°¢ Additionally, 4-exo-tet cyclisation can be
observed to form functionalised cyclobutanes (Fig. 56b), and
further functionalised cycloalkanes can also be synthesised
depending on the length of the alkyl chain linking the halide
leaving group to the alkene.”®” The proposed mechanism was

a) . S
J\/\ R—RP \" &
Ar OTs Ar

34 -81%

PC (5 mol%) _
DMSO or DMA, 35°C,2-16 h
30 W blue LED

Org. Lett., 2018, 20, 6840-6844

b) B(pin) i) PhLi, THF, 0°Ctort, 1h
ii) PC (5 mol%), DMSO, rt, 20 h

Blue LED

X
r‘l ﬂ
Boc R

Angew. Chemie Int. Ed., 2019, 58, 3870-3874 22 - 90%

®
o) Et;NH _

J\ . |\_@ 0., PC (5 mol%) X B

Si DMSO, 35°C,3 h R CF;

R” "CF,
(o) Blue LED
34 - 88%

J. Am. Chem. Soc., 2018, 140, 8037-8047

Fig. 56 Reaction schemes for using radical precursors (RP) in cyclisation
reactions; (a and c) cyclopropanes and (b) cyclobutanes.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review Article

OTs
-Ts0” < R
R RX/kR
3 2
Ry O R,
oTs PC
hv
R1
Rj R, Pc?{c*
R, R,

Fig. 57 Viable mechanism for photocatalysed cyclopropanation where
RP is radical precursor.

supported by Stern-Volmer quenching studies, and a quantum
yield value of 0.066 indicates the likely absence of a radical chain
process.>®

[Ir(dF(CF;)ppy)2(bpy)]PFs, [Ru(bpy)s](PFs), and 4CzIPN all
performed similarly in the cyclopropanation reaction involving
styrene and a silicate radical precursor (Fig. 56a, 94%, 88% and
87%, respectively);>*® 4CzIPN was chosen as the PC due to cost
considerations. Interestingly, in the cyclopropanation with
trifluoromethyl-substituted alkenes (Fig. 56c¢), 4CzIPN and
[Ir(dF(CF;)ppy).(dtbbpy)]PFs afforded the same high product
yield (94% and 92%, respectively) while [Ru(bpy)s](PFs), and fac-
Ir(ppy)s provided lower yields (71% and 74%, respectively).>*®
The low oxidation potential of silicates (Eox = 0.4-0.7 V) should
allow the SET to be thermodynamically feasible for most of PCs
studied (Ereq* = 1.32 V, 1.21 V and 1.35 V for [Ir(dF(CF;)ppy),-
(bpy)]PFs, [Ir(dF(CFs)ppy).(dtbbpy)|PFs and 4CzIPN, respectively)
but this step may be more challenging for the less photooxidising
PCs (Ereq* = 0.77 V and 0.31 V for [Ru(bpy)s](PFs), and fac-Ir(ppy)s,
respectively). For the cyclobutanation reaction (Fig. 56b), 4CzIPN
significantly outperformed alternative PCs (70% yield for 4CzIPN,
but only 46% for [Ir(dF(CF;)ppy)2(bpy)]PFs).>*” This difference in
yield is a result of the iridium PC producing a Giese-type side
product in addition to the cyclised product (Fig. 58). The Giese-
type side product is only observed with 4CzIPN if the reaction is
conducted in the presence of water.

NE !\ i) PhLi, THF, 0°C tort, 1 h
i) PC (2 mol%), MeCN, rt, 20 h CO,Me

~B” Blue LED target product

-~
CO,Me O\/[\/I
CO,Me

Giese product

Angew. Chemie Int. Ed., 2019, 58, 3870-3874

Fig. 58 Reaction scheme for the cyclobutanation reaction showing the
different products than can be obtained.
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Photocatalytic cyclisation reactions can be applied to the
formation nitrogen heterocycles from imino-tethered DHPs
(Fig. 59).2°% This reaction proceeds via a proton coupled electron
transfer (PCET) mechanism, as shown in Fig. 60, with the excited
PC being reductively quenched by the imino-DHP, facilitated
by the presence of the Brgnsted-basic phosphate anion. The
a-heteroatom-stabilised radical that eventually forms, undergoes
a 6-endo-trig cyclisation to produce the cyclised product containing
a nitrogen-centred radical. This radical intermediate can then be
reduced by the reduced PC, closing the photocatalytic cycle, and
generating the final product. Since the imino-DHPs have oxidation
potentials ranging from E,, = 1.01 V to 1.23 V, the PC should have a
moderate to strong photooxidising power. 4CzIPN was considered
alongside iridium and ruthenium PCs. Only [Ir(dF(CFs)ppy).-
(bpy)]PFs and [Ir(dF(CF;)ppy).(dtbbpy)]PFs were shown to provide
comparable yields as 4CzIPN (33%, 25% and 20% yields,
respectively); the poor yield of 9% from [Ru(bpy)s](PFs), is likely
related to its poor photooxidising ability (E..q* = 0.77 V com-
pared to 1.35 V for 4CzIPN).

o

[ o
P
N Ar - DHP
\ x@
-~

iPro,c

o'

[Hlm PC.K

Fig. 60 Suggested mechanism for the photocatalytic cyclisation of imino-
tethered DHPs to form heterocycles.
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Fig. 61 Reaction scheme for the coupling of alkynyl bromides and
Hantzsch esters to synthesise internal alkynes where Z = CO,Et or CN.

The preceding examples involve a C(sp*)-C(sp>) type coupling,
but C(sp*)-C(sp) coupling reactions have also been reported
using 4CzIPN as the photocatalyst. Ye et al. reported the coupling
of alkynyl bromides with Hantzsch esters to produce internal
alkynes (Fig. 61).% In an analogous fashion to the work of
Molander et al. with heteroaryl sulfones,"””” a Hantzsch ester
was used as the alkyl radical precursor under reductive quenching
conditions. The nucleophilic alkyl radical then adds to the electro-
philic alkynyl carbon, producing a vinylic radical intermediate
(Fig. 62). This collapses to give a bromyl radical and alkylated
alkyne. The photocatalytic cycle is closed by reduction of the bromyl
radical. Similar yields were obtained for [Ru(bpy)s;]Cl,, fac-Ir(ppy)s
and 4CzIPN (76%, 71% and 70%, respectively), with 4CzIPN
being chosen as the optimal PC as it was considered to be more
environmentally benign.

Photocatalytic C-C and C-X bond formation can occur via an
energy transfer mechanism, rather than via an electron transfer as
has been the case for the aforementioned examples. A first
example of PEnT involves the cross-dehydrogenative coupling of
C(sp®)-H-containing compounds with N-heteroarenes (Fig. 63).>'°

R
Y4 4
||
N
H
z z
PC* X
N
H
PC Br
Z
Ar

hv,
PC

Fig. 62 Potential mechanism for the coupling of alkynyl bromides with
Hantzsch esters using Vvisible light mediated photocatalysis, where
Z = CO,Et or CN.

_R
* H

Fig. 63 Reaction scheme for the dehydrogenative cross-coupling of
Clsp®)—H with N-heteroarenes.

PC (0.01 mol%)
(NH,),S,05, DMSO
Ar, rt, 15 h

34 W blue LED

23 -95%

R

Org. Lett., 2020, 22, 7709-7715
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Fig. 64 Viable mechanism for the dehydrogenative cross-coupling of
cyclohexane with lepidine.

Two energy transfer pathways are proposed to be operational
(Fig. 64). The minor pathway involves PEnT from the excited PC
to (NH,4),S,0g, resulting in homolysis and the formation of two
sulfate radicals. Hydrogen atom transfer occurs between the
sulfate radical and cyclohexane, the C(sp®)-H source in this
example, to form a cyclohexyl radical. In the dominant PEnT
pathway, the excited PC transfers energy to the heteroarene,
lepidine, which can then react with the cyclohexyl radical.
The sulfate radical then abstracts a hydrogen from this adduct
to yield the final product.

Support for the dual PEnT mechanism is provided in Stern-
Volmer quenching experiments, whereby both (NH,),S,0g and
lepidine can quench the excited PC, although the latter does so
at a significantly faster rate (Ksy = 0.038 and 0.28, respectively).
Kinetic isotope effect studies suggest that the C-H activation is
the rate determining step. The process was confirmed to involve
radicals as the addition of TEMPO inhibited the reaction and the
presence of diphenylethene resulted in the formation of a
cyclohexyl-containing adduct. EPR spectroscopy confirmed the
presence of the sulfate radicals and that irradiation was necessary
for their formation. No additional radical signals were observed
when adding PC to the peroxydisulfate under irradiation,
suggesting that the reaction proceeds via PEnT rather than PET.

Both 4CzIPN and [Ir(dF(CF3)ppy).(dtbbpy)]PFe afforded the
same yields (82% and 77%, respectively), which is likely due to
their similar triplet state energies [Er = 2.58 eV (249 k] mol ")
and 2.61 eV (251 kJ mol "), respectively]. Other PCs tested
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Fig. 65 Reaction scheme for the cross-coupling of DHPs with thiosulfonates
or selenium sulfonates.

provided much low yields (6-22%), which is likely due to their
lower triplet state energies [1.77 eV (171 kJ] mol™') — 2.51 eV
(242 kJ mol ™" for eosin Y and fac-Ir(ppy)s, respectively].
Photoinduced energy transfer is also proposed to be
involved in the cross-coupling of DHPs with thiosulfonates or
selenium sulfonates (Fig. 65); however, in this case, the PEnT
proceeds in tandem with photoinduced electron transfer.”'" In
the putative mechanism, reductive quenching of the excited PC
by the DHP radical precursor to release the alkyl radical first
occurs (Fig. 66). This alkyl radical reacts with the thiosulfonate,
forming the functionalised product and a sulfone radical
intermediate. Reduction of this intermediate by the reduced
PC followed by protonation yields a benzosulfinic acid. When
conducted under nitrogen, the reaction stops here; however, in
the presence of air, the authors suggest the excited PC can also
undergo energy transfer to form singlet oxygen, which is then
responsible for oxidizing the sulfide to the corresponding
sulfoxide. To probe the reaction mechanism, TEMPO was
added, which resulted in inhibition of product formation,
confirming this is a radical process. When the thiosulfonate
was replaced with PhSSPh no product was formed, implying
that PhSSPh is not an intermediate in this process. However, no
mechanistic support was provided to substantiate the energy
transfer portion of this proposed mechanism. The same yields
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PC* H@
hv, ' R R pwp
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PC PC |
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o
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Fig. 66 Putative mechanism for the cross-coupling of DHPs with
thiosulfonates.
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were obtained using fac-Ir(ppy)s, 4CzIPN and eosin Y as PCs
under N, (77%, 81% and 76%, respectively) while the use
[Ir(ppy).(dtbbpy)]PFs proved to be slightly less successful (64%).
There is no obvious correlation between the redox potentials and
the yields obtained.

Oxidation and reduction reactions

Photoredox catalysis also has broad applications in oxidation
and reduction reactions. For instance, photocatalytic reduction of
enamides to form a-amino carbanions can be reacted with CO, in
order to generate o,0-disubstituted o-amino acids (Fig. 67a).>*>
This reaction is hypothesized to proceed via a reductive quench-
ing cycle of the photocatalyst, although a complete mechanism is
not proposed. From Stern-Volmer quenching studies, it was
surmised that the excited PC undergoes SET from DIPEA to
generate the reduced photocatalyst, which then reduces the
enamide to form an a-amino carbanion, which is then trapped
by CO, synthesising the conjugate base of the o,a-disubstituted
a-amino acid. 4CzIPN gave the highest yield of all photocatalysts
tested at 85% compared with 65% for [Ir(ppy).(dtbbpy)]PFs, 62%
for [Ir(dF(CF;)ppy).(dtbbpy)]PFs and 17% for fac-Ir(ppy)s. The
higher yield obtained by 4CzIPN may be related to its photo-
oxidising strength compared to the other PCs (E..q* = 1.35 V for
4CzIPN compared to 0.66 V for [Ir(ppy),(dtbbpy)|PFs, 1.21 V for
[Ir(dF(CF;)ppy).(dtbbpy)|PFs and 0.31 V for fac-Ir(ppy)s), especially
given the oxidation potential of DIPEA is E,, = 0.81 V.*

Direct reductive amination is also possible using photo-
catalysis whereby aromatic aldehydes may be converted to
tertiary amines (Fig. 67b).>'* This is possible though oxidation
of an in situ formed aminal intermediate by the excited photo-
catalyst, forming the a-amino radical (Fig. 68), which then
undergoes fragmentation, reduction by the photocatalyst and
protonation, affording the desired product. For photocatalyst
screening, 2 mol% of [Ir(dF(CF3)ppy).(bpy)]PFs produced super-
ior yields of 78% while when 5 mol% of 4CzIPN was used, only
53% of product was isolated. This difference in PC loading
makes a direct comparison of the photocatalysts challenging.

An example of the use of 4CzIPN as a PC in a rather different
context is directed towards the heterogeneous photocatalytic
degradation of lignin. The degradation of lignin, which is typically
treated as a waste product, to obtain small molecules or value-
added energy fuels has received significant attention.*'**"

. O
a) i)PC (2 mol%) HOG S J\
X N R Cs2CO3, ‘ProNEt N R!
RT/ H DMF, rt, 4 h, blue LED R*/ H
i) HCI
* €O, ) 63 - 93%
Angew. Chemie. Int. Ed., 2018, 57, 13897-13901

b) o PC (2 mol%)

P
Ar N@/R

35-81%

J + H@R B,0;, MeCN, rt, 24 h
Ar Blue LED

Org. Lett., 2018, 20, 2680-2684

Fig. 67 Reaction scheme for (a) reduction of enamides and (b) reductive
amination.
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Fig. 68 Plausible mechanism for photoredox catalysed reductive amination.

The popular two-step approach to degrade lignin involves both
oxidation and reduction steps; selective oxidation of the
benzylic B-O-4 alcohol to benzylic B-O-4 ketone followed by a
reduction to cleave the C-O bond (Fig. 69a).>'® Porous organic
frameworks (POFs) have been considered as photocatalysts for this
process”'” and the following is an example of their use. Zhang et al.
synthesised copolymers of 1,4-bis(9H-carbazol-9-yl)benzene (DCB)
(Fig. 69b) and 4CzIPN to form carbazolic copolymers (CzCPs).*” In
these polymers, DCB acts as the electron donor component to allow
for the reduction of the lignin models while 4CzIPN is the electron
acceptor moiety responsible for the oxidation step. Varying the ratio
of DCB and 4CzIPN results in CzCPs with tuneable redox properties.
Nine of these copolymers were synthesised with D:A ratios varying
from 100:0 (CzCP0) and 0:100 (CzCP100). Increasing the ratio of
the 4CzIPN acceptor component results in a stabilisation of the
LUMO energy level, making the photocatalyst increasingly oxidising
in the ground state.

a) AN AN
R1—: R17:
OH ~~ CzCP100 (2.5 mol%) o =
NHPI (20 mol%) _
N O Acetone,1,0;,24-36h X o
R—T 26 W CFL R+
= 2 90-99%

ACS Catal., 2017, 7, 5062-5070 CzCP33 (2 mol%)

DIPEA, HCO,H
MeCN, Ar, rt, 16 - 24 h
26 W CFL
o
1
HO \/R
| \ A
R0 " |
_— =
69 -91% 74 -86%

Fig. 69 a) Reaction scheme for the degradation of lignin models and b)
the structure of the donor molecule used in the POFs of CzCPs.
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Fig. 70 Photocatalytic oxidation of B-O-4 lignin alcohols.

To evaluate the effectiveness of the CzCPs towards lignin
degradation, the initial oxidation step of 3-O-4 lignin alcohols was
first considered, for which an oxidative quenching mechanism of
the photocatalyst is observed (Fig. 70). The photocatalyst CzCP100
(0 DCB: 100 4CzIPN) proved most successful, obtaining 100%
conversion and 99% yield. As the ratio of 4CzIPN in the copolymer
decreases, the conversion and yield also decreased accordingly; for
example, CzCPO (100 DCB: 0 4CzIPN) resulted in 55% conversion
and 52% yield. These results are reflective of the stronger ground
state oxidising capacity of CzCP100 (E,x = 1.83 V) compared to
CzCPO0 (Eox = 1.23 V), facilitating the required SET. For comparison,
[Ru(bpz);]*" provides a comparable yield as CzCP100 (15% and
11% yield of product, respectively, as N-hydroxyphthalimide
(NHPI) was not used), likely owing to its similar E,x = 1.86 V.
Alternative catalytic systems used for the degradation of lignin,
such as tert-butyl nitrate/DDQ*'® and 1,4-benzoquinone®™ were
also tested with the former producing a yield of 99% and the latter
a 59% yield in comparison to the 99% yield from the CzCP100/
NHPI/O, system.

The reduction step involving C-O bond cleavage of (-O-4
ketones was next investigated, whereby the ground state
reduction potential of the PC was identified as the key para-
meter (Fig. 71). Since a higher ratio of the donor component
results in a more reducing ground state reduction potential
(Erea = —2.09 V and —0.99 V for Cz:CP33 and CzCP100,
respectively), it was predicted that the polymers with a greater
amount of the donor would prove better in this reaction. In
reality, the copolymer Cz:CP33 obtained the highest yield of
89%, with Cz:CPO only yielding 30% of product. Ground and
excited state reduction potentials have not been defined for the
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Fig. 71 Photocatalytic reduction of lignin  -O-4 ketones.

CzCPO copolymer. Unfortunately, comparison with reference
photocatalysts used for lignin degradation were not provided.

Cyclisation reactions

A phosphorus radical-mediated cascade cyclisation of 1,6-diynes
(Fig. 72a) that proceeds via an oxidative quench of the photo-
catalyst (Fig. 73) has been reported.””® This mechanism was
supported by Stern-Volmer quenching studies alongside radical
trapping experiments. In this study, Xu et al. developed a family
of highly photoreducing, substituted 5,12-dihydroquinoxalino[2,3-
b]quinoxaline organic PCs (Fig. 72b) with E,.* = —1.79 to —2.31 V.
These gave higher product yields (51-80%) than 4CzIPN (E.* =
—1.04 V, 40% product yield), although this can be rationalised by
their stronger reducing capacity in the excited state, which is
required to reduce the pyridinium oxidant.

Cyclisation reactions are also possible through a reductive
quenching mechanism, for example in the preparation of hetero-
cycles via the selenation of olefins (Fig. 74a),**" the synthesis of
2-phosphorylated thioflavones (Fig. 74b),>**> the synthesis of
3-phosphorylated benzothiphenes (Fig. 74c),>** the formation
of polysubstituted y-lactones (Fig. 74d)*** and the dearomative
arylcarboxylation of indoles (Fig. 74€).>* The first involves aerobic
dehydrogenative cyclisation of alkenes with diaryl diselenides.”*"
The diselenide undergoes SET to the excited PC, with the resultant
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Fig. 72 (a) Reaction scheme for the cyclisation of 1,6-diynes and (b)

generic structure of the organic photocatalyst developed for the cyclisa-
tion of 1,6-diynes where R = H, Et, Ph, p-OMeCgHs or p-CFzCgHs.

MeO,C CO,Me

Fig. 73 Proposed mechanism for the phosphorus radical-mediated cas-
cade cyclisation of 1,6-diynes using photoredox catalysis.

radical cationic diselenide intermediate activated towards attack
by pendant alkenes. This forms a reactive cationic phenylselenium
species, which rearranges to the selenophane-decorated oxazoline
(Fig. 75). Molecular oxygen is used as a sacrificial oxidant to
close the photocatalytic cycle. Only organic PCs were screened
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Fig. 74 Reaction scheme for cyclisation reactions that proceed via a
reductive quenching cycle: (a) preparation of heterocycles, (b) synthesis
of 2-phosphorylated thioflavones, (c) synthesis of 3-phosphorylated
benzothiophenes, (d) polysubstituted y-lactone formation and (e) the
dearomative arylcarboxylation of indoles.
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Fig. 75 Possible mechanism for photocatalytic heterocycle formation.

for this reaction, of which 4CzIPN produced the highest product

yield (94% obtained after 4 hours), which was matched by [Mes-
Acr]" (90% after 2 hours). Since the oxidation potential of diphenyl

selenide is E, = 1.35 V, photocatalysts with a more positive Eq*
should be thermodynamically capable of completing the SET

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00198a

Open Access Article. Published on 18 May 2021. Downloaded on 6/28/2026 6:33:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

Ph,
g 0
o
Ph
A |
s Ph 0 O=P—Ph
Ph
Ph | P
P—Ph -P—Ph B <~ Ph
/ /7
HO o
i
-Me’
PC* PC
o o
\ LPO \\P/Ph
hW_pc | ‘ph
LPO s~ >Ph

Fig. 76 Proposed mechanism for the synthesis of 2-phosphorylated
thioflavones.

(Ereq* = 2.06 V and 1.35 V for [Mes-Acr]|” and 4CzIPN, respectively),
which contributes to the success of both PCs in this reaction.

In the synthesis of 2-phosphorylated thioflavones (Fig. 74b),
the excited PC is reductively quenched by the diphenylphos-
phine oxide, resulting in a phosphoryl radical, which adds to
the alkyne of the methylthiolated phenylpropynone (Fig. 76).>**
Intramolecular cyclisation affords the final product. The photo-
catalyst is regenerated by SET to dilauroyl peroxide (LPO).
Evidence for this mechanism was obtained by experiments that
showed the suppression of the reaction upon addition of
TEMPO, suggesting a radical process, while a quantum yield
of 0.24 indicates a radical chain mechanism is unlikely.
By contrast, in the proposed mechanism for the synthesis of
3-phosphorylated benzothiophenes (Fig. 74c),”*® the excited
photocatalyst is quenched by the methylthiolated alkyne. The
resulting radical couples with the phosphoryl radical generated
from irradiation of diphenylphosphine oxide in the presence of
LPO. Consistent with the proposed mechanism in Fig. 76, the
reduced photocatalyst reduces LPO to close the photocatalytic
cycle. Stern-Volmer quenching studies support the putative
mechanism as the alkyne was observed to quench the lumines-
cence of the PC. The addition of a radical scavenger inhibited
the reaction, confirming that the reaction involves radical
processes. These conflicting mechanistic proposals for two
extraordinarily similar reactions highlight the uncertainty that
typically surrounds photocatalysis mechanism elucidation.

A range of organic photocatalysts were trialled in both
phosphorylation reactions, with 4CzIPN proving the best in
both instances. When forming 2-phosphorylated thioflavones,
4CzIPN yielded 45% while organic dyes such as eosin Y (24%)
and rose bengal (19%) proved themselves to be poorer options.
These results are most likely related to the photooxidising
ability of the PC, which, according to the proposed mechanism,
must be capable of oxidising the diphenylphosphine oxide
(Eox & 1.0 V).**® The relative yields may be correlated to
4CzIPN’s more positive Eyeq* (Ereq* = 1.35 V) compared to those
of eosin Y or rose bengal (E;.q* = 0.83 V and 0.81 V, respectively).
For the synthesis of 3-phosphorylated benzothiophenes, only
4CzIPN provided any detectable yield (90%) while the other
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organic PCs, such as eosin Y or rose bengal, proved ineffective.
Again, this is likely related to the greater photooxidising ability
of 4CzIPN.

In the formation of polysubstituted y-lactones (Fig. 74d), the
putative mechanism involves reductive quenching of the excited
PC by the Hantzsch ester followed by the reduction of the
aldehyde by the reduced PC in a PCET step facilitated by one
of the Lewis acid or the oxidised Hantzsch ester”* The ketyl
radical adds to the o,f-unsaturated ester and this resultant
radical is reduced by the Hantzsch ester radical. Protonation
and acid-catalysed intramolecular transesterification yields the
final product. Addition of TEMPO to the reaction inhibits product
formation, implicating a radical process. Deuterium labelling of
the Hantzsch ester and the absence of deuterium incorporation
in the final product imply that a HAT process is unlikely to be in
operation. Stern-Volmer quenching experiments indicated that
the Hantzsch ester was the only species capable of significantly
quenching the luminescence of the PC. In the PC screen for the
reaction involving ketones as the carbonyl reagent, 4CzIPN fared
slightly more poorly than [Ir(dF(CF;)ppy),(dtbbpy)]PFs (32% and
42%, respectively), while when aldehydes were used as substrates,
the opposite trend in reactivity was observed (97% and 59% for
4CzIPN and [Ir(dF(CF;3)ppy).(dtbbpy)|PFs, respectively). The
authors proposed that since the aromatic ketones are more
difficult to reduce, the stronger ground state reducing ability of
the Ir PC provides the greater driving force for turning over the
photocatalytic cycle (E..q= —1.37 V and —1.21 V, respectively),
while for aldehydes, 4CzIPN is sufficient reducing and the
reaction proceeds without the need for the Lewis acid additive.

For the dearomative arylcarboxylation of indoles with CO,
(Fig. 74€),>*® the mechanism differs from the previous examples
of photoinduced cyclisation in that two photocatalytic cycles are
invoked, implying a two photon process. In both cycles, the
excited PC is reductively quenched by DIPEA (Fig. 77). The
reduced PC is then suggested to reduce the aryl halide, which
after fragmentation to release the halide anion, produces an aryl
radical. This species undergoes fast intramolecular radical
addition to C—C double bond of the indole to form a benzylic
radical. Reduction of this species by the reduced PC, closing the
second photocatalytic cycle, forms a carbanion, which under-
goes nucleophilic addition to CO,, followed by protonation to
yield the final product. The radical nature of this process was
confirmed by the addition of TEMPO, which reduced the yield
of the final product as an adduct with the benzylic radical was
formed. Deuterium labelling studies eliminated the possibility
of an HAT mechanism and provided support for the formation
of the benzylic carbanion intermediate. Stern-Volmer experi-
ments demonstrated that DIPEA was the predominant
species responsible for the luminescence quenching of the PC.
Only three PCs were considered for this reaction: 4CzIPN,
[Ir(dF(Me)ppy),(dtbbpy)]PFs and [Ru(bpy)s](PFs).. These provided
yields of 88%, 78% and 52%, respectively, which correlate with
the photooxidisng ability of the PC (E.q* = 1.35 V, 0.92 V and
0.77 V, respectively).

Distinct from the previous examples, Yu et al. report an
example of cyclisation that is proposed to proceed through an
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Fig. 77 Viable mechanism for the dearomative arylcarboxylation of
indoles.

energy transfer mechanism. In this example, cyclisation of
N-arylpropiolamides to 3-phosphorylated, trifluoromethylated
or thiocyanated azaspiro[4.5]trienones occurs (Fig. 78a and 78b).**”
Energy transfer from the excited PC to the N-arylpropiolamide
is suggested, with the excited N-arylpropiolamide undergoing
SET to LPO (Fig. 79). Another SET event occurs from the
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Fig. 78 Reaction scheme for the cyclisation of N-arylpropiolamides.
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Fig. 79 Possible mechanism for the cyclisation of N-arylpropiolamides.

diphenylphosphine to the nitrogen centred radical cation,
regenerating the initial N-arylpropiolamide. The phosphoryl
radical then adds to the alkyne, generating an alkenyl radical
intermediate, which undergoes intramolecular cyclisation to
give an azaspiro radical. Oxidation of this species by LPO,
followed by a cascade sequence of steps, including addition of
H,0, methanol elimination and deprotonation, yields the final
product.

Stern-Volmer experiments revealed that N-arylpropiolamide
quenches the luminescence of the PC. A PET mechanism was
ruled out based on an analysis of the redox potentials; the
N-arylpropiolamide (E,x = 1.58 V vs. SCE) is thermodynamically
incapable of being oxidised by the excited PC (E.q* = 1.35 V for
4CzIPN). Control experiments with radical scavengers TEMPO
and BHT suppressed the reaction, confirming that radical
intermediates exist in the reaction. 4CzIPN far outcompeted
the other organic PCs considered in this reaction, such as eosin
Y and rose bengal, with respective yields of 83%, 15% and trace.

This journal is © The Royal Society of Chemistry 2021
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Since an energy transfer process is proposed, there should be a
correlation between the triplet energies of the PCs and the reaction
yields; however, as the triplet energy of the N-arylpropiolamide was
not provided, it is not possible to infer this link.

Polymerisation reactions

4CzIPN also functions as a suitable photocatalyst for polymerisation
reactions, including atom transfer radical polymerisation (ATRP)
and reversible addition-fragmentation transfer (RAFT) poly-
merisation reactions. Methyl methacrylate (MMA) can be poly-
merised using an ATRP mechanism using 4CzIPN at photocatalyst
loading of parts per million (ppm) and ethyl a-bromophenyl-acetate
(EBPA) as the initiator (Fig. 80a).>*® The photocatalyst activates the
initiator in an oxidative quenching cycle to generate the propagating
radical species (Fig. 81). The PC is then regenerated by SET from the
propagating chain to the oxidised photocatalyst, thus terminating
the polymerisation. Comparison of yields with other photocatalysts
under the same conditions was not conducted; however, polymers
of similar dispersity have been reported with other organic dyes,
although under very different reaction conditions.?*® For example,
Zhu et al. reported 90% conversion of the monomer to poly-
(methyl methacrylate) (PMMA) with M,/M,, = 1.50 (where M,, =
weight average molecular weight and M, = number average
molecular weight) after 3 hours using 0.0015 mol% of 4CzIPN
as the photocatalyst.>*® By comparison, Theriot et al., when using
perylene as a photocatalyst (0.11 mol %) and o-bromophenyl-
acetate (BPA) as the initiator, obtained PMMA with M,/M,
1.49.>*° This similarity confirms the success of 4CzIPN as a PC
in polymerisation reactions, especially since it can be used at such
low loadings.

4CzIPN has been shown to act as a radical initiator in the
RAFT polymerisation of acrylonitrile when used in combination
with the chain transfer agent 2-cyanoprop-2-yl-1-dithionaphthalate

0
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Macromol. Rapid Commun., 2017, 38, 1600461
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Polymers, 2017, 9, 4-11
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Fig. 80 Reaction schemes for photocatalytic polymerisations of (a) methyl
methacrylate and (b) acrylonitrile.
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Fig. 81 Photocatalyzed ATRP mechanism.
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(CPDN) (Fig. 80b).>*° The results indicated that 4CzIPN provided
molecular weight control of the resulting polymer of a similar level
to commonly used ultra-violet photoinitiators such as diphenyl-
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) and 2,2’-azobis(2-
methylpropionitrile) (AIBN).

Halogenation

Visible light promoted chlorination of electron-rich arenes has
also been demonstrated using 4CzIPN as the photocatalyst
(Fig. 82).>*" An in situ bromination of the arene is first impli-
cated before a halogen exchange occurs, generating the corres-
ponding chlorinated product (Fig. 83). Here, the photoexcited
catalyst is used to oxidise both bromide and chloride ions to
their respective radical counterparts. Oxygen, acting as a sacri-
ficial oxidant, is then used to regenerate the photocatalyst,
closing the photocatalytic cycle. Other organic PCs were tested
but all gave very poor yields in comparison with 4CzIPN. For
example, using 2 mol% of 4CzIPN yielded 63% of the chloro-
anisole product while the second highest yield was obtained
from eosin Y (5 mol%) at 16%. This large difference in yield is
likely to be correlated with the much greater excited state
oxidising capacity of 4CzIPN in comparison to eosin Y (Epe* =
1.35 V and 0.83 V for 4CzIPN and eosin Y, respectively).
However, [Mes-Acr]" (Ereq* = 2.06 V) also only gave a 16% yield
of product using 5 mol% catalyst loading. Since the oxidation
potential of anisole is E., = 1.75 V, it is possible that the excited
[Mes-Acr]" could be also oxidising anisole, potentially leading
to a non-productive side product formation that may explain
the low product yield in this case.

3. 4CzIPN in dual catalysis

Diverse in its applications, 4CzIPN has also been used as a
photocatalyst in dual catalytic reactions for example, with transition

PC (2 mol%)

N HBr (10 mol%) /j
R—|/ * HCl MeCN, 0, 1t,05-35h \/\
Blue LED

17 - 97%
European J. Org. Chem., 2020, 10, 1491-1495

Fig. 82 Photochlorination reaction scheme.
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Fig. 83 Proposed mechanism for the photochlorination of arenes.
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metals and hydrogen atom transfer (HAT) co-catalysts. In this
section, we highlight examples of 4CzIPN in synergistic catalysis.

Photoredox/nickel cross-coupling reactions

Visible light photocatalysis working in combination with transition
metal catalysis, unsurprisingly termed metallaphotocatalysis, has
become an alluring and fruitful strategy to access new bond-
forming reactions.”*>>** There are multiple examples where
4CzIPN is used in combination with a nickel co-catalyst to
promote cross-coupling reactions. These reactions typically
involve the cross coupling of C(sp®) nucleophiles with electro-
philes under mild conditions, typically through a Ni(r)/Ni(m)
catalytic cycle.>** Radical precursors, generated photocatalytically
via a reductive quenching cycle, add to the Ni(0) catalyst to
generate a transient Ni(1) complex. Oxidative addition with an aryl
halide to generate an intermediate Ni(u) complex followed by
reductive elimination generates the coupled product. Alternatively,
oxidative addition of the aryl halide to Ni(0) occurs first, generating
a Ni(u) species, followed by addition of the C(sp®) radical to form
the Ni(m) complex, which can then undergo reductive elimination.
Regardless, the resultant Ni(1) complex is reduced by the reduced
PC, closing both the catalytic and photocatalytic cycles (Fig. 84).
The photocatalyst must have a wide redox window to accomplish
both the alkyl radical formation and the nickel complex reduction.

The most common photoredox/nickel cross-coupling reaction
involves C(sp®)-C(sp®) coupling, using a nickel catalyst formed
from one of NiX,.dme or Ni(COD), (COD = 1,5-cyclooctadiene) in
the presence of a diine ligand that is typically 4,4’-di-tert-butyl-
2,2'bipyridine (dtbbpy). A variety of radical precursors have been
reported, including alkyl or aryl trifluoroborate salts,>**>>*”
trifluoroboratochromanones,>*®  4-alkyl-1,4-dihydropyridine
derivatives (DHPs),"®?**23% carboxylic acids,****>** alkyl
bis(catecholato)silicates,>** aliphatic amines*** or aziridines**®
and cycloalkanols.**® Upon undergoing SET to the excited
photocatalyst, these C(sp?) radicals can then be cross-coupled
with alkyl, aryl or hetero aryl halides,>"'8%2347236,238,2407246 54y
triflates,® vinyl halides,”"*** carboxylic acids®*® or anhydrides
(Fig. 85 and 86).*%”

239

R,

Rz
1 R1—<

N|'L Rs
N|°L
)—Nu"'L
Rs X Nl'XL

. R é RP
Rz)i\Ar "R

R3 R, _<R2 ’

Rs

Fig. 84 Generic mechanism applicable to photoredox-nickel catalysed
cross coupling reactions for C(sp®)-C(sp®) bond formation going through
a Ni()/Ni(m) catalytic cycle where RP signifies radical precursor.
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For this subset of reactions, 4CzIPN was shown to be the most
efficient PC in terms of final product yield for the formylation of
aryl halides and triflates (Fig. 85a),>" alkylation of aryl and hetero
aryl halides (Fig. 85b),'®® synthesis of arylated C-saccharides
(Fig. 85¢),>** cross coupling of aryl halides with trifluoroborate
salts in flow (Fig. 85d),>* synthesis of non-anomeric C-acyl
glycosides (Fig. 85€),>*° enantioselective desymmetrization of
cyclic meso-anhydrides (Fig. 85f),**” a-arylation/heteroarylation
of 2-trifluoroboratochromanones (Fig. 85g),*® synthesis of aryl/
heteroaryl-C-nucleosides (Fig. 85h),>*! synthesis of complex alkyl
boronic esters (Fig. 85i)**> and the synthesis of B-phenethyl-
amines (Fig. 85j).”*

Although 4CzIPN has been shown to be highly successful in
most of these dual catalytic C(sp®)-C(sp®) cross coupling reac-
tions, the two commonly used iridium complexes, [Ir(dF(CF;)-
Ppy)2(bpy)]PFs and [Ir(dF(CF;)ppy).(dtbbpy)]PFs, can outperform
4CzIPN in terms of yield in examples including the synthesis of
secondary benzylic alcohols (Fig. 86a), decarboxylative arylation
reaction (Fig. 86b), alkylation of aryl halides or alkenes (Fig. 86c¢),
deaminative reductive arylation (Fig. 86d) and site specific
arylation of ketones (Fig. 86e).>3%240:243:244246 Thig could be as
a result of their more reducing ground state reduction potentials
(Erea = —1.37 V for both iridium photocatalysts vs. —1.21 V for
4CzIPN), since reduction of these Ni(1) species is typically around
Erea ® —1.1 V.>*” However, factors other than final product yield
must be considered when evaluating which photocatalyst to
employ in these types of reactions. For example, 4CzIPN produced
the highest E/Z isomeric ratio despite a lower yield in the stereo-
selective alkenyl-alkyl cross-coupling reaction (Fig. 86c).>** For the
decarboxylative arylation cross-coupling reaction (Fig. 86b),**°
higher product yields were reached much faster with 4CzIPN than
with [Ir(dF(CF;)ppy).(dtbbpy)]PFs; although, conversion plateaued
and a lower overall yield was observed than with the iridium
photocatalyst. Finally, in many cases the differences in product
yields in examples with 4CzIPN and iridium-based photocatalysts
argue based on cost considerations for the choice of the former.***
For the remote site specific arylation of ketones using tertiary
alcohols (Fig. 86€),>*® only highly photooxidising PCs were
capable of oxidation of the cycloalkanol (E,y = 1.57 V for 1-(4-
methoxyphenyl)cyclohexan-1-ol), rendering 4CzIPN (Eq* =
1.35 V, 0% yield) incapable whereas [Mes-Acr]|ClO, flourished
(Erea™ = 2.06 V, 86% yield).

Although C(sp®)-C(sp®) dual catalytic cross-coupling tends
to follow the mechanism shown in Fig. 84, the excited PC could
instead be reductively quenched by a sacrificial electron donor
and the reduced PC be used to reduce the radical precursor as
well as the Ni(1) species. The nickel catalytic cycle generally
follows the process shown in Fig. 84 but in this case, two
photocatalytic cycles are proposed, suggesting this is a two-photon
process. Examples where this alternative mechanism may be in
operation are the coupling of a-chloro esters with aryl iodides
(Fig. 87a)**® and the site-selective 1,2-dicarbofunctionalization of
vinyl boronates (Fig. 87b).>*° In the former reaction, however, it
should be noted that the pathway for the formation of the
a-carbonyl radical has not been conclusively proven, it may
instead be formed by reduction from a Ni(1) or Ni(0) species

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00198a

Open Access Article. Published on 18 May 2021. Downloaded on 6/28/2026 6:33:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chem Soc Rev Review Article
a) X CHO
| Xy . 69M i) pc (5 moiw) X
) NiCl,-6H,0 (20 mol%), dtbbpy (24 mol%) _ ||
X EOT OBt —5 O, DMF, rt, 24, blue LED /\’R
ii) HCI (3 M), 2 h
X = Br, Cl, OTf, CH,CH,Br )
2xT2 Angew. Chemie. Int. Ed., 2017, 56, 1500-1505 45 -90%
b) DHP PC (3 mol%) Ar(Het)
(Het)Ar—Br + )\ [Ni(dtbbpy)(H,0),ICl, (5 mol%)
R R! Acetone, rt, 24 h, blue LED R R!
ACS Catal., 2016, 6, 8004-8008 24 -83%
DHP )WOR' PC (2 mol%) ra%<__. OR!
NiBry-dme (5 mol%), ligand (7 mol%) _
(Het)Ar—Br X Acetone, rt, 24 h, blue LED ( \
(OR)m Angew. Chemie. Int. Ed., 2018, 57, 6614-6618 (OR)m
d) 30-91%

PC (3 mol%)

Ph
N * . H
MeO O O Ph/\BFsK NiCl, (?n_leldtbbpy (12 mol%) : o N
2,6-lutidine, DMA/THF, rt, R¢=80 min 1.9 Q O
Blue LED

COzMe ChemPhotoChem, 2018, 2, 855-859
62% CO,Me
PC (2 mol%)
DHP 1 1
\g ]f“ OR NiCl,(dtbbpy)-6H,0 (6 mol%) )W OR
DMDC, acetone/’PrOAc, rt, 24 h, blue LED
(ORZ)m (ORZ)m
Angew. Chemie. Int. Ed., 2018, 57, 6610-6613 47 - 92%
H CO.H
PC (2 mol%) B Ar
A Ni(cod), (5 mol%), (S,S)-PhBox (6 mol%)
Ar™ BFsK "pioxane, 24 h, 34 W blue LED R
H O

Angew. Chemie. Int. Ed., 2017, 56, 3679-3683

(0}
Brg) . PC (2.5 mol%)
AN NiCl,-dme (5 mol%), dtbbpy (5 mol%)
\@R KH,PO,, dioxane, 16 - 36 h, 26 W CFL
= o

BF3K
Org. Lett., 2017, 19, 436-439

" Bnoto). :'CB(S (Tgl%)l-’/) bpy (12 mol%) 3"0«[10)_
_ + CO,H_NiBr mol%), bpy mol% - Ar(Het)
(HeyAr—Br - L__ K,CO3, DMF, Ny, 30 °C, 24 h -

BnO 34 W Blue LED BnO
Chem. Commun., 2019, 55, 14657-14660

>

X

R3 PC (5 mol%)

H c
\O Wz NiCl,glyme (5 mol%), dtbbpy (6 mol%)
. ., R
K

Rz Cs,CO;, DMA, 25 -30 °C, 16 -48 h

40 W Blue LED
Angew. Chemie. Int. Ed., 2020, 59, 4375-4379 11 -87%
R2
I TsN PC (4 mol%) 1
AN s R2 NiBry:DME (5 mol%), dtbbpy (10 moi%) _ R N
| - R NEt;, THF, 24 h, 450 nm photoreactor —R
= R NHTs | _~
J. Am. Chem. Soc., 2020, 142, 16, 7598-7605
30 - 88%

Fig. 85 Reaction schemes for the dual catalytic C(sp®)-C(sp?) cross-coupling reactions with Ni where 4CzIPN has proven to be the best photocatalyst.

rather than from the reduced PC. [Ir(ppy),(dtbbpy)]PFs and while the latter gave 95% when using a Hantzsch ester, HEH, as
4CzIPN were considered in the coupling of a-chloro esters with  the reductant.

aryl iodides; however, direct comparison is difficult since In the 1,2-dicarbofunctionalization of vinyl borates (Fig. 87b
neither were tested under the exact same reaction conditions. the excited PC is proposed to be reductively quenched by TMEDA
The former gave 25% yield using Cy,NMe as the sole reductant in both photocatalytic cycles with the regeneration of the PC

)249
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Fig. 86 Reaction schemes for the metallaphotocatalysis involving Ni for
C(sp®)—C(sp?) cross coupling where 4CzIPN does not give the highest final
product yield.
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Fig. 87 Reaction scheme for the C(sp®)~C(sp?) cross coupling involving
(a) a-chloro esters with aryl iodides and (b) 1,2-dicarbofunctionalization of
vinyl borates.

occurring through either SET to the Ni(1) species (as in Fig. 84) and
SET to the tertiary alkyl halide to generate an alkyl radical.
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Adv. Synth. Catal., 2020, 362, 3213-3222

Fig. 88 Reaction scheme for the coupling of alkyl bromides with vinyl
bromides. TTMS = tris(trimethylsilyl)silane.

Addition of the alkyl radical to the vinyl borate forms another
carbon-centred radical, which is captured by the Ni catalyst; at this
point the nickel catalytic cycle proceeds as normal. Stern-Volmer
quenching studies reveal that TMEDA is responsible for quenching
the luminescence of the excited PC. The presence of the alkyl
radical was confirmed by EPR spectroscopy and corroborated
by radical trapping experiments with additives such as TEMPO.
Only three PCs were considered in this reaction: 4CzIPN,
[Ir(ppy).(dtbbpy)|PFs and [Ir(ppy).(bpy)]PFs, providing yields of
86%, 53% and 62%, respectively. Notably, the organic PC was
present in 5 mol% while the iridium PCs were used at 2 mol%.
When the catalyst loading of 4CzIPN was decreased to 3 mol% the
yield decreases to 55%, comparable with the iridium PCs.

A different mechanism is proposed for the C(sp*)-C(sp?)
cross coupling of alkyl bromides with vinyl bromides (Fig. 88).>*°
Reductive quenching of the excited PC by a bromide ion yields a
bromyl radical, which can abstract a hydrogen atom from
(TMS);SiH (as shown in Fig. 53). The silyl radical formed can
then abstract a bromine from the alkyl bromide, generating the
alkyl radical. The nickel catalytic cycle occurs as usual (shown in
Fig. 84), with closure of the photocatalytic cycle occurring in
tandem with the reduction of the Ni(1) species. However, no
mechanistic evidence is provided. In the PC screen, 2 mol% of
organic PCs were compared against 1 mol% of organometallic
PCs, making direct comparison between these results difficult.
For example, 4CzIPN obtained the highest yield of 81% while
[Ir(dF(CF;s)ppy).(dtbbpy)|PFs performed the next best, giving 72%
of product. However, it is clear that 4CzIPN could photocatalyse
this reaction while eosin Y and rose bengal could not. This may
be due to the stronger photooxidising ability of 4CzIPN (E;eq* =
1.35V, 0.83 V and 0.81 V for 4CzIPN, eosin Y and rose bengal,
respectively).

The C(sp®)-C(sp®) dual catalytic cross coupling can also be
observed in the remote arylation of nitriles using aryl halides
(Fig. 89a).>*" Utilisation of alkynes instead allows for vinylation of
nitriles (Fig. 89b) while alkyl bromides can be used to alkylate the
nitrile via a C(sp*)-C(sp?) cross coupling (Fig. 89c). The proposed
mechanism involves reductive quenching of the excited PC by the
oxime radical precursor, subsequently generating an iminyl
radical (Fig. 90), which undergoes rapid ring opening, forming
a distal nitrile radical. This radical is trapped by the Ni(u) species,
forming a Ni(u) complex, which upon reductive elimination,
allows for release of the arylated product. The proposed mechanism
was based on similar work from Leonori et al.”**> A quantum
yield of 0.19 provides further support that this reaction is not a
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Fig. 90 Suggested mechanism for the dual catalytic arylation of nitriles.

radical chain process. For the arylation reaction (Fig. 89a),
4CzIPN was identified as the second best photocatalyst, obtaining
a yield of 24% in comparison to the superior 41% yield attained
with [Ir(ppy).(dtbbpy)]PFs. This is likely related to the superior
ground state reducing capacity of the iridium photocatalyst (Eeq =
—1.51 V for [Ir(ppy).(dtbbpy)|PFs and E,.q = —1.21 V for 4CzIPN),
which is needed to reduce the Ni(1) species (Eq = —1.20 V
in DMF).>*

Interestingly, in the reaction of the oxime with an alkyne
(Fig. 89b), 4CzIPN was identified as the optimal photocatalyst,
yielding 41% of product while [Ir(ppy).(dtbbpy)]PFs managed
only 33%. When using alkyl bromides as the coupling partner
(Fig. 89c), the most successful catalyst was shown to be

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review Article

[Ir(dF(CF;)ppy).(dtbbpy)]PFs, which gave 5% yield of product.
Both 4CzIPN and [Ir(ppy),(dtbbpy)|PF, yielded no product in
this case.

Although less common, C(sp*)-C(sp?) cross-coupling has also
been reported using this form of dual catalysis. Cross coupling of
alkyl halides with silicate radical precursors (Fig. 91a)*>* or
with ethers (Fig. 91b),>*® allylic alcohols with DHP radical pre-
cursors (Fig. 91¢)**® or oxabenzonorbornadiene with alkylamines
(Fig. 91d)**” have been investigated. In the former, Ni(COD), with
bpy acting as the ancillary ligand, was utilised to generate the
coupled poduct.”®* Only three PCs were tested, with both 4CzIPN
and [Ru(bpy)s](PFe), giving 22% yield of the desired product and
[Ir(dF(CF5)ppy).(bpy):JPFs performing slightly better, yielding
34% of the coupled product. Undesired homocoupling between
the alkyl halides prevented higher yields from being achieved under
these conditions; follow on mechanistic studies are currently under-
way by Fensterbank et al

In the coupling of alkyl bromides with ethers (Fig. 91b), a
proposed mechanism is shown in Fig. 92.%°> Oxidative addition
of the alkyl bromide to the Ni(0) species produces a Ni(u) alkyl
halide complex, which reductively quenches the excited PC.
Photoelimination of the Ni(m) species releases an electrophilic
bromyl radical, which undergoes HAT with the ether. The as
formed carbon-centred radical is then captured by the Ni(u)
species. Reductive elimination from the resultant Ni(ur) complex
releases the product. Both catalytic cycles close following a SET

a)
PC (5 mol%) R—R!
R—er + 0. " ) Ni(COD), (5 mol%) 9 -43%
Koo R 2,2-bipyridyl (5 mol%) -
[18-C-6] DMF, rt, 24 h, blue LED 1 oling

side product

Eur. J. Org. Chem., 2017, 2118-2121
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i 0, 0,
R—Br , R1/\0R2 Ni(acac), (5 mol%), dtbbpy (5 I'I‘IOL/o) R‘kORZ
Na,CO;, NaBr, N, 48 h
Blue LED 11 -92%
Adv. Synth. Catal., 2020, 362, 2367-2372
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OA)

40 - 82%

Org. Lett., 2019, 21, 6543-6547
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P 'l‘/
R_
‘ Zn(OTf),, DBU,DMF = Ph
N 24 h, rt, 34 W blue LED
Org. Lett., 2020, 22, 2442-2447

Fig. 91 Reaction scheme for the C(sp®)-C(sp®) metallaphotoredox cross
coupling involving a) alkyl halides and silicates, b) alkyl halides and ethers, c) allylic
alcohols with DHP radical precursors and d) oxabenzonorbornadiene and
alkylamines. DMDC = dimethyl carbonate.

20 - 80%
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Fig. 92 Viable mechanism for the C(sp®)-C(sp®) cross coupling of alkyl
halides and ethers.

from the reduced PC to the Ni(1) species. Alkyl iodides or triflates
proved unsuccessful as substrates in this reaction because they
cannot promote the HAT step. The reaction yield was dependent on
the power of the LED source, supporting a proposed two-photon
mechanism. In the PC screen, only [Ir(dF(CF;)ppy).(dtbbpy)|PFs and
4CzIPN provided any product, 82% and 65%, at 2 mol% and
5 mol%, respectively. The higher yields with the iridium PC may
be due to its stronger reduction potential in the ground state (Eyeq =
—1.37 V and —1.21 V, respectively).

Molander et al. demonstrated the photocatalyzed C(sp®)-
C(sp®) Tsuji-Trost cross coupling reaction (Fig. 91¢).>>® The
proposed mechanism (Fig. 93) involves formation of the alkyl
radical from DHP radical precursors through SET to the excited
PC. This radical is trapped by the Ni(0) complex, followed by
oxidative addition of the in situ-generated allyl methyl carbo-
nate. Reductive elimination releases the final product and the
resultant Ni(i) is reduced by the reduced PC, simultaneously
closing both catalytic cycles. Stern-Volmer quenching studies
were conducted to support this proposed mechanism, which
indicated that neither the nickel catalyst nor the allyl methyl
carbonate could quench the excited PC. A secondary kinetic

hv

* OH
R—DHP, Ni'L,,
DMDC
L.Ni'—R

Ni'lL,

Fig. 93 Proposed mechanism for the metallaphotoredox cross coupling
of allylic alcohols with DHP radical precursors.
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isotope effect (ky/kp = 1.15) was observed, supporting the
hypothesis that oxidative addition of the allyl methyl carbonate
onto the Ni(1) species is the rate-determining step. High through-
put screening was conducted to identify the optimum conditions,
with only 4CzIPN and [Ir(dF(CF;)ppy).(bpy)]PFs considered as PCs,
and both providing comparable yields.

Aminomethylation/ring opening of oxabenzonorbornadienes
(Fig. 91d) also provides a route for the formation of C(sp?)-
C(sp®) bonds via dual photoredox/Ni catalysis.*” Operating in a
similar mechanism to that illustrated in Fig. 93, the excited PC
is reductively quenched by the alkylamine, furnishing an
a-aminoalkyl radical after deprotonation. Simultaneously, oxidative
addition of Ni(0) into the C-O bond of the oxabenzonorbornadiene,
facilitated by Zn(OTf),, forms a c-allyl intermediate, which then
rearranges to a m-allyl Ni(u) species. Addition of the a-aminoalkyl
reagent to the Ni(u) species forms a Ni(m) complex. Reductive
elimination affords the final product. SET from the reduced PC to
the Ni(1) species closes both catalytic cycles. The addition of TEMPO
quenches the reaction, confirming this to be a radical process. The
most efficient quenching of the excited PC, as confirmed by Stern—
Volmer experiments, was by the alkylamine, while DBU only
moderately quenched the luminescence. No photocatalyst screen
was conducted in this study, only 4CzIPN was employed and
provided yields of 20-80%. However, for five alkylamine substrates,
4CzIPN gave 0% yield and instead, [Ir(dF(CF;)ppy),(dtbbpy)]PFs was
used as the PC, providing yields between 45-80% for these
substates. The authors propose no reasoning for this and
acknowledge that both PCs should be capable, thermodynamically,
of photooxidising all the alkylamines utilised in the substrate scope.

A further example of C(sp®)-C(sp®) cross-coupling, although
proceeding slightly differently mechanistically, involves the
coupling of aliphatic alcohol derivatives with alkyl halides
(Fig. 94a). The same protocol can also be applied to C(sp®)-
C(sp®) cross-coupling when used with aryl halides (Fig. 94b).>*®
The putative mechanism is shown in Fig. 95 and reflects the
general mechanism shown in Fig. 84, except the formation of
the alkyl radical differs. In this instance, B-scission of the
aliphatic alcohol derivative generates an alkyl radical. The
excited PC is reductively quenched instead by a Hantzsch ester.
An association constant of 2.9 M~ between the Hantzsch ester

PC (2 mol%)

o] OPhth NiCl;*6H,0 (10 mol%) o] R!
ligand (15 mol%), K,CO;,

Br DMF, HE, Mg(OEt),, 40°C,

Blue LED

J. Am. Chem. Soc., 2020, 142, 20594-20599

a)

PC (2 mol%) R R’

R3 Het NiBryediglyme (10 mol%)
I dtbbpy (15 mol%), K,CO3 =
OPhth 3—Het
NS

NMP, HE, 40°C, blue LED R

J. Am. Chem. Soc., 2020, 142, 20594-20599 4-97%

Fig. 94 Reaction scheme for the C(sp®)-C(sp®) and (b) C(sp?)-C(sp®)
cross coupling of aliphatic alcohol derivatives with a) alkyl and (b) aryl
halides. HE = Hantzsch ester.
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Fig. 95 Putative mechanism for the C(sp?)—~C(sp®) cross-coupling of aryl
halides with aliphatic alcohol derivatives.

and the alcohol derivate implies an electron donor-acceptor
(EDA) complex is formed between the two prior to homolytic
cleavage. Both 4CzIPN and [Ir(ppy).(dtbbpy)]PFs afforded the
same amount of product (84% and 87%, respectively), while
[Mes-Acr|ClO, and [Ru(bpy);]Cl, provided similar yields (54%
and 51%, respectively). These results correlate generally to the
ground state reduction potential of the PC (E,q = —1.51 V,
—1.21 V and —0.57 V for 4CzIPN, [Ir(ppy).(dtbbpy)]PFs and
[Mes-Acr|ClOy, respectively). For [Ru(bpy);]Cl,, however, the low
photooxidising ability of this PC may be responsible for its
lower yield (E..q* = 0.77 V and 1.35 V for [Ru(bpy);]Cl, and
4CzIPN, respectively).

Photoredox/nickel cross-coupling reactions have been developed
to promote the carboxylation of aliphatic and aromatic bromides
and triflates (Fig. 96)>*° which may be classified as C(sp*)-C(sp)
cross-coupling. In this case, the nickel catalyst is NiBr,.glyme in
combination with neocuproine. The initial Ni(u) catalyst is first
thought to be reduced to a Ni(0) species, before undergoing
oxidative addition with the aryl halide. Reductive quenching of
the photocatalyst by a Hantzsch ester is observed before the reduced
photocatalyst is used to reduce the Ni(u) species. The putative
mechanism involves carboxylation of the in situ formed Ni(1)
complex, followed by product dissociation and regeneration of the
Ni(u) catalyst (Fig. 97). In the carboxylation of bromobenzene,
[Ir(dF(CFs)ppy),(dtbbpy)]PFs, 4CzIPN and [Ir(dF(CF;)ppy).(bpy)]PFs
all yielded essentially the same product yield (46%, 45% and 40%,
respectively). Other PCs considered were considerably worse,

i) PC (1 mol%)

R—8r NiBr,-glyme (10 mol%) R—COH
or . co, neocuproine (20 mol%) 38 - 69%
HEH, 4 A MS, K,CO,
Ar—X DMF, rt, 24 h, blue LED Ar—CO,H
= ii)HCI (2 M
X = Br or OTf ) 2m 41 -93%

Angew. Chemie. Int. Ed., 2017, 56, 13426-13430

Fig. 96 Reaction schemes for the metallaphotocatalysis mediated
carboxylation of alkyl or aryl halides or triflates.
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Fig. 97 Viable mechanism for the carboxylation aryl bromides using
combined photo and nickel catalysis (where L = neocuproine and HEH =
Hantzsch ester).

including [Ru(bpy)s](PFe), (3%) and fac-Ir(ppy); (5%). The
excited photocatalyst must first be capable of oxidising the
Hantzsch ester (Eoy = 0.887 V),2°° which explains why low yields
were obtained for [Ru(bpy)s;](PFs), (Erea® = 0.77 V) and fac-
Ir(ppy)s (Erea* = 0.31 V). Secondly, the ground state reduction
potential of the photocatalyst must be sufficiently negative in
order to reduce the Ni(u) species (Ereq & —1.2 V),2®" which is
easily achieved by [Ir(dF(CF;)ppy).(dtbbpy)]PFs, [Ir(dF(CFs;)-
pPpy)2(bpy)]PFs and 4CzIPN. It should also be noted that the
NiBr,.glyme (Eq = —1.70 V vs. Fc/Fc') was shown by Stern-
Volmer quenching studies to be capable of oxidatively quenching
4CzIPN, as does the in situ generated LNiBr, (Epeq = —1.27 V vs.
Fc/Fc'), despite this not being a thermodynamically favourable
process (Eox* = —1.04 V for 4CzIPN). Both of these processes occur
at a slower rate than the quenching from the Hantzsch ester
(Ksy = 0.18 M™%, 0.20 M~ " and 0.61 M~ for NiBr,, LNiBr, and
Hantzsch ester, respectively).

The combination of photocatalysis with nickel catalysis for
cross-coupling reactions has also been extended to C(sp)-S bond
formation to form alkynyl sulfides in flow (Fig. 98).>°> The
proposed mechanism invokes a two photon process, whereby
the excited PC is first reductively quenched by the thiol, which
after deprotonation, results in a thiyl radical. The reduced PC is
then proposed to reduce the nickel catalyst, NiCl,.dme (in the
presence of pyridine acting as the ancillary ligand), to generate
the active Ni(1) species. This Ni(1) complex traps the thiyl radical,
generating a Ni(i) complex, which is subsequently reduced by
the reduced photocatalyst. Oxidative addition to the resultant

PC (2 mol%) R
NiCl,.dme (10 mol%) > RI—— s/
Pyridine, MeCN/DMF, rt
R¢ = 30 min, blue LED

Angew. Chemie. Int. Ed., 2017, 56, 12255-12259

R—SH + Br———R!

50 - 96%

Fig. 98 Reaction scheme for the formation ok alkynyl sulfides.
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Fig. 99 Plausible mechanism for the photo/nickel catalysed formation of
alkynyl sulfides.

Ni(1) complex followed by reductive elimination closes the nickel
catalytic cycle as well as generating the required alkynyl sulfide
(Fig. 99). Although two reduction steps involving the PC are
proposed, no mechanistic support of this is provided. This
reaction has been shown to work in both the presence and
absence of the nickel catalyst (96% and 28%, respectively),
although a much higher product yield is obtained when the
dual catalysis is in operation. In choice of PC, 4CzIPN proved far
superior in comparison to the other PCs, obtaining 96% yield of
product while the second-best PC, [Ir(dF(CFs)ppy).(bpy)]PFs, resulted
in only 46% yield and the third best, [Ir(dF(CF;)ppy).(dtbbpy)]PFs
formed 24%. There seems to be a correlation between the decreasing
excited state oxidation potential and the decreasing yield
(Erea* = 1.35V, 1.32 V and 1.21 V, respectively).

Finally, photoredox/nickel cross coupling can be applied to a
cascade coupling reaction, generating three new bonds in one
synthetic step when using a combination of a diene, a substituted
sulfinates and an aryl(hetero) halide (Fig. 100).>** The sulfinate
reductively quenches the excited PC, generating the sulfonyl
radical, which then undergoes a radical cascade cyclisation with
the diene, yielding a C-centred radical (Fig. 101). This radical is
then captured by the Ni(0) catalyst followed by oxidative addition
of the aryl halide. The resultant Ni(ur) complex undergoes reductive
elimination to release the product, with the Ni(i) being reduced by
the reduced photocatalyst, concomitantly closing both catalytic
cycles. This proposed mechanism has been supported by

Et0,C SO,Ph
EtO,C
/ X PC (1 mol%)
Et0,C N ;
2C/,, | NiCl,*6H,0 (10 mol%)
Et0,C /Z  dtbbpy (15 mol%)

N R

PhSO;Na

MeCN, rt, 24 -36 h |
Blue LED
ue R

Angew. Chemie. Int. Ed., 2020, 59, 457-464 46 -99%

Fig. 100 Reaction scheme for the dual catalytic cascade coupling reac-
tion of dienes, sulfinates and aryl halides.
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Et0,C
EtO,C 02"“

Fig. 101 Proposed mechanism for the dual catalytic radical cascade
coupling involving dienes, sulfinates and aryl halides.

Stern-Volmer quenching experiments, showing the sulfinate
to be responsible for the PC quenching. Radical inhibition
experiments with TEMPO also confirmed the presence of radicals
in this process, while stoichiometric studies with a Ni(u)-ArCl
complex resulted in none of the desired product, suggesting a
Ni(u)-aryl species is not present in the catalytic cycle. Photocatalysts
4CzIPN, [Ir(ppy).(dtbbpy)]PFs and [Ir(dF(CFs)ppy).(dtbbpy)]PFs all
provided comparably high yields (89%, 91% and 88%, respectively)
although 4CzIPN was used with 2.5 mol% loading while the iridium
photocatalysts were used at 1 mol%. Ruthenium photocatalysts
tested, including [Ru(bpy)s](PFs),, proved far inferior, managing
only 20% yield of product. Rueping et al. suggested this difference
in yield is due to the lower photooxidising capacity of the ruthenium
photocatalyst in comparison to the others (E..q* = 0.77 V for
[Ru(bpy);](PFs), in comparison to E.q* = 1.35 V and 1.21 V for
4CzIPN and [Ir(dF(CF;)ppy).(dtbbpy)]PFs, respectively), making
the oxidation of PhSO,Na (E, = 0.5 V)*** more challenging.
However, this explanation does not account for the success of
[Ir(ppy).(dtbbpy)]PFs, which is an even worse photooxidant
(Erea® = 0.66 V), which suggests something other than these
thermodynamic parameters is significant here.

Photoredox/palladium cross-coupling reactions

Several reports exist merging photocatalysis with palladium-
catalysed cross-coupling, for example decarboxylative formylation
of aryl halides (Fig. 102a), acetoxylation of oximes (Fig. 102b),
hydroxylation of arenes (Fig. 102c and d), and decarboxylative
alkenylation of aliphatic carboxylic acids (Fig. 102¢). In the former
reaction, photoinduced decarboxylation of glyoxylic acid under a
reductive quenching cycle, results in the formation of a formyl
radical.>®® This then coordinates to a palladium(u) species
generating transiently a Pd(m) complex that is reduced to a
Pd(u) complex by the reduced PC, closing the photocatalytic cycle.

This journal is © The Royal Society of Chemistry 2021
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Fig. 102 Reactions scheme for metallaphotocatalysis involving palladium

where (a) decarboxylative formylation of aryl halides, (b) acetoxylation of

oximes, (c and d) hydroxylation of arenes (DG = donor group) and

(e) decarboxylative alkenylation of aliphatic carboxylic acids with vinyl arenes.

This Pd(u) complex then undergoes reductive elimination, ejecting
the formylated product, regenerating the Pd(0) catalyst, which is
then free to undergo another oxidative addition with the aryl
halide (Fig. 103). 4CzIPN gave higher product yields in comparison
to [Ir(dF(CF;)ppy).(dtbbpy)]PFs (78% and 51%, respectively),
although both achieved 100% reaction conversion. This suggests
that the iridium photocatalyst allowed for a greater formation of
the hydrodeiodination by-product, which was observed in only ~
10% yield for 4CzIPN. This reaction can be considered a C(sp*)-
C(sp®) coupling and proceeds in a very similar manner to the
photoredox/Ni dual catalysis described previously. Although none
of the Ni examples given involved C(sp®)-C(sp®) coupling, a study
by Wang et al also involved the formylation of aryl halides;
however, in this particular case the carboxylic acid was used to
generate the C(sp®) radicals.*' In the formylation of 4-bromo-
benzonitrile, Wang et al. obtained a 75% yield using Ni as the
co-catalyst, while Fu et al. obtained 68% with a Pd co-catalyst,
demonstrating that both procedures are similarly successful for
the formylation of arenes.

More commonly, 4CzIPN has been reported to work in
tandem with the palladium catalyst Pd(OAc), under an oxidative
quenching mechanism. Examples include the acetoxylation of
oximes (Fig. 102b)*®° or the hydroxylation of arenes (Fig. 102¢ and
102d).>°*%” The proposed mechanism for these reactions is

This journal is © The Royal Society of Chemistry 2021
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Ar—X

PdOL,

Fig. 103 Working mechanism for the photoredox/Pd catalysed formyla-
tion of aryl halides.

shown in Fig. 104.>°® Oxidative quenching of the excited PC by
oxygen generates the superoxide radical anion as well as the
oxidised PC. Cyclopalladation of the oxime or arene generates the
Pd(u) complex, which is oxidised by both the oxidised PC and
the superoxide radical, resulting in a Pd(v) species. Reductive
elimination of the acetoxylated product closes the Pd-based
catalytic cycle. A hydrolysis step then ensues for the hydroxylation
reaction. The presence of the superoxide radicals was confirmed
by EPR spectroscopy and an observed kinetic isotope effect
suggested C-H bond cleavage may be the rate-determining
step. Optimisation of the photocatalyst was considered for the
acetoxylation reaction, with 4CzIPN proving superior to eosin Y,
rose bengal and [Ru(bpy);]Cl, (69%, 21%, 17% and 57%).

HOZCR DG, _0,CR '0'2
|| +e
P PC
02
pC*
Pd(Och)z 0,* /
DG OZCR PC~"hv
0. R DG\ 0,CR
hig P
o | \L
H,0 0,CR
R =CF,
DG
OH

Fig. 104 Proposed mechanism for the acetoxylation of oximes and
hydroxylation of arenes. DG = oxime for acetoxylation reaction and donor
group for hydroxlation reaction.
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Fig. 105 Proposed mechanism for the hydroxylation of arenes using
photoredox and palladium dual catalysis where DG is pyridine or
benzothiazole.

The photocatalyst is required to oxidise the Pd(u) complex, which
has an oxidation potential of E,, = 0.83 V,>*® which explains the
lower yields of the other organic photocatalysts in comparison to
4CzIPN (E,, = 0.78 V, 0.84 V and 1.52 V for eosin Y, rose bengal
and 4CzIPN, respectively). For [Ru(bpy)s]Cl, the lower yield can be
explained by the excited state oxidation potential, which must be
sufficiently negative to reduce oxygen to the superoxide radical
anion (E.q = —0.86 V);>* hence, this process is more thermo-
dynamically challenging for the ruthenium photocatalyst in
comparison to 4CzIPN (E,* = —0.81 V and —1.04 V for
[Ru(bpy)s]Cl, and 4CzIPN, respectively).

In the case of hydroxylation of arenes (Fig. 102d), the excited
PC is used to reduce the hydrogen abstractor BrCCl; (Fig. 105) and
then also to promote the oxidation of a transient Pd(m) species to
Pd(w), closing the photocatalytic cycle, prior to reductive elimination
of product in the Pd-based catalytic cycle.”®” Only organic photo-
catalysts were considered in this study of which 4CzIPN provided
the highest yield of 67% in comparison to eosin Y at 45%, which
was the next best PC. Analogously to the previous example, this is
likely due to the greater ground state oxidising capacity of 4CzIPN
(Eox = 1.52 V and 0.78 V for 4CzIPN and eosin Y).

Despite having compatible redox potentials, 4CzIPN was an
unsuitable photocatalyst for the cis-selective decarboxylative
alkenylation of aliphatic carboxylic acids (Fig. 102e), giving 0%
yield.>”® This is hypothesized to be due to its incompatibility
with the palladium catalyst under the required reaction conditions,
although no further investigation was undertaken. Instead,
[Ir(dF(CF;)ppy)(dtbbpy)]PFs was found to be the best photo-
catalyst, giving an 80% yield.

Photoredox/cobalt dual catalysis

A third example of metallaphotocatalysis employs a cobalt
co-catalyst, examples of which are the cross-dimerization of
two alkynes to form 1,3-enynes (Fig. 106a),>”* the isomerisation
of alkenes (Fig. 106b)*”> the olefination of alkyl halides
(Fig. 106¢),"®® the allylic alkylation (Fig. 106d),””* the desulfonyla-
tive allylic substitution (Fig. 106e)*”* and the decarboxylation of
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Fig. 106 Reaction schemes for the Co/PC dual catalysis of (a) cross-
dimerisation of two alkynes (b) isomerisation of alkenes, (c) olefination of
alkyl halides, (d) allylic alkylation, (e) desulfonylative allylic substitution and
(f) decarboxylation of a-ketoacids to allylic ketones.

o-ketoacids to allylic ketones (Fig. 106f).>”> The optimized condi-
tions identified for the former reaction used a combination of
Co(BF,),-6H,0 with 1,3-bis(diphenylphosphino)propane (dppp) as
an ancillary ligand and 4CzIPN as the photocatalyst. An oxidative
quenching mechanism is proposed (Fig. 107) whereby two equiva-
lents of the excited photocatalyst reduces the cobalt(u) catalyst to a
Co(0) species, with DIPEA (N,N-Diisopropylethylamine) added as a
putative sacrificial electron donor to regenerate the photocatalyst.
A third equivalent of photocatalyst is then invoked by the authors
to access a Co(1)/Co(m) catalytic cycle. Deuterium labelling
experiments conducted indicated the likelihood of the oxidative
addition and migratory insertion steps in the cobalt catalytic
cycle. Only 4CzIPN and [Ir(dF(CF;)ppy).(dtbbpy)|PFs were con-
sidered as photocatalysts, with respective yields of 71% and 28%.
The difference in yields is possibly linked to the greater reducing
capacity of the excited state for 4CzIPN (E,* = —1.04 V and

This journal is © The Royal Society of Chemistry 2021
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Fig. 107 Proposed mechanism for the metallaphotocatalysis reaction
involving a cobalt catalyst in the cross-dimerization of two alkynes.

—0.89 V for 4CzIPN and the iridium PC, respectively), making the
reduction of the Co(u) complex more facile, particularly since
an analogous Co complex Co(dppp)Br, exhibited a reduction
potential of E,.q & —0.6 V.>°

Dual catalysis involving 4CzIPN and Co(acac),
reported for the isomerisation of alkenes (Fig. 106b). The
presence of 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
(Xantphos) or (oxydi-2,1-phenylene)bis(diphenylphosphine)
(DPEphos) as a ligand is used to control the regio- and stereo-
selectivity of the reaction.””> A Hantzsch ester is employed as a
sacrificial reductant of the excited PC, and the resulting reduced
PC then catalyses the reduction of the Co(u) catalyst to a Co(r)
species (Fig. 108). The reaction was shown to proceed in the
absence of 4CzIPN, indicating direct reduction of Co(u) by the
photoexcited Hantzsch ester is likely to occur as an alternative
pathway. Photocatalysts other than 4CzIPN were not considered
in this reaction; noteworthy is that 4CzIPN provided very high
yields of 91-98% yield in the five substrates tested.

The combination of a PC with Co(dmgH)(dmgH,)Cl, (dmg =
dimethylglyoximate) has been shown to promote the olefination
of alkyl halides through the creative use of amino radicals as
halogen atom transfer (XAT) agents. (Fig. 106¢).'*® The excited
PC is reductively quenched by triethylamine (TEA), forming the
amino radical cation, which abstracts a halogen from the alkyl

has been
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Fig. 108 Plausible mechanism for the dual catalytic isomerisation of
alkenes.

halide (Fig. 109). Closure of the photocatalytic cycle involves the
reduced photocatalyst reducing a Co(m) species. A quantum
yield of 0.01 suggests this is not a radical chain process. Leonari
et al. have utilised this technique of XAT agents in combination
with hydrogen atom transfer (HAT) catalysts for deuteration,
alkylation and allylation of aryl and alkyl halides; however, in
the olefination of alkyl halides, a Co complex is also used as the

©)
H2 H
[CO“'] [CO"']—
{1}
NEt, [c° ]
— [CO“] 1 R
~NEt,
X R2
/ R! R2 R! J\/\ R
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R? /\ R2
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Fig. 109 Suggested mechanism for the olefination of alky halides using
dual PC and Co catalysis with amino radicals as XAT agents.
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second catalyst. Photocatalyst screening was conducted in the
alkylation reaction and applied throughout the study; hence,
only 4CzIPN was considered as the photocatalyst for this
olefination reaction. For more information about the study,
refer to section on dual catalysis with HAT catalysts.

In the allylic substitution reactions (Fig. 106d and e), CoBr,
in the presence of the ancillary ligand dppp is used in combination
with 4CzIPN.>”**"* As the desulfonylative substitution (Fig. 106€) is
a subsequent study by the same group as the allylic alkylation
reaction (Fig. 106d), the same optimized conditions and mecha-
nistic suggestions proposed in the initial study were used. Thus,
only in the allylic alkylation from Fig. 106d will be discussed. The
basic mechanistic proposal involves reductive quenching of the
excited PC by the additive, DIPEA, with the reduced PC then
serving to reduce the Co(u) species to the catalytically active Co(1)
complex. Oxidative addition of the allylic electrophile forms a n-
allyl Co(m) intermediate, which upon attack from the nucleophile,
releases the final product and regenerates the Co(i) species. A
quantum yield of 0.13 was obtained, suggesting that this reaction
does not proceed via a radical chain process.

[Ir(dF(CFs)ppy).(dtbbpy)]PFe, eosin Y and 4CzIPN were tested in
the PC screen, providing yields of 41%, 59% and 64%, respectively,
hence 4CzIPN was selected for further optimization. As the most
photooxidising PC, this may be why 4CzIPN performed the best
(Erea® = 1.35 V, 0.83 V and 1.21 V for 4CzIPN, eosin Y and
[Ir(dF(CF;)ppy).(dtbbpy)]PFs, respectively); however, the trends in
E..q* do not explain the relative product yields. Eosin Y has the
lowest E..q* but provided comparable yields to 4CzIPN and out-
performed the Ir PC.

Finally, for the decarboxylation of a-ketoacids to allylic ketones
(Fig. 106f),>”> the proposed mechanism is similar to that shown in
Fig. 109. Reductive quenching of the excited PC by the a-ketoacid
carboxylate yields a benzoyl radical after decarboxylation. This
radical then adds to the methacrylate derivative with the formed
alkyl radical trapped by the Co(u) catalyst. Cleavage of Co-C bonds
and B-H elimination allows release of the final product. Closure of
both catalytic cycles occurs as in Fig. 109. Stern-Volmer quenching
experiments indicated that the a-ketoacid could only quench the
luminescence of the PC in the presence of base. Using TEMPO
inhibited product formation and an adduct with the benzoyl
radical was detected, providing evidence of the presence of this
radical species. Of the PCs tested, only 4CzIPN yielded any product
(85%) while the use of [Ru(bpy);](PFs), and [Mes-Acr|ClO, yielded
no product. Oxidation of phenylglyoxylic carboxylate is moderately
challenging (E.x = 0.98 V vs. SCE), which may explain why the
ruthenium PC was unsuccessful in this reaction (Eq* = 0.77 V
and 1.35 V for [Ru(bpy);](PFs), and 4CzIPN, respectively). Despite
[Mes-Acr|ClO, being capable of this SET (E.q* = 2.06 V), the
limited reducing ability in the ground state may act as a barrier
to it being effective in this reaction (E,q = —0.57 Vand —1.21V for
[Mes-Acr]ClO, and 4CzIPN, respectively).

Photoredox/titanium dual catalysis

The fourth example of metallaphotocatalysis involves the use of

a titanium complex as the additional catalyst. This can be

applied to the spirocyclisation of epoxides (Fig. 110a),%”” the
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Fig. 110 Reaction scheme for the (a) spirocyclisation of epoxides, (b)
Barbier allylation of aldehydes and ketones and (c) the allylation of
carbonyls with 1,3-butadiene.

Barbier allylation of aldehydes and ketones (Fig. 110b)*”® and
the allylation of carbonyls with 1,3-butadiene (Fig. 110¢)*”® all
of which use Cp,TiCl, as the titanium catalyst of choice. In all
reactions, the plausible mechanism involves reduction of the
Cp.,TiCl, catalyst to a Ti(u) species by the excited photocatalyst.
Closing of the photocatalytic cycle is obtained by oxidation of a
Hantzsch ester (HE) by the oxidised photocatalyst. For the
spirocyclisation of epoxides, the proposed mechanism is depicted
in Fig. 111. Reductive opening of the epoxide is stimulated by the
Ti(ur) complex, generating the Ti(iv) complex, whereby the carbon

o=

X \‘-T,i,'v
>»/ I
/—:
X

%Xf@ "-

X

Fig. 111 Possible mechanism for the spirocyclisation of epoxides using
metallaphotocatalysis, where HE is the Hanztsch ester.
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centred radical adds intramolecularly to the alkyne functionality,
producing the spirocyclic structure. The resultant vinyl radical
abstracts a proton from the oxidised HE and the product is
released from the Ti(iv) complex, completing the titanium
catalytic cycle.

Stern-Volmer experiments conducted in all cases indicated
that both the titanium catalyst and the HE can quench the
emission of the excited photocatalyst, suggesting the possibility
of both an oxidative and reductive quenching mechanism,
although Shi et al. proposed the oxidative quenching mechanism
showing in Fig. 111 since quenching with the titanium catalyst
oceurs faster (kg = 3.9 x 10° Lmol 's™ " and 4.5 x 10’ Lmol 's™*
for Cp,TiCl, and HE, respectively, with [Ir(ppy),(dtbbpy)]PFs). For
the Barbier allylation reaction, allyl bromide could also quench
the PC, although at a slower rate than Cp,TiCl, (kq = 3.3 X
10° L mol ' s ' and 5.8 x 10® L. mol " s~ for Cp,TiCl, and allyl
bromide, respectively, with 4CzIPN).>’® Again, in the allylation
with 1,3-butadiene, BrCF,CO,Et could also act as a quencher
but at a much slower rate (kq = 3.65 x 10° L mol ' s™" and
3.05 x 10’ L mol " s™* for Cp,TiCl, and BrCF,CO,Et, respectively,
with [Ir(dF(CFs)ppy),(dtbbpy)]PFs.

Quantum yields of 0.016 and 0.08 were obtained for
the Barbier allylation reaction and the allylation reaction with
1,3-butadiene, respectively, which suggest that a radical-chain
mechanism is unlikely in both reactions.

Photocatalysts including 4CzIPN, [Ir(ppy).(dtbbpy)]PFs and
[Ir(dF(CF;)ppy),(dtbbpy)|PFs all achieved the same high yields in
the spirocyclisation of epoxides (94%, 95% and 94%, respectively)
and in the allylation with 1,3-butadiene (85%, 86% and 89%,
respectively) while [Ru(bpy);](PFs), proved much less successful
(24% and 0% yield, in the two reactions, respectively).?””*”®
Similarly, in the Barbier allylation, 4CzIPN and [Ir(dF(CF3)ppy).-
(dtbbpy)]PFs behaved comparably (92% and 86%, respectively),
while [Ru(bpy)s](PFs), was unsuccessful (0% yield). Reduction of
the Cp,TiCl species is fairly facile (Ey.q = —0.22 V) so in terms of
thermodynamics, should be feasible for all photocatalysts
(Eox* = —1.04 V, —0.96 V, —0.89 V and —0.81 V and for 4CzIPN,
[Ir(ppy)2(dtbbpy)]PFs, [Ir(dF(CFs)ppy).(dtbbpy)|PFs and [Ru(bpy)s}-
(PFe), respectively). Hence, maybe the difference in yield is more
related to regeneration of the photocatalyst (Eo = 1.52 V, 1.21 V,
1.69 V and 1.29 V for 4CzIPN, [Ir(ppy).(dtbbpy)]PF,
[Ir(dF(CF;)ppy).(dtbbpy)|PFs and [Ru(bpy)s](PFs),), respectively).
Alternatively, since the possibility of a reductive quenching
mechanism has already been suggested, this could be a reason
for low yields for some photocatalysts.

Photoredox/iron catalysis

Two examples exist depicting the use of 4CzIPN in combination
with an iron co-catalyst: the acylarylation of unactivated alkenes
towards the synthesis of 3-(a-acyl) indolines (Fig. 112a);**° and
the reduction of CO, (Fig. 112b).*®' In the former, FeCl, was
used as the iron catalyst, which was proposed to reductively
quench the excited PC (Fig. 113). The photocatalytic cycle is
closed by SET from the reduced PC to di-tert-butyl peroxide
(DTBP), forming a tert-butanolate anion and a tert-butoxyl radical.
The latter abstracts a hydrogen from the aldehyde reagent,
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a) PG
=
/()—'m PC (1 mol%)
PG P
N FeCl, (5 mol%)
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RS0 ~+ DTBP, PhCLAT, rt -
24 h, blue LED R® 19-91%
R2 R

Org. Biomol. Chem., 2020, 18, 5660-5665

> coT

TON: 17 - 246

b) PC (50 uM)

Fe(Totpy) (10 uM)
NEt;, DMF, 3 h, rt
White LED (420 - 650 nm)

Chem. Commun., 2020, 56, 12170-12713

Fig. 112 Reaction scheme for the dual photoredox/Fe catalysis for the
acylarylation of unactivated alkenes. PG = protecting group.

AroC

Fig. 113 Viable mechanism for the dual photoredox/Fe catalysis for the
acylarylation of unactivated alkenes.

producing an acyl radical that can add to the alkene. From this
adduct, rapid intramolecular radical trapping by the N-aryl
moiety occurs, forming the dearomatized aryl radical, which is
then oxidised by the Fe() species, closing the iron catalytic cycle.
Finally, a deprotonation step occurs to yield the 3-(a-acyl) indoline.
Addition of TEMPO prevented the formation of the final product
and instead, and adduct with the acyl radical formed, demon-
strating its presence as an active species in the reaction. A
primary kinetic isotope effect value of 1.3 implies that C-H bond
cleavage of the N-aryl moiety is unlikely to be involved in the rate
determining step. A quantum yield of 0.24 was obtained; however,
the authors suggested a radical chain process may exist.

Of the six PCs screened, only 4CzIPN and fac-Ir(ppy); provided
product (62% and 52%, respectively), with the likes of eosin Y
and [Mes-Acr|ClO, giving no/trace product. These results may be
linked to the ground state reduction potential of the PC (E;eq =
—1.21V, —2.19V, —1.06 V and —0.57 V for 4CzIPN, fac-Ir(ppy)s,
eosin Y and [Mes-Acr]ClO,, respectively). Additionally, the
stronger photooxidising capacity of 4CzIPN in comparison to

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7635
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Fig. 114 Putative mechanism for CO, reduction using dual photoredox/
Fe catalysis.

fac-Ir(ppy); may contribute to the difference in yields obtained
for these two (Er.q* = 1.35 V and 0.31 V, respectively).

A terpyridine-Fe(ur) complex was used as the metal catalyst
for the reduction of CO, (Fig. 112b).2®! Reductive quenching of
the excited PC occurs by the sacrificial electron donor NEt;, as
confirmed by Stern-Volmer quenching experiments. The
reduced PC can then reduce the Fe(in) catalyst to Fe(u), with a
second reduction step, proposed to occur from the reduced PC,
invoked to generate a Fe(1) species (Fig. 114). The Fe(r) complex
undergoes disproportionation to yield both an Fe(u) complex
and the active Fe(0) species. Coordination of CO, to this Fe(0)
species is followed by protonation, the cleavage of a C-O bond
and the release of water. The final CO is liberated by replacement
with a chloride ion or solvent to close the iron catalytic cycle. The
evolution of two absorption bands at 620 nm and 798 nm upon
irradiation implied the formation of the Fe(i) species. 4CzIPN
proved to be much more successful in this reaction than the other
PCs investigated, providing a turnover number (TON) of 244 while
the next best PC, [Ru(bpy);]**, could manage only 17. The higher
TON obtained by 4CzIPN compared to [Ru(bpy)s]** (Erea* = 1.35 V
and 0.77 V, respectively) may be related to its greater driving force
for the photooxidation of NEt; (Eox = 0.77 V vs. SCE).

Photoredox/chromium catalysis

The penultimate example of metallaphotocatalysis involves
the use of chromium chloride as the metal co-catalyst in the
dialkylation of 1,3-dienes (Fig. 115).>** Reductive quenching of
the excited photocatalyst by a Hantzsch ester is proposed to
occur, forming an alkyl radical and pyridinium (py) cation pyH"
(Fig. 116). The alkyl radical can then add to the diene, with the
resultant radical being trapped by the Cr(u) catalyst. A chromium
alkoxide is then proposed to form via a six-membered Zimmer-
man-Traxler transition state upon addition of the aldehyde.?®*>%*
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Fig. 115 Reaction scheme for the dialkylation of 1,3-dienes using metal-
laphotocatalysis with chromium chloride.

Fig. 116 Putative mechanism for the dialkylation of 1,3-dienes using
metallaphotocatalysis with chromium chloride.

Release of the product is realised upon hydrolysis by the pyridi-
nium cation, whereby closure of both catalytic cycles occurs
through SET from the reduced photocatalyst to the Cr(in)
complex. Support of this putative mechanism is obtained from
Stern-Volmer quenching experiments, which reveal that only the
Hantzsch ester can quench the excited PC. Addition of TEMPO
inhibits the reaction, with an alkyl TEMPO adduct being isolated,
indicating the formation of an alkyl radical in the process. The
quantum yield of the reaction was determined to be 0.09 suggesting
this is not a radical chain process. Only four photocatalysts were
considered, with 4CzIPN greatly outperforming its competitors
(76% isolated yield comparison to 35%, 25% and 5% GC-FID yields
obtained with [Ir(dF(CF;)ppy).(dtbbpy)|PFs, [Ir(ppy).(dtbbpy)]PFs
and [Ru(bpy)s](PFe),, respectively, under the same conditions).
These yields correlate with the photooxidising ability of the PC
(Frea*=1.35V,1.21V, 0.66 V and 0.77 V for 4CZIPN, [Tr(dF(CFs)ppy).-
(dtbbpy)]PFs, [Ir(ppy),(dtbbpy)]PFs and [Ru(bpy)s](PF)., respectively).
This is reasonable since the oxidation potential of the Hantzsch ester
is Eg = 1.10 V.2

Photoredox/copper catalysis

The final example of metallaphotocatalysis utilises a copper
complex co-catalyst, for example in the decarboxylative radical
sulfonylation reaction to form C(sp®)-S bonds (Fig. 117a)>*°
or the decarboxylative hydroalkylation of alkynes (Fig. 117b).>%

This journal is © The Royal Society of Chemistry 2021
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Fig. 117 Reaction scheme for photoredox/Cu dual catalysis where (a) is
the decarboxylative radical sulfonylation reaction and (b) is the decarboxylative
hydroalkylation of alkynes.

In the former reaction, the excited PC is proposed to reduce the
N-hydroxyphthalimide, which readily forms an alkyl radical
(Fig. 118). Simultaneously, the sulfinate anion is coordinated to
the Cu(u) catalyst to produce the Cu(u)-SO,R intermediate, which
is intercepted by the alkyl radical to yield the sulfone product and
a Cu(i) species. Oxidation of the Cu(i) complex by the oxidised PC
closes both catalytic cycles. Evidence for this mechanism is
provided in the form of Stern-Volmer quenching experiments,
which showed N-hydroxyphthtalimide to be the most efficient
quencher of the excited PC. Radical trapping experiments, with
1,1-diphenylethylene for example, provided proof of the presence
of alkyl radicals while reaction of Cu(u) p-toluenesulfinate with an
ethyl radical precursor yielded an ethylsulfone as expected,
suggesting the Cu(u) species does act to assist RSO, group
transfer. When optimising reaction conditions with primary alkyl
acids, [Cu(NCMe),|BF, was first used as the copper source, which
provided 59% yield with 4CzIPN as the PC. All other PCs considered
were transition metal complexes and under these conditions these
managed between 8-39% yield, with [Ir(dF(CF;)ppy),(dtbbpy)]PFs
providing the highest yield. The greater yield provided by 4CzIPN

Fig. 118 Putative mechanism for the photoredox/Cu catalysed decarbox-
ylative radical sulfonylation reaction.
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seems linked to its photoreducing ability (E.* = —1.04 V and
—0.89 V for 4CzIPN and [Ir(dF(CF3)ppy),(dtbbpy)]PFs, respectively).

The proposed mechanism for the dual photoredox/Cu cata-
lysed decarboxylative hydroalkylation of alkynes (Fig. 117b) is
shown in Fig. 119. In this case, photocatalytic cycles involving
both electron and energy transfer are proposed. Firstly, the
excited PC is proposed to be reductively quenched by both
a-amino and o-oxy carboxylates, as confirmed by Stern-Volmer
quenching experiments. The Cu(u) catalyst generated in situ can
also reductively quench the excited PC, but with a slower
quenching rate, thus it is undetermined whether the active
Cu(1) species is generated from SET (either from the PC* or from
PC*7) or from a disproportionation reaction. Once the active
Cu(1) species is formed, in the presence of base the alkyne can
coordinate to the metal. The resultant adduct is photoexcited,
which is thought to accelerate attack from the alkyl radical, itself
generated from the o-amino carboxylate. The reduced photo-
catalyst reduces this intermediate to generate a vinyl anion.
Closure of the copper catalytic cycle ensues by protonation and
proto-demetalation. The authors then propose E/Z isomerisation
of the alkene, mediated by energy transfer from the excited PC.

When trying to understand the mechanism, Cu(OAc), was
exchanged with Cu(1) phenylacetylide, and the reaction still

cu'(OAc), r1.1_ [Cu'(L1),](OACc),

PC
w ~Po O\/\ PC_
N
Boc hvw Boc AcO /
[Cul(L1),]J(OAC)
PC " AcOH
2Ac0
N 2 AcOH
Boc” (L1),Cu——
|
(L1),Cu "
hv
PC
(L1),Cul
(L1),cu!
/N
Boc
PC co,
V/ AcOH
PC
hv pPC* CsOAc
N
Boc
CO,H

Fig. 119 Suggested mechanism for the decarboxylative hydroalkylation of
alkynes using dual photoredox/Cu catalysis where L1 is (1R,2R)-trans-1,2-
diaminocyclohexane.
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proceeded with similar yield and Z-selectivity, suggesting this
Cu(r) species is an active intermediate in the reaction. The
addition of TEMPO quenches the reaction and instead an
adduct is formed between tempo and the alkyl radical generated
from the a-amino carboxylate, confirming the presence of the
latter. A simple photocatalytic E/Z isomerization reaction of the
alkene was undertaken using the PC, which yielded the same
Z:E ratio, implying the PC is responsible for the isomerization.
High throughput experimentation was used to identify the best
conditions, with 4CzIPN being selected as the PC. Comparison
of the performance with other PCs is difficult as their relative
success is given only in terms of conversion of reactants,
whereas the success of 4CzIPN is provided in terms of yield
and selectivity of the final product.

Photoredox and HAT catalysis

There is now a wide body of literature that combines photo-
redox catalysis and a hydrogen atom transfer (HAT) catalyst.
4CzIPN has been demonstrated to be compatible with this dual
catalysis mode with a number of HAT catalysts, which are typically
thiols or amines (Fig. 120). In the examples reported of this type of
dual catalysis, the PC always participates in a reductive quenching
cycle, where the excited PC is generally reductively quenched by
the substrate or a sacrificial electron donor. Following this step,
the substrate abstracts a H atom from the thiol HAT catalyst,
generating a thiyl radical, which is reduced to a thiyl anion by the
reduced PC (Fig. 121a). Subsequent protonation regenerates the
HAT catalyst to close both catalytic cycles. Alternatively, if the HAT
catalyst is an amine, then SET from the amine to the excited
photocatalyst occurs instead (Fig. 121b).

Examples of this dual catalysis with 4CzIPN as the PC
include the hydrosilylation®®® and difunctionalisation®® of alkenes
(Fig. 122a and b, respectively) and silylation of quinoxalinones and
heteroarenes (Fig. 122c).*° In the former, the HAT catalyst
chosen is dependent on the nature of alkene substituent, with
quinuclidine-3-yl acetate being used for alkenes with electron-
withdrawing groups and triisopropylsilanethiol for alkenes with
electron-donating groups. A follow up study by Wu et al. instead
focused on the difunctionalisation of alkenes using quinuclidine-
3-yl acetate as the HAT catalyst. In both cases, 4CzIPN was shown
to be the best photocatalyst (87% yield in the hydrosilylation of
electron-deficient alkenes, and 75% in the difunctionalisation
of alkenes), with only [Ir(dF(CF;)ppy).(dtbbpy)]PFs providing
somewhat comparable yields (80% yield in the hydrosilylation

a)

T L
o m '

Fig. 120 Common hydrogen atom transfer catalysts; (a) quinuclidin-3-yl
acetate, (b) triisopropylsilanethiol, (c) methyl thioglycolate, (d) ethyl thio-
glycolate, (e) ethyl 2-sulfanylpropanoate and (f) adamantane thiol.
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Fig. 121 Two generic mechanistic options for the combination of photo-
catalysis with a HAT catalyst where the HAT catalyst is (a) a thiol and (b) an
amine.

of electron deficient alkenes, and 19% in the difunctionalisation
of alkenes). This may be related to the photooxidising ability
of the photocatalyst (E..q* = 1.35 V and 1.21 V for 4CzIPN and
[Ir(dF(CF;)ppy).(dtbbpy)]PFs, respectively), particularly since
the oxidation of quinuclidine-3-yl acetate is quite challenging
(Eox = 1.22 V).?

Both electron and energy transfer of the PC are proposed as
steps in the mechanism of the silylation of quinoxalinones and
electron-deficient heteroarenes (Fig. 122¢ and 123).%°° Inter-
action of the PC and the HAT catalyst, quinuclidine, occurs as

a 1
) ” ré PC (3mol%) f\ R
L, e HAT cat. (10 mol%) _ R2-Si R
JSH | MeCN, rt, 24 h
R™ "R? oo Blue LED o
Angew. Chemie. Int. Ed., 2017, 56, 16621-16625 35 - 94%
1
b) R_|_R?
R! R3 PC (3 mol%) Y
DI + co, HAT cat. (10 mol%)
P & 2 MeCN, rt, 24 h HO,C
R.R R Blue LED RY
Y=SiorC R4
Angew. Chemie Int. Ed., 2018, 57, 17220-17224 30 -79%
c) R
R | _R!
siH PC (2.5 mol%) Si
PN !
R R2 Quinuclidine (40 mol%) R2
_ 779
Pyridine, DMSO/CH3;CN 5-7T%
R4 . R* or
| Air, rt, 24 h, blue LED h
N N__O N N__O
R . Rz I _J R
N Si
: 2
Green Chem., 2021, 23, 314-319 R
31-81%

Fig. 122 Reaction schemes for the synergistic photoredox and HAT
catalysis for (a) hydrosilylation and (b) difunctionalisation of alkenes and
(c) silylation of quinoxalinones and heteroarenes.
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Fig. 123 Putative mechanism for the silylation of quinoxalinones.

in the general mechanism shown in Fig. 121b, whereby the HAT
catalyst reductively quenches the excited PC. Simultaneously,
the excited PC undergoes PEnT to oxygen, generating singlet
oxygen, which in turn is reduced by the reduced PC, to yield a
superoxyl radical. The silyl radical, generated through HAT with
the quinuclidinium radical cation, adds to the quinoxalinone,
with the resultant compound undergoing direct HAT to the
superoxyl radical, giving the final product. When TEMPO was
added to the mixture, the reaction was inhibited and instead an
adduct with the silyl radical was formed, confirming the presence
of silyl radicals in this reaction. Moreover, upon addition of the
singlet oxygen quencher, 1,4-diazabicyclo[2.2.2]octane (DABCO),
the reaction was arrested, suggesting 'O, does indeed play a
crucial role in the reaction. A primary kinetic isotope effect value
of ku/kp = 1.27 implied cleavage of the Si-H bond was unlikely to
be involved in the rate determining step. Finally, Stern-Volmer
quenching studies showed that quinuclidine does indeed
quench the luminescence of the PC. Only 3 PCs were investi-
gated in this reaction, 4CzIPN, [Ir(dF(CF;)ppy).(dtbbpy)]PFs and
[Ir(ppy)2(dtbbpy)]PF, giving yields of 47%, 31% and 0%, respectively.
These results correlate with the photooxidising ability of the PC
(Erea*=1.35V, 1.21 V and 0.66 V, respectively). For the remainder of
the study, 4CzIPN was selected as the PC of choice.

Alternatively, alkenes can be used as the coupling partner in
the o-tertiary amine synthesis of primary amines, using [Bu,N|N;
as the HAT catalyst (Fig. 124).>°> The excited PC is proposed to
oxidise the azide anion, forming an azidyl radical Fig. 125). This
radical then abstracts a proton from the o-C-H position of the
primary amine, forming an o-amino radical, which undergoes
rapid addition to the Michael acceptor. This in situ-generated
a-carboxy-stabilised radical is then reduced by the reduced PC,
closing the photocatalytic cycle, with subsequent protonation
required to form the final product. This final protonation step

This journal is © The Royal Society of Chemistry 2021
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Fig. 124 Reaction scheme for the a-C—H alkylation of primary amines.

is thought to occur from HNj;. The low quantum yield of 0.04 is
consistent with this reaction not involving a radical chain
process. In mechanistic investigations, Stern-Volmer quenching
experiments indicated that both the azide anion and cyclohexyl-
amine quenched the emission of the PC; however, the former is a
much more efficient quencher (Ksy = 2.605 x 10° M™' and
12.5 M ! for the azide anion and cyclohexylamine, respectively),
supporting the proposed mechanism shown in Fig. 125. Only three
PCs were considered in this reaction: 4CzIPN, [Ir(dF(CF5)-
PPy)2(dtbbpy)|PFs and [Ir(ppy),(dtbbpy)|PFs, with all performing
similarly well (85%, 83% and 79%, respectively). This difference in
yield does correlate with photooxidising ability of the PC (Eyeq* =
1.35V, 1.21 V and 0.66 V, for 4CzIPN, [Ir(dF(CF;)ppy).(dtbbpy)]PFs
and [Ir(ppy),(dtbbpy)]PF, respectively), which is needed to oxidise
the azide anion (E,, = 0.87 V). However, since the yields obtained
are very similar, despite the rather significant differences in E;q*,
it is more likely that the photooxidising capacity of the PC is not
the yield-determining factor in this reaction. Changes to the HAT
catalyst have a much more substantial impact on the yield. Using
4CzIPN as the PC, well-established HAT catalysts such as
tri(isopropyl)silanethiolate and quinuclidine provided lower yields
in comparison to [Bu,N|N; (70%, 42% and 85%, respectively).
Dialkylation of the primary amine is much less efficient,
with [Ir(dF(CF;)ppy).(dtbbpy)]PFs performing comparably to
4CzIPN (7% and 2%). Cresswell et al. suggests the Ir PC exhibits

NH,
X COR

H—N/\@ l

’ N NH,
NH2 e, L
J. . CO,R
R? N,
NH; PC* NH,

1) N__rc )\A@
R hv COR

H@
NH,
)\/\COZR

Fig. 125 Proposed mechanism for the o-C-H alkylation of primary
amines.
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Fig. 126 Reaction schemes for the defluoroborylation of (a) polyfluoro-
arenes, (b) gem-difluoroalkenes and (c) trifluoromethylalkenes.

enhanced stability to photobleaching, although there is no
corroborating evidence provided to support this contention.
An additional example of functionalisation of alkenes, but
with less mechanistic clarity, can be seen in the defluoroborylation
of polyfluoroarenes, gem-difluoroalkenes and trifluoromethyl-
alkenes (Fig. 126a-c, respectively).>*® A radical-based pathway
was confirmed by the use of TEMPO, and Stern-Volmer quenching
experiments provided evidence that the thiol HAT catalyst was the
species quenching the excited state of the PC, not the fluorinated
reagents. Boryl radical intermediates are thought to be present in
the mechanism, based on similar work from Taniguchi et al.***
while a study from Weaver et al.>>> suggests the possibility of SET
to the fluoroarene, generating the fluoroaryl radical anion, may
occur. A quantum yield of 0.43 suggests this is not a radical chain
process and the kinetic isotope effect observed indicates the HAT
of the NHC borane may not contribute to the rate-determining
step. Taking all of this into consideration, multiple reaction
mechanisms are proposed, although all incorporate reductive
quenching of the excited photocatalyst by the HAT catalyst, with
the reduced PC being used to reduce one of the fluorinated
intermediates. Optimisation involving the polyfluoroarenes
indicated both 4CzIPN and [Ir(dF(CF;3)ppy).(dtbbpy)]PFs as
excellent PCs for this reaction. The iridium PC provided the
greatest yield of 93% when used in concert with ethyl thio-
glycolate as the HAT catalyst, while 4CzIPN managed 76% yield
under these conditions. Instead, 4CzIPN worked better when
used with ethyl 2-sulfanylpropanoate as the HAT catalyst (90%
yield) but use of this HAT catalyst with the iridium PC was not
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considered. For the gem-difluoroalkenes, [Ir(dF(CF;)ppy)s(5,5'-
dFbpy)]PF, was found as the optimal photocatalyst (80% yield in
comparison to 50% yield for 4CzIPN). This is likely to be due to
the ground state reduction potential (E;.q = —1.16 V vs. SCE for
[1r(dF(CF3)ppy)2(5,5'-dFbpy)]PF,).>*° Finally, for trifluoromethyl-
alkenes, only 4CzIPN was employed as the photocatalyst, yield-
ing 86% of product during the solvent optimisation studies.
This form of dual catalysis can also be utilised in the redox
neutral fragmentation of 1,2-diol derivatives, a reaction that can
be applied to the fragmentation of lignin model compounds
(Fig. 127).>” The excited PC is proposed to be reductively
quenched by the HAT catalyst, producing a thiyl radical. This
thiyl radical then abstracts the o H-atom of the 1,2-diol derivative
to generate a ketyl radical, regenerating the HAT catalyst
(Fig. 128). Oxidation of this ketyl radical by oxygen produces a
ketone, which is reduced to the radical anion by the reduced PC,
completing the photocatalytic cycle. Subsequent C-O bond cleavage
and protonation generates the final fragmentation products.

0
X
R'PC (4 mol%) RT
OH HSCH,CO,Me (40 mol%) 68 - 90%
NaOP(0)(OBu), .
)
X DMSO, air, rt, 24 h HO
R Blue LED | R
_

Chem. Commun., 2019, 55, 13144-13147
20 - 84%

Fig. 127 Reaction scheme for the fragmentation of 1,2-diol derivatives.
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Fig. 128 Plausible mechanism for the dual catalytic fragmentation of 1,2-
diol derivatives.?%”
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This mechanism was supported by Stern-Volmer quenching
experiments that showed efficient quenching of the PC upon
addition of HAT catalyst and base. Iridium PC [Ir(ppy),(dtbbpy)]PFs
was identified as the best photocatalyst with 1 mol% loading,
forming 91% of the ketone and 81% of the alcohol. Using
5 mol% of photocatalyst, eosin Y and perylene yielded no
product while 4CzIPN managed 26% of both fragmentation
products. Further optimisation of the conditions using 4CzIPN
resulted in yields of 80% and 57% for the ketone and alcohol,
respectively. Konig et al. decided to use 4CzIPN throughout the
remainder of the study with these optimised conditions as it
exhibited similar reaction efficiency but with less sensitivity to
the reaction conditions (for example, doing the reaction under
air rather than N, increases the yield for 4CzIPN but decreases
the yield dramatically for the iridium photocatalyst). In general,
the difference in yield between the photocatalysts is likely linked
with their ground state reduction potential (Eq = —1.51 V,
—1.21 Vand —1.06 V for [Ir(ppy),(dtbbpy)]PFs, 4CzIPN and eosin
Y respectively), which must be sufficiently negative in order to
reduce the in situ-formed ketone (E;eq = —1.72 V for 2-phenoxy-
1phenylethan-1-one).

Additionally, this synergistic catalysis can be used to make
more subtle changes, such as the incorporation of deuterium or
tritium into a substrate. This can be observed in terms of halogen
atom transfer (XAT) of alkyl or aryl halides (Fig. 129a)'*® as well as
hydrogen isotope exchange (HIE) at a-amino C(sp®)-H bonds
(Fig. 129b),>%® at the C1 position of aldehydes (Fig. 129¢)*°° or at
a-amino C(sp*)-H bonds of amino acids and peptides (Fig. 129d).>*
In the former reaction, amino radicals are used a XAT reagents
in order to functionalise aryl and alkyl halides, as previously

PC (5 mol%)
HSCH,CO,Me (20 mol%)

D,0
_ 2~ 'Bu;N, EtOAc, rt, 16 h .-
Blue LEDs 88 - 96%
Science, 2020, 367, 1021-1026
H PC (2 mol%) D
b) o
R )\ + HAT cat. (30 mol%) R )\
~ D,0 ~
’f R NMP, Li,CO3, Ny, rt, 24 h ’I‘ R
R 34 W blue LED R
Science, 2017, 358, 1182-1187 59 - 88%
PC (5 mol%)
© o - o
)J\ ('Pr);SiSH (30 mol%) )J\
N .
R™ >H P20  PhCO,Na EtOAc,rt,36h g~ “p
5 W blue LED 90 - 99%
ACS Catal., 2020, 10, 2226-2230
d) PC (2 mol%)

e I e o G
BTMG, DMF -
+ . (np) &
NH, rt, 180 min NH,
D0 Blue LED (450 nm)

14-77%
Chem. Eur. J., 2020, 26, 12738-12742

Fig. 129 Reaction schemes for the deuteration of (a) alkyl or aryl halides,
(b) a-amino C(sp®)-H bonds, (c) aldehydes and (d) amino acids and
peptides. BTMG = 2-tert-butyl-1,1,3,3-tetramethylguanidine.
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Fig. 130 Proposed mechanism for the dehalogenation of an alkyl iodide.

mentioned."®® In the proposed mechanism, the excited PC is
used to oxidise TEA, forming the a-aminoalkyl radical. This
radical then undergo XAT with 4-iodo-N-boc-piperidine and the
resultant alkyl radical on the piperidine substrate can abstract a
deuterium from the HAT catalyst, methyl thioglycolate
(Fig. 130). The thiyl radical produced is reduced by the reduced
PC before being deuterated from D,O closing both catalytic cycles.
A wide variety of photocatalysts were considered for the standard
dehalogenation of 4-iodo-N-boc-piperidine, with 4CzIPN proving
the best (98% yield), followed by [Ir(dF(CF;)ppy).(dtbbpy)]PFs
(83%), fac-Ir(ppy)s (78%) and [Ir(ppy).(dtbbpy)]PFs (74%). This
difference in yield seems to be reflective of the photooxidising
capacity of the photocatalyst (E.q* = 1.35 V, 1.21 V, 0.31 V and
0.66 V for 4CzIPN, [Ir(dF(CF;)ppy).(dtbbpy)]PFs, fac-Ir(ppy); and
[Ir(ppy).(dtbbpy)|PFs, respectively), which must be capable of
oxidising TEA (Ex = 0.77 V). Stern-Volmer quenching experiments
confirm the amine XAT substrate is responsible for quenching
of the PC, with negligible quenching observed with 4-iodo-N-
boc-piperidine. The quantum yield of 0.065 for this reaction is
suggestive that this is not a radical chain process.

For HIE at o-amino C(sp*)-H bonds (Fig. 129b and d),>*%>°°
a very similar mechanism was proposed whereby the a-amino
radical produced by reductive quenching of the excited PC
abstracts a deuterium or tritium atom from the HAT catalyst,
which in this case is either methyl thioglycolate or triiso-
propylsilanethiol. In the deuteration of simple amines (Fig. 129b),
the best photocatalyst identified was substrate-dependent, with
4CzIPN, [Ir(ppy),(dtbbpy)]PFs or [Ir(F(Me)ppy).(dtbbpy)]PFs being
the photocatalysts that provided the highest product yields. For
example, for substrates containing an aliphatic carboxylic acid
group, less photooxidising photocatalysts were necessary in order
to prevent photoredox-induced decarboxylation; hence, the iridium
photocatalysts were more useful in this case (Ereq* = 0.66 V, 0.94 V
and 1.35 V for [Ir(ppy).(dtbbpy)]PFs, [Ir(F(Me)ppy).(dtbbpy)]PFs

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7641
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Fig. 131 Example of substrate that can be oxidised by 4CzIPN in the
deuteration reaction with a HAT catalyst.

and 4CzIPN, respectively). An example of such a substrate can be
seen in Fig. 131. When undergoing HIE with amino acids and
peptides (Fig. 129d), both 4CzIPN and [Ir(dF(Me)ppy).(dtbbpy)]PFs
provided the same deuterium incorporation (1.6 D molecule™ "),
while other PCs performed much worse (fac-Ir(ppy); and
[Ir(dF(CF3)ppy),(dtbbpy)]PF, afforded 0.4 and 0.1 D molecule *,
respectively).

In the deuteration of the C1 position of aldehydes (Fig. 129¢),
the proposed mechanism is again similar to that shown in
Fig. 130, except the excited PC is reductively quenched by sodium
benzoate to give a benzoyloxy radical. The crucial acyl radical is
formed by HAT to the benzoyloxy radical. A second HAT step
between the deuterated HAT catalyst and the acyl radical affords
the deuterated aldehyde. Only organic PCs were considered for this
reaction, with 4CzIPN generating the highest percentage of D
incorporation (40%) while PCs like eosin Y managing <5%.
Further optimisation with 4CzIPN resulted in 93% D incorporation.
The superior photooxidising ability of 4CzIPN may be linked to its
higher success in this reaction (E..q* = 1.35 V and 0.83 V for 4CzIPN
and eosin Y, respectively).

Finally, a report by Wendlandt et al. demonstrated the
combination of photoredox catalysis with two distinct HAT
catalytic cycles in the synthesis of rare sugar isomers through
site-selective epimerisation (Fig. 132).'>® The excited PC is
reductively quenched by quinuclidine, generating the quinuclidine
radical cation, which abstracts a proton from the sugar (Fig. 133).
The protonated quinuclidine is then deprotonated by an exogen-
ous base while the sugar radical abstracts a proton from adaman-
tane thiol to form the isomerised product. The subsequently
formed thiyl radical is reduced by the reduced photocatalyst,
closing the photocatalytic cycle. Stern-Volmer quenching experi-
ments support this mechanism, revealing that the PC is quenched
by quinuclidine but not by the thiol. Using 2 mol% of 4CzIPN
resulted in 92% yield of product while the only other photocatalyst
considered, [Ir(dF(CF;)ppy).(dtbbpy)]PFs, managed 88% yield at
1 mol% loading.

299

PC (2 mol%)

~—0 Quinuclidine (10 mol%) ~—0
HO— HO——
\N% Ad-SH (50 mol%) "*%
OR 4.cl0BzBu4N, MeCN/DMSO 30-88% OR

rt, 18 - 24 h, blue LED
Nature, 2020, 578, 403-408

Fig. 132 Reaction scheme for the synthesis of rare sugar isomers through
site selective epimerisation.
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Fig. 133 Viable mechanism for the site selective epimerisation of sugars.

Photocatalysis/NHC catalysis

N-Heterocyclic carbene (NHC) catalysis can be used in conjunction
with 4CzIPN in photoredox catalysis as a method of synthesising
amides from aldehydes and imines (Fig. 134a)**' and making
ketones from carboxylic acids (Fig. 134b).>*> The proposed mecha-
nism for the former first involves condensation of the aldehyde
with the NHC to yield a Breslow intermediate, which reductively
quenches the excited PC (Fig. 135). Concurrently, the reduced PC
reduces the imine to form a N-centre radical that couples with the
Breslow intermediate radical. The NHC catalyst is then released to
give the final amide product. The presence of radicals in this
mechanism was confirmed by the addition of TEMPO (effectively
inhibiting the reaction) as well as EPR spectroscopy, which
detected a nitrogen centred radical. The aldehyde, the base or
the NHC catalyst, individually, showed no significant quenching of
the excited PC; however, a combination of the three reagents
together produced a strong quenching of the luminescence.

For this reaction, three Ru(um) and eleven Ir(m) complexes
(10 cationic and one neutral) were evaluated as PCs, alongside
six organic dyes. 4CzIPN outperformed the other PCs, yielding
43% of product. Yields obtained from the other PCs varied
from 1-13%, except for [Ir(ppy).(dtbbpy)]PFs, which managed
20%. The reduction of the imine is the challenging step

a) RS, PC (2 mol%) 0o R
. NHC (10 mol%) G
R X ., NaHPO, DMSO, 1, 10h R™ "N~ "R
R" R® BlueLED R3
- 049
ACS Catal., 2020, 10, 12960-12966 44-94%
b) PC (1 mol%)
o co_ 0 NHC (15 mol% i
B, e e 1 e
R o R N, ©82C0s CHiCN, 160 R S,
|- /" Blue LED (467 nm) Rz
2
35-91%

Angew Chem. Int. Ed., 2020, 59, 9143-9148

Fig. 134 Reaction scheme for the dual photoredox/NHC catalysis to form
(a) amides and (b) ketones. CDI = carbonyldiimidazole.
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Fig. 135 Putative mechanism for the dual photoredox/NHC catalysis to
form amides.

(Erea = —1.16 V vs. SCE for methyl 2-((4-fluorophenyl)imino)-2-
(phenyl)acetate in the presence of NaH,PO,), which may
explain why some PCs struggled (e.g., eosin Y has E.q =
—1.06 V and obtained 2% yield), especially since low conver-
sions of the imine were typically obtained (58% conversion for
4CzIPN and between 8-42% for other PCs).

In the dual catalytic synthesis of ketones from carboxylic
acids (Fig. 134b),** the excited PC is reductively quenched by
the DHP radical precursor, which after fragmentation, releases
the alkyl radical. Meanwhile, the acyl triazolium species,
generated by the addition of the NHC catalyst to the inter-
mediate imidazole, is reduced by the reduced PC, affording the
azolium radical. Loss of the NHC and radical coupling of the
azolium and alkyl radicals, generates the final product. Addition
of TEMPO inhibits the reaction, instead forming an adduct with
the alkyl radical generated from the DHP precursor. Four PCs
were considered, [Ir(dF(CF;)ppy).(dtbbpy)|PFs, 4CzIPN, fac-Ir(ppy)s
and [Mes-Acr[BF,, providing yields of 63%, 42%, 11% and 0%,
respectively. These results generally correlate with the ground state
reduction potential of the PC (E,eq = —1.37 V, —1.21 Vand —0.57 V
for [Ir(dF(CF3)ppy).(dtbbpy)]PFs, 4CzIPN and [Mes-Acr|BF,, respec-
tively), as the reduced PC is needed to reduce the acyl triazolium
species (phenyl acyl azolium has E,.q = —1.29 V vs. SCE). For fac-
Ir(ppy)s, however, since E.q = —2.19 V, the poor yield is likely
instead due to its poor photooxidising ability (Eq* = 0.31 V),
which struggles to oxidise the DHP (benzyl Hantzsch ester has
Eox = 1.00 V vs. SCE).>” The PC [Ir(dF(CF;)ppy).(dtbbpy)]PFs was
chosen for the remainder of the study on account of it providing
the highest yields.

Photocatalysis/bromine catalysis

The final example of dual catalysis involving 4CzIPN is the [3+2]
cycloaddition reaction, facilitated by bromine radical catalysis
(Fig. 136).>** The proposed mechanism involves energy transfer

This journal is © The Royal Society of Chemistry 2021
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Fig. 136 Reaction scheme for the [3+2] cycloaddition of substituted vinyl
and ethynylcyclopropanes with alkenes.

from the excited PC to the cinnamyl bromide pre-catalyst,
generating the crucial bromyl radical (Fig. 137). Addition of
this radical to the vinyl bond of the substituted cyclopropane
generates a transient radical species that undergoes fast ring
opening. The homoallyl radical intermediate then adds to the
alkene reagent, followed by ring closure and elimination of the
bromyl radical, closing the catalytic cycle. Stern-Volmer
quenching experiments revealed that cinnamyl bromide acted
as a quencher of the excited PC. Since cinnamyl bromide
has a high oxidation potential of E,x = 2.01 V, SET between
the precatalyst and the photocatalyst is thermodynamically
unfavourable (for 4CzIPN, E..q* = 1.35 V and E,, = 1.52 V),
which eliminated this mechanism from consideration, leaving
PEnT as the alternative plausible mechanism. A correlation
between the triplet energy Et of the PC and the yield of product
was found, namely the higher the Er, the greater yield. For
example, [Ir(dF(CF;)ppy).(dtbbpy)]PFs gave the highest yield
(95%, Er = 2.65 eV, 256 k] mol '), closely followed by 4CzIPN
(93%, Er = 2.52 eV, 243 k] mol "), whereas [Ir(ppy).(dtbbpy)]PFs
was inadequate (11%, Er = 2.12 €V, 205 k] mol ). Since this is
an energy transfer mechanism, emphasis on the spectral overlap
of the emission of the PC and absorption of cinnamyl bromide
must be highlighted. The aforementioned PCs emit at 470 nm,
535 nm and 581 nm, for [Ir(dF(CF;)ppy),(dtbbpy)]PFs, 4CzIPN
and [Ir(ppy).(dtbbpy)]PFs, respectively, in MeCN. From this, the
more red-shifted the emission of the PC, the lower the yield of
product indicating a poorer spectral overlap with the absorption
of the precatalyst. 4CzIPN was selected as the photocatalyst of
choice for the study, although no further mechanistic studies
were undertaken to determine which energy transfer mechanism
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Br NN CO,Me
Pho~__ Br WY
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Fig. 137 Suggested mechanism for the dual catalytic [3+2] cycloaddition
of vinyl cyclopropanes with alkenes.
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is in operation. A quantum yield of 0.183 suggests this is not a
radical chain process.

4. Other CDCB-based TADF organic
photocatalysts

As a photocatalyst, 4CzIPN has been shown to be effective in a
wide range of transformations.’®® Though it is the most widely
used TADF-based photocatalyst in recent years, it is not the only
TADF molecule that has been used, with 4DPAIPN in particular
quickly becoming a popular choice.**® In this section, we compare
and contrast organic TADF photocatalysts, confining at first to
compounds within the carbazolyl dicyanobenzene (CDCB) family
of compounds. While in most cases the TADF nature of the

View Article Online

Chem Soc Rev

photocatalyst is not explicitly explored, the results obtained can
nonetheless be used to gain insight into to the link between the
photophysical parameters of the photocatalyst and the observed
photocatalytic ability.

Modification of the structure of the carbazole donor and dicya-
nobenzene acceptor moieties of 4CzIPN results in donor-acceptor
compounds with modulated redox potentials and photophysical
properties. A comprehensive listing of the properties of these
compounds is provided in Table 2. Since the spatially separated
HOMO is localised on the donor moieties and the LUMO is localised
on the acceptor core, changes to these components can be done
almost independently to alter the oxidative and reductive capabilities
of the photocatalyst in both the ground and excited state.

For example, consider 4CzIPN and 4MeOCzIPN. Both contain
the same isophthalonitrile acceptor component, hence should

Table 2 Redox potentials and selected photophysical properties of benzonitrile and CDCB-based TADF compounds that have been considered as

photocatalysts®

PC Jabs/Mm  App/nm  Eqo/eV (Kl mol ")  AEgr/eV  Eq/V  Erea/V E*IV  Erea*/V tpdns  tgdus  Ref.

3,5-2CzBN 396° 3.34%™ (322) 0.40° 3.9° 307

2,3,6-3CzBN 0.31 9.6 102.7 308 and 309
2,4,6-3CzBN 431° 3.10™ (299) 0.29 101 220.3 307-309
3,4,5-3CzBN 340 565 2.19" (211) 2.07 —158  —051 1.00 310

4CzBN 333? 442° 2.9 (280) 0.25 1.61  —-1.63  —1.29 1.27 5.4 36.9 309, 311 and 312
4CzBN-Br 340° 2.8" (270) 0.22° 1.62 -1.50 —1.18 1.30 7.8% 311

5CzBN 512 2.83 (273) 0.07 141 —-152 —142 131 162 7.8 114, 308 and 309
5CzBN-OMe 462 2.81 (271) 1.02° -1.66" —1.79" 1.15° 114

2CzPN 365 530 2.77' (267) 0.09° 147  -145 —13 132 12.9 154 60, 120, 121 and 308
2CzIPN 362 501 2.87" ;277) 0.05% 146  —-151  —1.41 136 ‘ 120 and 313
2CzTPN 430° 511° 2. 64 (255) 0.08  1.4° —-1.3° —1.24" 134> 34/ 11.3 120 and 314
4CzPN 435 535 2.56' (247) 0.25% 1.5 -1.16  —1.06 1.4 6.7 0.5 120, 121 and 315
4CzPN-Ph 1.24%7  —1.29%¢ 316

4CzPN-Bu 1.2097  —1.23%¢ 316

4CzIPN 435 535 2.67 (258) 0.08° 1.52 —1.21 -1.04 135 18.7  1.39 60, 114, 120 and 121
4CzIPN-Me 456 603 0.307" -1.23 1.31 317 and 318
4CZIPN-Ph 390 611 0.214" 141  -1.15 4 0.79 316 and 317
4CZIPN-Bu 380 588 2.53 (244) 0.308" 122  —-132  —1.31 121 10 1.4 316, 317, 319 and 320
4CzIPN-OMe 482 2. 61f (252) 111/ -1347 —157 127/ 114

4CZIPN-F 2.60” (251) 145  —1.08" —1.15° 1.52° 321

4CzIPN-CI 2.68 (259) 2.05  —0.97  —0.63 1.71 321

4CZIPN-Br 2. 58 (249) 1.76°  —1.06" —0.82° 1.52° 321

4CzTPN? 463 556 2.43" (234) 0.38 144  -1.02  —0.99 1.41 6.5 1.46 120 and 121
4CzTPN-Me 561° 9.2¢ 1.5¢ 60

4CzTPN-Ph 577° 0.25%7  —1.29°¢ 9.0° 1.1° 60 and 316
4CZTPN-tBu 0.01%" 02197 —1.24%¢ 315 and 316
4CZTPN-Br  349° 546° 2.72" (262) 0.3° 4.8 311 and 322
3CzCIIPN 545 2.72 (262) 1.79  -116  —0.93 1.56 6.9 114

4CzBnBN a77* 1.48°  —-1.72¢ —-1.45 1.21 323

4CzPEBN 2.88% (278) -1.69° 1.19% 324

4DPAPN 448°¢ 559% 2.46° (237) —1.53¢ 0.93¢ 325

4DPAIPN 425 523 2.62' (253) 134 —-152 —1.28 1.1 120

4DPAIPN-CI 2.53 (244) 123 -1.44  —1.30 1.09 320

4DPAIPN-Br 2.53 (244) 112 —-155  —1.41  0.98 320

3DPACIIPN 537 2.65 (256) 131 —1.41 -1.34 1.24 11.5 114

3DPAFIPN 525 2.68 (259) 1.3 -1.59  -1.38 1.09 4.2 114

3DPA2FBN 491 2.84 (274) 124>  —1.92> 16" 0.92° 42 114

“ All potentials are given in volts versus SCE. Eo* = Eox — Eg o and Ereq* = Ereqa + Egp. 1 €V = = (1.602 x 10 2% k J) X N, where N, = Avogradro’s
constant. 4,ps refers to the absorption maximum of the CT band. Apy, refers to the photoluminescence maximum. Data reported in MeCN at room
temperature unless otherwise noted. E,, determined from the intersection point of the normalised absorption and emission spectra unless
otherwise noted. ” Determined in dichloromethane. ¢ Orlgmally referenced versus Ag/AgNOs;, converted to be referenced versus SCE using
E (vs. SCE) = E(vs. Ag/AgNO3) + 0. 30 v.22¢ 4 Determined in tetrahydrofuran. ¢ Determined in toluene.” Determined in CH;CN/CH,Cl, (5:1).
¢ Determined in dimethylformamide. * Estimated by time-dependent (TD)DFT at the M06-2X/6-31+G(d) level.  Measured at 77 K.’ Determined in
3 Wt%-CzTPN:PzCz film measured at room temperature under N, (PzCz = hexakis(9H-carbazol-9-yl) cyclotriphosphazene). ¥ Determined in DMA.

E00 estimated using the medium wavelengths between the lowest fluorescence excitation peak (exmtatlon /max) and the fluorescence peak
(emlssmn Jmax)->° ™ Eq o obtained from the absorption spectrum.*®” " B, estimated from Eg = Ac/Aem."°

7644 | Chem. Soc. Rev,, 2021, 50, 7587-7680 This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00198a

Open Access Article. Published on 18 May 2021. Downloaded on 6/28/2026 6:33:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

have a similar LUMO energy level and reduction potential (Eyeq =
—1.21 V and —1.34 V for 4CzIPN and 4CzIPN-OMe, respectively,
in MeCN and MeCN:DCM(5:1)). The difference between these
two emitters arises in the donor groups; 4CzIPN has 4 carbazole
(Cz) donor groups while 4CzIPN-OMe has 4 methoxy substituted
carbazole (MeOCz) donor groups. The addition of the methoxy
groups results in MeOCz being a stronger donor than Cz. Therefore,
the HOMO energy level of 4CzIPN-OMe should be destabilised in
comparison to 4CzIPN. This is indeed the case, as is reflected by the
ground state oxidation potential (E,x = 1.52 V and 1.11 V for 4CzIPN
and 4CzIPN-OMe, respectively, in MeCN and MeCN:DCM(5 : 1)). The
smaller E,, value of 4CzIPN-OMe indicates it is a stronger ground
state reductant than 4CzIPN.

When instead understanding the influence of structure on
the ground state oxidising capability, consider 3DPAFIPN and
3DPA2FBN. In this case, both have three similarly disposed
DPA donor groups about the central benzene ring and so the
HOMO energy level and consequently the oxidation potential
should be similar (Eox = 1.30 V and 1.24 V, for 3DPAFIPN and
3DPA2FBN, respectively, in MeCN and DCM). The main difference
in these structures arises in the nature of the acceptor, where
3DPAFIPN has two cyano groups and one fluoro substituent on the
phenyl ring while 3DPA2FBN has one cyano group and two fluoro
substituents. Since cyano groups are more strongly electron-
withdrawing than halogens, there is consequently a more stabilised
LUMO in 3DPAFIPN. As a result, 3DPAFIPN is a stronger ground
state oxidant, as reflected by the less negative ground state reduction
potential (Eeq = —1.59 Vand —1.92 V for 3DPAFIPN and 3DPA2FBN,
respectively, in MeCN and DCM).

As demonstrated, modification of the donor and acceptor
groups clearly impacts upon the ground state redox potentials,
which of course are linked to the excited state redox potentials,
through Eo* = Eox — Eop and Ereq* = Ereq + Epo. From these
equations, it becomes clear that the changes in the optical gap
must also be taken into consideration when discussing the
impact on the excited state redox potentials. Destabilisation of
the HOMO, as caused by the presence of a weaker donor, results
in a larger E, o. Again consider 4CzIPN and 4CzIPN-OMe. When
acting as a photooxidant, the hole left in the HOMO of the PC
after excitation of an electron to the LUMO, can readily accept
an electron from a donor. Since both 4CzIPN and 4CzIPN-OMe
have the same acceptor unit, E,.q should be similar. However,
the weaker carbazole donor means 4CzIPN has a larger optical
gap (Eoo = 2.67 eV (258 k] mol ') and 2.61 eV (252 kJ mol ) for
4CzIPN and 4CzIPN-OMe, respectively, in MeCN and MeCN:
DCM(5: 1)). When considering E,.q*, this means a more positive
value for 4CzIPN in comparison to 4CzIPN-OMe (E..q* = 1.35 V
and 1.27 V for 4CzIPN and 4CzIPN-OMe, respectively, in MeCN
and MeCN:DCM(5:1)) owing to the larger optical gap in the
former. This translates to 4CzIPN being a stronger photooxidant.

The same analysis can be used when considering the TADF
compounds as photoreductants. In this case, the PC’s electron
that has been promoted to the LUMO can be donated to an
acceptor substrate. Again, consider 3DPAFIPN and 3DPA2FBN.
The more stabilized LUMO in 3DPAFIPN coupled with compar-
able HOMO levels results in a decreased optical gap for this

This journal is © The Royal Society of Chemistry 2021
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compound (Ey = 2.68 eV (259 k] mol ") and 2.84 eV (274 kJ mol %)
for 3DPAFIPN and 3DPA2FBN, respectively, in MeCN). The larger
optical gap observed for 3DPA2FBN will result in a more negative
En* value (Ep* = —1.38 V and —1.60 V for 3DPAFIPN and
3DPA2FBN, respectively, in MeCN and DCM), meaning 3DPA2FBN
in a stronger photoreductant than 3DPAFIPN.

These examples highlight that modifications can be made in
terms of both the nature and number of donor and acceptor
moieties in order to modulate the electrochemical properties of
the PCs. A range of these donor-acceptor molecules, including
many that have sufficiently small AEgr to be considered TADF,
from the CDCB family (Fig. 138 and 139) have been reported to
act as photocatalysts.

5. CDCB based molecules acting as
independent photocatalysts

Other TADF molecules within the CDCB family of compounds
have also been reported as photocatalysts. This section high-
lights their use and contrasts their performance with 4CzIPN.

Photoinduced decarboxylation of carboxylic acids in the
formation of C-C and C-X bonds

Both the v,y-difluoroallylation of cycloketone oxime ethers
(Fig. 140a) and the fragmentation-alkynylation of oxime ethers
(Fig. 140b) proceed through a photoinduced oxidative decarboxy-
lation mechanism as shown in Fig. 141, whereby the excited PC
can be used to decarboxylate the cycloketone oxime ethers
in a reductive quenching cycle.*®” In the former reaction, the
nucleophilic alkyl nitrile radical eventually is coupled to an
electron-poor trifluoromethyl-substituted alkene and the resultant
product undergoes single electron reduction by the reduced PC.
Both 4CzIPN and 4DPAIPN were investigated as photocatalysts for
this reaction, with 4CzIPN providing the higher product yields
(64% and 34%, respectively, at 5 mol% of catalyst loading);
however, both fell short of the high yields obtained by
[Ir(dF(CF3)ppy).(dtbbpy)|PFs (76% yield). Oxidation of the oxime
ether requires a strong photooxidant (E,x = 1.48 V for an
analogous compound),®*" which likely explains why 4DPAIN
provides inferior yields (Erq* = 1.21 V, 1.35 V and 1.1 V for
[Ir(dF(CF;)ppy),(dtbbpy)|PFs, 4CzIPN and 4DPAIPN, respectively).
The other SET implicates the PC as a ground state reductant, for
which the iridium photocatalyst has a superior redox potential
(Erea = —1.37 V, and —1.21 V for [Ir(dF(CF;)ppy).(dtbbpy)]PFs and
4CzIPN), which may help to explain the differing yields obtained.
Although 4DPAIPN is an even greater ground state reductant
(Erea = —1.52 V), its poor photooxidising ability acts as a barrier
to its success in this reaction.

For the reaction involving the alkynylation of oxime ethers
(Fig. 140b), a similar mechanism is in operation.**! Again, the
oxime ether is oxidatively decarboxylated by the excited photo-
catalyst, before the resultant alkyl nitrile radical is trapped by
the ethynyl benziodoxolone (EBX) reagent (Fig. 141). Upon
release of the product, the subsequent iodine radical is reduced
by the reduced photocatalyst, closing the photocatalytic cycle.

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7645
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Fig. 138 Structures of TADF compounds with benzonitrile and CDCB-based structure used as photocatalysts.

The TADF compounds surveyed were 4CzIPN, 4CzIPN-F, 4CzIPN-Cl
and 4CzIPN-Br, which gave yields of 50%, 75%, 80% and 75%,
respectively; all managed >95% conversion of oxime ether except
for 4CzIPN, which showed only 60% conversion. The superiority of
the halogenated compounds, in particular the chlorine-substituted
compound, in comparison to 4CzIPN is reflected in their much
greater photooxidising capacity (Ereq*=1.35V, 1.52V,1.71V, 1.52 V
for 4CzIPN, 4CzIPN-F, 4CzIPN-Cl and 4CzIPN-Br, respectively),

7646 | Chem. Soc. Rev, 2021, 50, 7587-7680

especially since 2-((cyclobutylideneamino)oxy)-2-methylpropanoate,
the oxime ether carboxylate in Fig. 141, has an oxidation potential of
E,x = 1.48 V. Notably, [Ir(dF(CF;)ppy),(dtbbpy)|PFs was used as a
reference PC and managed >95% conversion and 55% yield at
1 mol% PC loading, compared to the 5 mol% utilised for the
TADF compounds. In further optimisation studies, it was found
that decreasing the catalyst loading from 5 mol% to 3 mol% for
the TADF compounds could be achieved without having an

This journal is © The Royal Society of Chemistry 2021
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Fig. 139 Structure of CDCB based TADF compounds which involve diphenylamine (DPA) as donor groups which have been considered as

photocatalysts.
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Fig. 140 Reaction scheme for (a) the neutral vy,y-difluoroallylation of
cycloketone oxime ethers with trifluoromethyl alkenes and (b) fragmentation—
alkynylation of oxime ethers where EBX = ethynyl benziodoxolone.

impact on the yield, therefore 3 mol% of PC was used in the
substrate scope. The low yield of product obtained using the
iridium photocatalyst is due to significant formation of the
side product 2-oxo-2-phenylethyl 2-iodobenzoate. Waser et al
postulate this is formed through a decomposition of Ph-EBX
when water or oxygen is present and may be catalysed by
photocatalysis, although the mechanism is not yet known. An
additional side product shown in Fig. 141 is also proven to exist
by "H NMR for the TADF compounds, which explains why their
almost complete conversions are not reflected in the yields,
however, high yields of the anticipated product are still obtained
therefore, this side product is not thoroughly discussed.
Ethynyl benziodoxolone (EBX) reagents have also been used in
conjunction with photocatalysis in the decarboxylative alkynylation

This journal is © The Royal Society of Chemistry 2021

of dipeptides (Fig. 142a) and peptide tetramers (Fig. 142b).>*°
Although no mechanistic investigations were undertaken or cata-
Iytic cycles shown, the mechanism proposed by Waser et al. is
referenced to be likely to be in operation,**® which is reflective of
the suggested mechanism shown in Fig. 141. A number of TADF
compounds were considered as PCs in alkynylation of Cbz-Gly-Pro
using Ph-EBX: 4CzIPN, 4CzIPN-Cl, 4CzIPN-'Bu, 4CzIPN-OMe,
4DPAIPN, 4DPAIPN-CI and 4DPAIPN-Br, which gave yields of
99%, 89%, 44%, <5%, 43%, 65% and 50%, respectively. The
iridium PC [Ir(dF(CF;)ppy).(dtbbpy)]PFs was also considered,
which provided 99% yield. The yields generally reflect the
photoxidising capacity of the PC (Eeq* = 1.35 V, 1.58 V, 1.21 V,
1.23V,0.90 V,1.09V, 0.98 V and 1.21 V for the TADF PCs and Ir
PC, respectively). However, there are some exceptions to this, for
example 4CzIPN-OMe (E..q* = 1.23 V, <5%) performs poorly
despite being more strongly photooxidising than the Ir PC. This
is suggested to be linked to fast BET from the excited CT state of
the PC, as proposed by Zeitler et al.'** 4CzIPN-‘Bu also per-
formed worse than expected (Er.q* = 1.21 V, 44%), with Waser
et al. conjecturing that issues of stability of the PC may be
responsible for the lower yield. For the subsequent substrate
scope, 4CzIPN was selected as the PC of choice.

An additional example involves functionalisation of an alkene,
whereby decarboxylation of Cbz-proline by single electron oxidation
from the excited photocatalyst produces an electron-rich radical that
then can be added to the electron-poor diethyl maleate (Fig. 143)."**
The reduced photocatalyst is then used to reduce the resultant
C-centred radical (Fig. 144). A variety of TADF compounds
including 3CzCIIPN, 4CzIPN, 5CzBN, 3DPACIIPN, 3DPAFIBN,

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7647
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Fig. 142 Reaction scheme for the decarboxylative alkylnylation of (a)
dipeptides and (b) peptide tetramers.

3DPA2FBN, 4CzIPN-OMe and 5CzBN-OMe were tested as photo-
catalysts in this model reaction. All photocatalysts produced the
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Fig. 143 Reaction scheme for the photocatalytic decarboxylative con-
jugate addition of Cbz-proline to diethyl maleate.
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Fig. 144 Photoinduced decarboxylative conjugate addition of Cbz-
protected proline to diethyl maleate.

final product but with varying yield, depending highly on their
respective ground and excited state redox potentials. For example,
4CzIPN and 3CzCIIPN, possessing the highest E.q* values of the
series (Ereq* = 1.35 V and 1.56 V, respectively), and hence the
best photooxidants, produced the highest yields (80% and 77%,
respectively). The yields were also higher, but comparable, than
those previously reported using Mes-4MeOAcr-Ph (73%, Eeq* =
1.65 V), the best known photocatalyst for this reaction.>® The
slight difference in yield between these photocatalysts can
be correlated to the ground state reduction potentials (Ejeq =
—1.21 V, —1.16 V and —0.82 V for 4CzIPN, 3CzCIIPN and
Mes-4MeOAc-Ph, respectively). Product yields varied from 1-37%
for the other TADF photocatalysts and aligned with their reduced
oxidising power in the excited state. Both methoxy-substituted
photocatalysts, 4CzIPN-OMe and 5CzBN-OMe produced 3% and
1% yield, respectively, of the product despite having appropriate
redox potentials. This is hypothesized by the authors to be as a
result of fast, intramolecular BET from their excited charge
transfer state, which is corroborated by their weak radiative
emission intensity in comparison to the other compounds in
the CDCB family. Zeitler et al. hypothesized that the stronger
methoxy donor substituent triggers a competitive nonradiative
relaxation process. It should be noted that these methoxy-
substituted CDCB compounds have been shown as successful
PCs in other reactions; for example, 5CzBN-OMe was shown to
be highly efficient in the photocatalytic formation of amides

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00198a

Open Access Article. Published on 18 May 2021. Downloaded on 6/28/2026 6:33:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

a) R! R’
+ (o} PC (5 mol%) R3
X COH _, Cs,CO3, DMA, rt, 16 h | N
|/ P R® H Blue LED L OH
R Chem. Sci., 2019, 10, 5162-5166 13-73%
Ph
b) Cz CN Cz
. on C52603, DMA, rt
cz cz Ph/ﬁ( 3h,blueLED ., cz
o
Cz CN Chem. Sci., 2019, 10, 5162-5166 Cz CN
4CzBnBN
64%

Fig. 145 Reaction scheme for the (a) benzylation of aliphatic aldehydes to
secondary alcohols and (b) formation 4CzBnBN.

(see Section 6: HAT catalysis).**° It is thus not evident what is

the origin of their poor performance in the functionalisation of
diethyl maleate.

The photoinduced decarboxylation of benzylic carboxylic
acids can be used towards the synthesis of secondary alcohols
(Fig. 145a).*® As with the previous examples, the excited
photocatalyst is used to oxidatively decarboxylate the carboxylic
acid, generating a carbon-centred radical species, which is then
reduced by the reduced photocatalyst to form the carbanion,
closing the photocatalytic cycle (Fig. 146). The carbanion can
then attack the electrophilic carbonyl carbon in the aliphatic
aldehyde, producing the secondary alcohol product. Stern-
Volmer quenching experiments confirmed that the excited PC
is quenched by the carboxylate rather than the aldehyde. Three
photocatalysts, 4CzIPN, 4CzPN and 3DPAFIPN, were considered,
producing respective yields of 75%, 55% and 6% in the reaction
of phenylacetic acid and n-pentanal. Other photocatalysts inves-
tigated, including [Ir(dF(CF);ppy).(dtbbpy)]PFs provided very
poor yields of 6% or less. Firstly, the excited PC must oxidise
phenylacetate (PA) with NBu,PA having an oxidation potential
of Es = 1.27 V.7 The photooxidising capacity of the PCs is as

-co,

o O

Fig. 146 Plausible mechanism for the benzylation of aliphatic aldehydes
to secondary alcohols.
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follows: E..q* = 1.21 V, 135 V, 140 V and 1.09 V for
[Ir(dF(CF);ppy).(dtbbpy)|PFs, 4CzIPN, 4CzPN and 3DPAFIPN,
respectively. Hence from this, it is clear to why both the iridium
PC and 3DPAFIPN perform poorly in this reaction, while 4CzIPN
and 4CzPN are more than capable. Since only 4CzIPN and
4CzPN are photooxiding enough to complete the first step,
only these two PCs will be discussed when considering the
second SET, which is reduction of the benzylic radical (Ereq =
—1.43 V).¥*%331 Both 4CzIPN and 4CzPN have similar ground
state reducing ability (E,.q = —1.21 V and —1.16 V, respectively),
so their great difference in yield is unexpected. To understand
this variation in product yields, mechanistic investigations were
undertaken. Photodecomposition of 4CzIPN was observed
during the reaction, isolated as 4CzBnBN (Fig. 145b). Reaction
of phenylacetic acid and n-pentanal using 4CzBnBN yields 39%
of the desired product, leading Konig et al. to suggest it is the
main active PC for carbanion generation, especially since it is
very reducing in the ground state (E..q = —1.72 V). Photocatalytic
carbanion generation has been discussed in detail in a recent
review.>*> From this, the authors propose the mechanism shown
in Fig. 146, whereby they invoke 4CzBnBN as the PC. Since 4CzIPN
photo decomposes to form this strong ground state reductant
4CzBnBN, this is likely why 4CzIPN outperforms 4CzPN.
Moreover, an oxidative quenching mechanism may be in
operation, which is exemplified by the decarboxylation of
N-(acyloxy)phthalimides (Fig. 147a)*** or N-hydroxyphthalimide
esters (Fig. 147b).>** The former was used as the starting reagent
for the radical-radical coupling to access alkylated N-heterocycles
(Fig. 148). Previously, [Ir(dF(CF;)ppy).(dtbbpy)]PFs had been
identified as a superior photocatalyst, producing the alkylated
isoquinoline in 90% yield.>*> Both 4CzIPN and 2CzPN were
evaluated as potential replacement PCs, producing slightly lower
product yields of 84% and 80%, respectively.>*> However, the
CDCBs were present in a 1 mol% loading whilst the iridium

a) O O
>—< > AN
N—O
PC (1 mol%)
N
_N

TFA, DMA, rt, 5 h, blue LED
Angew. Chemie. Int. Ed., 2018, 57, 11278-11282

37 -90%

b) 0O O S—

>—(/ PC (2 mol%)
N—O DMSO, 50 °C
cl Blue LED (450 nm) >
o +
B
2
N)\CI

Org. Process. Res. Dev., 2021, 25, 57-67

Fig. 147 Reaction scheme for the (a) decarboxylative alkylation of hetero-
arenes using N-(acyloxy)phthalimides and (b) an additive free photoredox
Minisci reaction.
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Fig. 148 Plausible photocatalytic cycle for the decarboxylative alkylation
of N-heteroarenes with N-(acyloxy)phthalimides.

photocatalyst was employed at 2 mol% loading, which may
explain the slightly different yields obtained.

The latter reaction (Fig. 147b) is an example of an additive-
free Minisci reaction.*** The excited PC is oxidative quenched
by the N-hydroxyphthalimide ester to release a carbon-centred
radical, which adds to the 2,4-dichloropyrimidine. The resulting
adduct is oxidised by the oxidised PC to yield the final product.
Organic TADF compounds 3CzCIIPN, 5CzBN and 3DPA2FBN
were investigated as PCs, providing respective product yields of
7%, 29% and 43% under the same additive-free reaction con-
ditions. 4CzIPN also was considered and provided 26% yield,
although this included the additive DIPEA. These yields
generally align with the photoreducing ability of the PC (E,y
—0.93 V, —1.42 V and —1.60 V for 3CzCIIPN, 5CzBN and
3DPA2FBN, respectively), which must be capable of the reducing
the N-hydroxyphthalimide ester (E.q = —1.22 V vs. SCE). The
authors proposed that the addition of DIPEA results in a change
to a reductive quenching mechanism, hence a discussion of the
E.* value of 4CzIPN is not relevant.

Formation of a sulfoxide by-product was observed for the
4CzIPN-DIPEA system, which occurs through oxidation of the
final sulfide product (E, = 1.90 V vs. SCE). The authors suggested
that since the radical cation of 3DPA2FBN is less oxidising than that
of 4CzIPN (E,, = 1.24 V and 1.52 V, respectively), this by-product
cannot be formed by 3DPA2FBN, although thermodynamically,
neither should be capable of initiating this SET.

Quantum yield determination of the 4CzIPN-DIPEA system
and the 3DPA2FBN system gave values of 0.21 and 0.61,
respectively. A radical chain process may be in operation in
both cases, whereby the authors suggest that the final oxidation
step to form the product can occur through either SET to the PC
or to another molecule of the redox-active ester. No further
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investigations into the possible radical chain nature of this
mechanism were conducted.

Stern-Volmer quenching experiments were conducted for
4CzIPN, 3DPA2FBN and 5CzBN; however, the authors noted
that since the systems were not degassed, the measurements
applied only to prompt fluorescence quenching. It should be
noted that the presence of O, does not guarantee full quenching
of triplet excitons nor should it be assumed that O, behaves
benignly to singlet excitons. The Stern-Volmer quenching con-
stant Kgy with the hydroxyphthalimide ester was determined to
be 2.32, 9.52 and 12.64, for 4CzIPN, 3DPA2FBN and 5CzBN,
respectively, indicating that the kinetics of electron transfer do
vary considerably between PCs. When correcting these Kgy values
with the lifetimes of the PC provided in Table 2, the quenching
rate constant can be determined as 1.2 x 10° M~ s7%, 2.3 x
10° M s7! and 7.9 x 10®* M~* 57! for 4CzIPN, 3DPA2FBN and
5CzBN, respectively. The values align with the reported isolated
yields implying both thermodynamic and kinetic factors play a
role in influencing the product yield.

A similar example, although with less mechanistic clarity,
involves the investigation of the impact of solvent and additives
on the regioselectivity of the Minisci-type addition of amino
acid-derived redox-active esters to quinolines (Fig. 149).>*° More
polar solvents, such as DMA or DMSO, favour the C4 addition
product while less polar solvents, such as toluene or dioxane,
result in the C2 addition product. No discussion of the mecha-
nism is presented, although similar reactions proceed through
an oxidative quenching cycle.**”**® Organic TADF compounds
4CzIPN, 5CzBN and 3DPAFIPN were investigated in the PC
screen alongside [Ir(dF(CF;)ppy).(dtbbpy)]PFs providing yields
of 48%, 30%, 45% and 39%, respectively, of the C2 addition
product; all PCs achieved 8-10% of the C4 addition product
as the PC screen was conducted in toluene, which favours
formation of the C2 addition product. No further PC screen

XN
_— /
O—N
SO H
HO,S AcHN O o 3
10 mol% 10 mol%
PC (2 mol%)
PC (2 mol%) DMA or DMSO
Toluene or dioxane Blue LED
Blue LED Synlett, 2021, 32, 179-184
NHAc
NN
NHAc
32 -45% 32- 65%

Fig. 149 Reaction scheme for the investigation into the regioselectivity of
a Minisci type addition reaction when altering solvent and additives.
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was conducted in the more polar DMA or DMSO solvents. 4CzIPN
was selected as the PC when synthesising the C4 addition product,
providing yields of 32-65% and 3DPAFIPN was chosen for making
the C2 addition product, forming product in 32-45% yield,
although there is no justification provided for this choice given
they both provided similar yields of product in the PC screen.
There is no obvious correlation between the redox potentials
required for an oxidative quenching cycle and the yields obtained
(for example, E, =1.52V,1.41V,1.30V, 1.69 V and E,,* = —1.04 V,
—1.42 V, —1.38 V, —0.89 V for 4CzIPN, 5CzBN, 3DPAFIPN and
[Ir(dF(CF;5)ppy).(dtbbpy)]|PFe, respectively).

Alternative radical precursors in the formation of C-C and C-X
bonds

Utilisation of alternative radical precursors in the formation of
C-C and C-X bonds is also possible using TADF compounds as
photocatalysts, for example, in the arylation of arylidene malonates
using cyanoarenes (Fig. 1502)**° or the addition of malonates to
alkenes (Fig. 150b).**° For the former, the proposed mechanism
involves two photocatalytic cycles (Fig. 151), with the excited PC
being quenched in both cases by a sacrificial electron donor, TEA,
as confirmed by Stern-Volmer quenching experiments. The radical
cation generated on TEA exists in equilibrium with the o-amino
radical, which itself can be deprotonated by neutral TEA. Both TEA
or protonated TEA can engage in the PCET mechanism with the
arylidene malonate. The reduced photocatalyst is then used to
reduce both the arylidene malonate and the protonated cyano-
arene, with these resultant radicals coupling together, and follow-
ing elimination of HCN, generating the final arylated product.
From the proposed mechanism, two photons are required (one for
each catalytic cycle), to generate one molecule of product hence a
quantum yield <0.5 would act in support of this closed photo-
catalytic mechanism proposed; the experimentally determined
quantum yield of 0.28 provides some corroboration. An inverse
secondary kinetic isotope effect is also observed for the formation
of the arylidene malonate radical as expected due to the change in
hybridisation from sp> to sp® upon reduction, again acting as
corroboration of the proposed mechanism.

High throughput experimentation (HTE) was used to quickly
identify optimal conditions, with 4DPAIPN being the only TADF

PC(3mol%) _ RO OR

NEt, MeCN, 18 h
N Blue LED Ar = |
N

ACS Catal., 2019, 9, 10350-10357 62 - 91%
b)
[o] [o] R3

+ KO'Bu, MeCN,20 h RO -~ “OR
RO OR .
Ar R2 A, rt, blue LED i(—R
R1
Ar

ACS Catal., 2020, 10, 10546-10550 R2
10 - 99%

[0} [o}
PC (1 mol%)

Fig. 150 Reaction schemes for the (a) arylation of arylidene malonates
and (b) reaction of malonates with alkenes.
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Fig. 151 Proposed mechanism for the arylation of arylidene malonates.

compound considered. A high yield of 85% was obtained with
4DPAIPN and TEA as the sacrificial electron donor in MeCN,
with the next highest yield of 70% being obtained with
[Ir(ppy).(dtbbpy)]PFs under the same conditions. Other photo-
catalysts under these conditions provided little (33% with
[Ir(dF(CF;3)ppy).(dtbbpy)|PFs) to no yield (0% with fac-Ir(ppy)s
and [Ru(bpy);](PFs),. These results can be rationalized by con-
sidering the ground state reducing capacity of the PCs, which
correlates with the final product yield (Eeq = —1.52 V, —1.51 V,
—1.37 V —1.33 V for 4DPAIPN and [Ir(ppy).(dtbbpy)]PFs,
[Ir(dF(CF5)ppy)a(dtbbpy)]PFs and [Ru(bpy)s](PFs),). Although
Sfac-Ir(ppy); does have an appropriate ground state reduction
potential (Er.q = —2.19 V), it has very weak excited state oxidising
capacity (E,* = 0.31 V), which may explain why it generates
no product, especially since TEA has an oxidation potential of
Eo. = 0.83 V.10

Upon identification of the optimal conditions in terms of
photocatalyst, additives and solvent, additional conditions were
investigated, for example the impact of the light irradiation
power on the reaction yield. The irradiation intensity is based
on the intensity control allowed on a Kessil PR160 456 nm light,
with low intensity (irradiation: 25) giving an average yield of
79%, medium intensity (irradiation 75, standard conditions)
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providing an average yield of 87% and high intensity (irradiation:
100) resulting in 88% average yield. As expected, a higher yield is
observed when increasing the intensity from low to medium;
however, the yield seems to plateau upon further increase.

In the reaction of malonates with alkenes (Fig. 150b), the
proposed mechanism is simpler in that only one photocatalytic
cycle is suggested.**® The excited PC is reductively quenched by
the malonate enolate tautomer, with the resultant radical adding
to the alkene to form a benzyl radical. The reduced PC is then
invoked to reduce this benzyl radical, which after protonation,
yields the final product. Radical trapping experiments with
TEMPO provided evidence for the radical nature of the proposed
mechanism. Only organic PCs were considered in this reaction
and in the initial PC screen, 4CzIPN was the only CDCB-based
structure. 4CzIPN vastly outcompeted the other PCs, yielding
87% of product while the next best PC, eosin y, could achieve only
5%. The enolates of malonates typically have low oxidation
potentials (e.g., the enolate of diethyl malonate has E,y = 0.59 V
vs. SCE), thus it is likely that the step involving regeneration of
the PC is the more thermodynamically challenging step, and the
one best correlated to the reaction yield (E..q = —1.21 V and
—1.06 V for 4CzIPN and eosin Y, respectively). This hypotehesis is
supported by the lower yields obtained when the benzyl radical
contained electron-donating groups rather than electron-
withdrawing groups, as the electron-donating groups cause the
benzyl radical to be more difficult to reduce. For example, when
using p-MeOCgH, as the arene, the benzyl radical has a reduction
potential of E..q = —1.82 V, and a yield of 0% was obtained with
4CzIPN. By contrast, the benzyl radical of p-NCC¢H, has a
reduction potential of E..q = —0.77 V and consequently a yield
of 56% was obtained. For the arenes bearing electron-donating
groups, 3DPA2FBN was instead employed as the PC, and higher
yields could be obtained (e.g., 28% yield of product when using
p-MeOCgH,) on account of its greater reducing capacity in the
ground state (Ereq = —1.92 V).

Cyanoarenes have also been used in conjunction with oximes
and iminium chlorides for primary amine synthesis (Fig. 152a
and b, respectively),>* as well as in reaction with primary or
secondary amines to form heteroarylamines (Fig. 152¢).**> High
throughput experimentation was used to determine the optimal
conditions when using oximes as the coupling partner, with
4CzIPN and 4DPAIPN being the TADF PCs under investigation.
The best photocatalyst was identified as [Ir(dF(Me)ppy).(dtbbpy)]PF,
giving a 71% yield with DIPA, while 4CzIPN and 4DPAIPN managed
only 2% and 4%, respectively. For oxime reactants, the mechanism
is proposed to involve both photocatalytic electron and energy
transfer, with triplet-triplet sensitisation of the oxime being
suggested. Photocatalysts with a triplet energy higher than that
of the oxime (Er & 2.34 eV, 226 k] mol ™" for 0-benzoyl oxime under
investigation) are capable of undergoing the triplet sensitisation
process, for example [Ir(dF(Me)ppy),(dtbbpy)]PF, has a triplet energy
of Ep = 2.42 eV (233 kJ mol '). However, this doesn’t provide an
explanation for the lack of success with 4CzIPN, which has a triplet
energy Er = 2.52 eV (243 k] mol 1).3**

The proposed mechanism for the coupling of cyanoarenes
with amines (Fig. 152¢) is somewhat similar to that shown in
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Fig. 152 Reaction scheme for the reaction of cyanoarenes with (a)
oximes, (b) iminium chlorides and (c) amines.

Fig. 151 in that the PC is reductively quenched by the amine
reagent and the reduced PC is used to reduce the cyano-
arene.**” These two radicals then couple together, releasing
HCN, to form the final product. A range of spectroscopic
techniques were used to support these mechanistic studies,
including flash vacuum photolysis and transient absorption
spectroscopy. 3DPAFIPN provided the highest yield in the PC
screen and thus was subject to this spectroscopic analysis.
Upon excitation of the PC, a characteristic absorption at
590 nm was observed and assigned to the triplet excited state
of the photocatalyst (*PC*). After addition of the amine reagent,
this band decreased in favour of two new absorption bands at
308 nm and 466 nm, which correspond to the amine radical
cation and PC* ™, suggesting the triplet state is responsible for
the SET. Addition of the cyanoarene consequently resulted in
quenching of the 466 nm band. The decrease in the lifetimes of
*pC* when in the presence of the amine (from 10.0 ps to 4.1 s
in MeCN) and of PC*~ when in the presence of the cyanoarene
(from 109.1 ps to 12.6 ps in MeCN), were used to determine the
rate of electron transfer as 5.1 x 10° M~ s~ for SET between
the amine and PC*, and 7.0 x 10’ M~ ' s~ for the SET between
PC*™ and the cyanoarene.

3DPAFIPN, 4DPAIPN and 4CzIPN were tested as the PCs,
providing yields of 99%, 99% and 0%, respectively. Transient
absorption spectroscopy indicated that 4CzIPN could be reductively
quenched by the amine reagent, as indicated by the new absorption
band at 465 nm; however, upon addition of the cyanoarene, no
change in this absorption band was observed, implying that
4CzIPN®*~ could not reduce the cyanoarene, despite having
suitable redox potentials (E,.q = —1.21 V for 4CzIPN and
—0.87 V for p-cyanopyridine) in the presence of the amine
radical cation.

fac-Ir(ppy); was also investigated as a PC in this reaction and
provided a yield of 88%, although this PC was shown to proceed
through an oxidative quenching pathway.

This journal is © The Royal Society of Chemistry 2021
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Fig. 153 Reaction scheme for the generation of polycarbocyclic and
polyheterocyclic cyclopropanes. RP = radical precursor.

Alkyl radicals generated from silicate or trifluoroborate
radical precursors can add to olefins that are embedded within
bicyclic scaffolds. Radical polar crossover can ensue to generate
polycarbocyclic and polyheterocyclic cyclopropanes (Fig. 153).3*3
The mechanism is thought to proceed as shown in Fig. 43,
although no mechanistic studies were undertaken. Organic PCs
4CzIPN and 4CzIPN-Cl were considered in this reaction alongside
iridium and ruthenium complexes. The ratio of product to
internal standard (IS) as determined by HPLC was 1.31 and
1.40 for 4CzIPN and 4CzIPN-Cl, respectively, which was lower
than that obtained for [Ru(bpy)](PFs), (1.63) and [Ir(dF(CF;)-
ppy)2(dtbbpy)]PF, (1.52). However, the ratio of reactant to the
IS was also found to be lower for the organic PCs (0.27, 0.77,
1.11 and 1.14 for 4CzIPN, 4CzIPN-Cl, [Ru(bpy)](PFs), and
[Ir(dF(CF;)ppy).(dtbbpy)]PFs, respectively), suggesting a higher
conversion was possible for the organic PCs. Since the photo-
oxidising ability of the organic PCs is higher (Eq* =1.35V, 1.71 V,
0.77 V and 1.21 V for 4CzIPN, 4CzIPN-Cl, [Ru(bpy)](PFe), and
[Ir(dF(CF;)ppy).(dtbbpy)|PFs, respectively), perhaps this may
be why they achieve higher conversion of the reagents, although
this does not explain why they achieve a lower product ratio.

Radical precursors involving DHPs have typically been used
to form alkyl radicals; however, they can also be used to form
carbamoyl radicals that can be added to olefins (Fig. 154).%**
Reductive quenching of the PC by the 4-carboxamido-Hantzsch
esters releases the nucleophilic carbamoyl radical after
aromatization-driven fragmentation. This radical adds to the
electron-deficient olefin, the product of which is reduced by the
reduced PC. Protonation of the resultant carbanion yields the final
product. This proposed mechanism was supported by Stern-
Volmer quenching studies, which showed that the luminescence
quenching by the 4-carboxamido-Hantzsch ester was much
faster than by the olefin (kq = 9.22 x 10" M™' s™! and 2.96 x
10° M ' s, respectively). Addition of TEMPO inhibited the
reaction, instead forming an adduct with the carbamoyl radical.
Only three PCs were investigated in the PC screen: 3DPAFIPN
(80%), 3DPA2FBN (78%) and [Mes-Acr|ClO, (65%) with 3DPAFIPN

EWG
EWG | PC (2.5 mol%) i
2 o) N DCM, 20 h, rt
% ~ PSR —
EWG R' Blue LED (455 nm) EWG
EtO,C CO,Et Rov o
|
| 7 R!
- 90°
N 31-90%

Chem. Eur. J., 2020, 26, 8239-8243

Fig. 154 Reaction scheme for the addition of carbamoyl radicals to
olefins.
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being selected for the remainder of the study. The origin behind
the TADF compounds ability to outcompete [Mes-Acr|ClO, may be
linked to the relative ground state reduction potentials of the PC
(Ereq = —1.59 V, —1.92 V and —0.57 V for 3DPAFIPN, 3DPA2FBN
and [Mes-Acr|ClO,, respectively).

Additionally, sodium trifluoromethylsulfinate may be used
as radical precursor, which was used in the difunctionalisation of
vinyl ureas (Fig. 155).>*® The excited photocatalyst is proposed to
oxidise the trifluoromethylsulfinate anion, yielding the electro-
philic trifluoromethyl radical (Fig. 156). This radical adds to the
double bond on the urea, forming a tertiary radical which is
reduced by the reduced PC. The carbanion formed then under-
goes intramolecular nucleophilic aromatic substitution to pro-
duce the final difunctionalised product. Radical inhibition
experiments with TEMPO confirm this is a radical process and
radical trapping with 1,1-diphenylethylene demonstrated the
presence of the trifluoromethyl radical. Stern-Volmer quenching
experiments confirmed that the excited PC is quenched more
efficiently by the trifluromethylsulfinate salt rather than the urea,
while a quantum yield of 0.18 suggests that the reaction is not a
radical chain mechanism. Both 4CzIPN and 3DPAFIPN were
considered as TADF photocatalysts, with the former greatly out-
performing the latter (89% yield and trace yield, respectively).
Only [Ir(dF(CF;)ppy).(dtbbpy)]PFs provided some competition for
4CzIPN, obtaining 70% yield. This difference in yield is reflective
of the photooxidising ability of the photocatalyst (E.q* = 1.35 V,
1.21 V and 1.09 V for 4CzIPN, [Ir(dF(CF;)ppy).(dtbbpy)]PFs and
3DPAFIPN, respectively), which needs to be sufficiently high to
oxidise CF;SO,Na (Eox = 1.05 V).

o
0,
- )J\ _ PC (5 mol%)
N N Acetone or MeCN or DMF
Ar  Cs,C0; 30°C, 18 h
24 W blue LED

+

X CF;SO,Na X

66 - 84%

Angew. Chemie. Int. Ed., (2020), 59, 11600-11606
Fig. 155 Reaction scheme for the difunctionalisation of vinyl ureas.
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Fig. 156 Suggested mechanism for the difunctionalisation of vinyl ureas.
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Fig. 157 Reaction scheme for the photocatalytic cyanation of arenes.

Furthermore, cyanation of aryl or heteroaryl bromides is
possible using photocatalysis (Fig. 157).>*® The excited PC is
proposed to oxidise tris(trimethylsilyl) silanol (supersilanol),
which forms a silicon-centred radical that can abstract a
bromine from an aryl bromide (Fig. 158). The resultant weakly
nucleophilic aryl radical adds to tosyl cyanide (TsCN) and,
through a Barton nitrile transfer, yields the final product,®”*4%
as well as the tosyl radical, which is reduced by the reduced
photocatalyst. The mechanism was corroborated by addition of
TEMPO, which suppressed formation of the expected product,
instead yielding an aryl-TEMPO adduct, confirming the for-
mation on an aryl radical. Only organic TADF compounds were
considered as photocatalysts, providing yields of 71%, 55% and 0%
for 4CzIPN, 4CZTPN and 4DPAIPN, respectively. This difference in
yield is correlated with the differing photooxidising ability of the
PCs. Oxidation of supersilanol is quite challenging (E,x = 1.54 V
vs. SCE in MeCN)**° and only strongly photooxidising PCs can
complete the required SET (Eeq* = 1.35 V, 1.41 V and 1.1 V for
4CzIPN, 4CzTPN and 4DPAIPN, respectively), which explains the
absence of yield for 4DPAIPN. The lower yield obtained by
4CzTPN may be related to the ground state reduction potential
(Brea = —1.21 V and —1.02 V for 4CzIPN and 4CzTPN, respectively),
which must be sufficiently negative to reduce the tosyl radical
(Erea = —0.50 V vs. SCE in MeCN);****3° hence, this process is
more thermodynamically favourable for 4CzIPN.

Organic halides can be used as radical precursors for the
formation of C-P bonds to produce asymmetrical phosphines
and phosphonium salts (Fig. 159). The mechanism involves
reductive quenching of the PC by sacrificial electron donors

co,Me
,[ j co,Me
HO\ _SiMe, HE Si Br ©/

Me,Si~ \ Me,;Si~ \SlMeg
TsCN

Fig. 158 Proposed mechanism for the photoredox mediated cyanation of
aryl bromides via silyl radical mediated bromine abstraction.
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Fig. 159 Reaction scheme for the synthesis of phosphines and phosphonium
salts using photocatalysis.

like NEt; or DIPEA, followed by reduction of an aryl or alkyl
iodide to close the photocatalytic cycle. The resultant radical
abstracts a hydrogen atom from the phosphine to yield
phosphorus-centred radicals, which homocouples to form a
diphosphine compound. Additional aryl or alkyl radicals,
formed from the excess of organohalide, attack the P-P bond
to yield the tertiary phosphine product. Upon addition of
TEMPO, product formation is inhibited, providing evidence
that this is a radical process. Further confirmation of the
presence of organic radicals was provided by EPR spectroscopy.
Monitoring of the reaction using *'P{'"H} NMR spectroscopy
indicated the consumption of the original phosphine and the
formation of the self-coupled diphosphine species. Finally,
Stern-Volmer experiments indicated that DIPEA (or NEt;) was
responsible for the quenching of the excited PC.

A photocatalyst screen was conducted for the functionalisation of
P, with aryl iodides to yield the respective phosphonium salt
(Fig. 159e). 3DPAFIPN was identified as the optimal PC as it out-
performed the other organic TADF PCs in the study, yielding 60% of
product while 4CzIPN, 5CzBN, 4DPAPN, 4DPAIPN and 3DPA2FBN
all yielded between 11-22%; 3DPACIIPN, 5CzBN-OMe and 4CzPN
did not lead to product formation. The PCs 4CzIPN, 3DPACIIPN,
5CzBN, 5CzBN-OMe and 3DPA2FBN instead yielded between 8-21%
of the tertiary arylated phosphine. No comment is provided by the
authors as to the variance in product formation or yield.

This journal is © The Royal Society of Chemistry 2021
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Fig. 160 Reaction scheme for the 1,2-oxyalkynylation of ene-carbamates
and enol ethers.

Additionally, with the aid of benziodoxolones (EBXs), the
1,2-oxyalkynylation of ene-carbamates and enol ethers is pos-
sible to synthesise 1,2-amino alcohols and diols (Fig. 160).*>" A
reductive quenching cycle is proposed to be in operation
(Fig. 161), in which SET from the ene-carbamate to the excited
PC occurs, supported by Stern-Volmer quenching experiments.
The resultant radical is trapped by the carboxylate radical from
EBX, with the product adding to a second molecule of EBX to
yield the final functionalised product, alongside the iodanyl
radical. This iodanyl radical oxidises the reduced PC to close
the photocatalytic cycle and form the previously mentioned
carboxylate radical. The authors additionally propose that
1-acetoxy-1,2-benziodoxol-3-(1H)-one (BIOAc) acts to oxidatively
quench the excited PC, releasing more of the iodanyl radical species.
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Fig. 161 Viable mechanism for
carbamates.

the 1,2-oxyalkynylation of ene-
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The oxidised PC can then also be used to oxidise the ene-carbamate.
This hypothesis was supported by the observation that in the
absence of BIOAc, the yield decreases (65% after 5 days, compared
to 89% after 18 h in the presence of BIOAc).

4CzIPN, 4CzIPN-Cl and [Mes-Acr|ClO, were considered as
PCs and in the absence of additives, yielded 30%, 42% and 5%,
respectively. Thus, additional reaction optimisation was initiated
with 4CzIPN-CI and a yield of 80% was obtained in the presence
of BIOAc. This outcome was then compared with the use of
organometallic PCs, with [Ru(bpz);](PFs), (21%) and [Ir(dF(CF3)-
Ppy).(dtbbpy)|PFs (24%) affording significantly lower product
yield in the presence of BIOAc. Since the ene-carbamate,
N-vinyloxazolidinone, has an oxidation potential of E,, = 1.30 V
vs. SCE, it is unsurprising that some PCs may struggle with this
transformation (Eq* = 1.35 V and 1.21 V for 4CzIPN and
[Ir(dF(CF;s)ppy).(dtbbpy)|PFs, respectively, in comparison with
Ereq* = 1.71 V for 4CzIPN-Cl). Although this SET should be facile
for both [Mes-Acr|ClO, and [Ru(bpz);](PFe)s (Erea* = 2.06 V
and 1.45 V, respectively), their lower yields may be linked to
their more anodically shifted ground state reduction potentials
(Erea = —0.57 V and —0.80 V, respectively) in comparison to
ACZIPN-CI (E;eq = —0.97 V).

Finally, C-H bonds can be constructed using this form of
photocatalysis, as in the hydrodefluorination of trifluoromethyl-
arenes (Fig. 162).>** The proposed mechanism, shown in Fig. 163,
suggests the thiolate anion generated by deprotonation of
4-hydroxythiophenol (4-HTP) under basic conditions, is capable
of reductively quenching the excited PC. The reduced PC
then reduces the trifluoromethylarene to form a radical anion,
which undergoes mesolytic cleavage of fluoride. The resultant
C-centred difluorobenzylic radical is trapped by 4-HTP to form
the desired product. Stern-Volmer quenching experiments indi-
cated that a 1:1 combination of TMP:4-HTP was responsible for
emission quenching of the PC. Addition of TEMPO resulted in the
formation of an adduct between the C-centred difluorobenzylic
radical and TEMPO, providing evidence for the formation of the
radical species. The presence of this radical was also confirmed by
the product identified upon addition of styrene to the reaction
mixture. Moreover, utilisation of d,-4-HTP resulted in incorporation
of deuterium into the product, suggesting 4-HTP as the hydrogen
atom donor. High throughput screening of the PC was conducted,
with 28 PC considered. Of these, 13 were from the TADF CDCB
family: 2CzPN, 2CzIPN, 2CZTPN, 4CzPN, 4CzIPN, 4CzIPN-OMe,
4CZTPN, 5CzBN, 5CzBN-OMe, 3CzCIIPN, 4DPAIPN, 3DPACIIPN
and 3DPAFIPN. Specific individual yields for each PC were not
provided, but from the graphical results of the PC screen,

PC (0.25 mol%)

. CF2 -~ N
R PMP, TMP, 4-HTP R
% DCE, t, 12 h, blue LED Z
34.93%
J. Am. Chem. Soc., 2020, 142, 9181-9187

CF,H

Fig. 162 Reaction scheme for the hydrodefluorination of trifluromethy-
larenes where PMP = 1,2,2,6,6- pentamethylpiperidine, TMP = 2,2,6,6-
tetramethylpiperidine and 4-HTP = 4-hydroxythiophenol.
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Fig. 163 Plausible mechanism for the hydrodefluorination of trifluoro-
methylarenes.

4DPAIPN was clearly identified as the best PC, with fac-Ir(ppy);
being the next best. The only other TADF PCs to provide any
significant product yield were 5CzBN-OMe, 3DPACIIPN and
3DPAFIPN. For further optimisation studies, the respective yields
of 4DPAIPN and fac-Ir(ppy); were provided as 62% and 53%,
respectively, which is likely linked with the photooxidising ability
of the PC (Ecq* = 1.10 V and 0.31 V for 4DPAIPN and fac-Ir(ppy)s,
respectively). The failure of the other PCs to promote the reaction
is probably linked to their ground state reduction potentials,
which must be significantly reducing to reduce the trifluor-
methylarene, where, for example, 4-(trifluoromethyl)benzo-
nitrile has E;.q = —1.79 V.

Bromination

The photocatalytic bromination of anisole has also been inves-
tigated using a TADF photocatalyst (Fig. 164), whereby the
crucial oxidation step (Eox (MeOAr/MeOAr*") = 1.79 V) is parti-
cularly challenging,"* hence requiring a strongly oxidising
photocatalyst. Impressively, 3CzCIIPN was demonstrated to per-
form comparably to Fukuzumi’s catalyst Mes-Acr-Me" (89% and
87%, respectively).''* There are two potential mechanisms
(Fig. 165) for this transformation, although the oxidative quench-
ing mechanism is hypothesized to be in operation as a result of
the redox potentials of 3CzCIIPN. The excited state reduction
potential of 3CzCIIPN (E,.q* = 1.56 V vs. SCE) is slightly too low to
initiate the required SET while the ground state oxidation

potential (Ex = 1.79 V vs. SCE) is sufficient.
_ Br
HBr, O,, MeCN, rt, 16 h /@/
Blue LED MeO

MeO :
87 -89%

J. Am. Chem. Soc., 2018, 140, 15353-15365

PC (5 mol%)

Fig. 164 Reaction scheme for the bromination of anisole.
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Fig. 165 Oxidative and reductive quenching cycles possible for the
photocatalytic bromination of anisole.

Cyanation

Conversion of benzyl alcohols and methylated arenes to ben-
zonitriles using sodium azide (Fig. 166)*>? is also possible using
photoredox catalysis. A reductive quenching mechanism is
invoked in which the azide is proposed to undergo SET to the
excited PC, forming an azidyl radical (Fig. 167). Closure of the
photocatalytic cycle proceeds by oxidation of the reduced PC by
0O,. Meanwhile, the azidyl radical abstracts a hydrogen atom
from the Lewis acid-coordinated benzyl alcohol, generating an
a-alkoxy radical, which in the presence of oxygen, forms an
aldehyde. This benzaldehyde reacts in a Schmidt reaction with
hydrazoic acid, followed by loss of water and N, to yield the
final benzonitrile. The reactions proceed in similar way with

XN X i) PC (3 mol%) N CN
R—! Zn(OTf), (5 mol%) . Rf!
= NaNj, MeCN, air, rt =
X =CH,0H or CH; Blue LED (456 nm) 35-92%
i) TFOH

Chem. Eur. J., 2020, 26, 14070-14074

Fig. 166 Reaction scheme for the photocatalytic cyanation of benzyl
alcohols/methyl arenes.

,an"' e Zn2+
OH <|)’ (38
—_— H |1|
Zn(OTf), g
NS Ns HN; l 0,/0,
3
~o
PC*

HN,
TfOH

PC
hv o,
PC
~ OH
CN o
SN O N2
-— Noy < H

Fig. 167 Proposed mechanism for the photocatalytic cyanation of benzyl
alcohols/methyl arenes.
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toluene derivatives where the azidyl radical abstracts a proton
from the weak benzylic C-H bond to form a benzyl radical. The
benzyl radical is intercepted by O, to yield a benzyl peroxo
radical, which is converted to the benzaldehyde. The conversion
to nitrile proceeds as before. EPR spectroscopy reveals the
presence of the azidyl radical, while confirmation of the radical
photocatalytic mechanism was corroborated by the use of
radical scavengers and radical trapping agents. Organic TADF
compounds 4CzIPN, 4CzIPN-Br and 4DPAIPN were each tested,
providing yields of 89%, 92% and 0%. These differences in yield
seem to correlate with the photooxidising ability of the PC
(Eea* = 1.35 V, 1.52 V and 1.1 V for 4CzIPN, 4CzIPN-Br, and
4DPAIPN, respectively), as the PC must be capable of oxidising
the azide anion (E,x = 1.08 V vs. SCE). 4CzIPN was, however,
used as the PC for the remainder of the study.

Reduction

The reductive capacity of the photocatalysts 3CzCIIPN, 4CzIPN,
5CzBN, 3DPACIIPN, 3DPAFIBN, 3DPA2FBN, 4CzIPN-OMe and
5CzBN-OMe, was considered in the reductive C-O bond cleavage of
lignin derivatives (Fig. 168)."** Both steps, reduction to p-methoxy
acetophenone (cf, e.g., Ereq = —1.74 V vs. SCE for 2-oxo-2-phenylethyl
acetate) and reductive dimerization of acetophenone derivatives to
their corresponding pinacols (cf, e.g, acetophenone, E..q = —2.64 V
vs. SCE),*** require a strongly reducing photocatalyst in the ground
state (Fig. 169). The yields observed using the aforementioned TADF
molecules track with their corresponding redox potentials. For
instance, 3DPA2FBN with the most negative ground state reduction
potential (E,q = —1.92 V vs. SCE) delivered the highest yield of 77%
after 18 hours, outperforming [Ir(ppy),(dtbbpy)]PFs as the typical
organometallic catalyst for this reaction (56% yield after 12 hours),
although this is unsurprising since the iridium photocatalyst is less
reducing (Ereq = —1.51 V). 3CzCIIPN, with the least negative
reduction potential in the series (E.q = —1.16 V vs. SCE),
produced no pinacol. Similarly, the methoxy-substituted photo-
catalysts did not have enough reducing power to deliver the
final pinacol product but were capable of mediating the first
reduction step, producing the p-methoxy acetophenone.
Additionally, reduction of aryl halides has been shown to be
feasible using CDCB-based organic compounds as PCs (Fig. 170),
with the reduced aryl halide capable of engaging in a coupling

o PC (1 mol%)
o DIPEA, HCO,H

OMe MeCN, rt, 45 min -5 h

Blue LED

OMe

J. Am. Chem. Soc., 2018, 140, 15353-15365

Fig. 168 Reaction scheme for the reduction of lignin model derivative.
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Fig. 169 Proposed mechanism for the double photocatalytic reduction of
lignin derivatives to pinacols via a p-methoxy acetophenone intermediate.
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Chin. Chem. Lett., 2020, 31, 1899-1902

Fig. 170 Reaction schemes for the reduction of aryl halides.

reaction with an additional aryl group in C(sp*)-C(sp®) type
coupling (Fig. 170b).>'® The proposed mechanism involves
reductive quenching of the excited PC by NEt;, with the reduced
PC being used to reduce the aryl halide. After loss of the halide,
the aryl radical can either abstract a proton from NEt;*" to yield
the formally reduction product or add to an unsaturated bond
such as to a heterocycle to form the C(sp®)-C(sp®) coupled
product. Stern-Volmer quenching studies confirmed that NEt;
can effectively quench the luminescence of the PC while product
inhibition was observed upon addition of TEMPO.

Six CDCB compounds were investigated as PCs: 4CzPN,
4CzIPN, 5CzBN, 4DPAPN, 3,4,5-3CzBN and 2CzPN, providing
yields of 51%, 54%, 70%, 35%, trace and trace, respectively. For
comparison, [Ru(bpy);](PFs), was also tested and this produced only
trace amounts of product. Reduction of aryl halides is thermody-
namically challenging and so the ground state reducing ability of
the PCs is likely to govern this process (Eeq = —1.16 V, —1.21 V,
—1.52V, —1.53 V, —1.58 V, —1.45 V, —1.33 V, for 4CzPN, 4CzIPN,
5CzBN, 4DPAPN, 3,4,5-3CzBN, 2CzPN and [Ru(bpy);](PFs).
respectively). The authors suggested that the superior perfor-
mance of 5CzBN is attributed to its strong reduction ability;
however, other PCs with equally strong E..q values struggled in
this reaction, while 4CzPN, with the least reducing E..q value,
performed adequately. This suggests that another factor is
responsible for the relative success of the PCs in this reaction.

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7657
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Detriflation

The reductive capabilities of 3DPA2FBN have been exploited in
the photocatalytic detriflation of nonactivated aryl triflates
(Fig. 171).""* This type of reaction had only previously been
reported for aryl triflates with electron-withdrawing substituents on
the aryl group (e.g. p-CN-benzene derivatives).**> The defunctionali-
sation of naphthyl triflate (E..q = —2.01 V vs. SCE)** was considered,
with both 3DPA2FBN and fac-Ir(ppy); under investigation owing to
their very negative ground state reduction potentials (Eeq = —1.92 V
and —2.19 V, respectively). Both photocatalysts proved successful in
this reaction with comparable yields of 86% and 90%; the slightly
higher yield obtained by the iridium photocatalyst correlates with its
more negative reduction potential.

Polymerisation

Free radical and cationic polymerisations can be initiated using
CDCB-based photocatalysts, which through reaction with an
additive, either bis(4-tert-butylphenyl)iodonium hexafluoropho-
sphate (Iod) or ethyl 4-(dimethylamino)benzoate (EDB) or both,
produce the required species necessary to initiate the respective
polymerisation reaction.*'" This can be achieved through both
reductive and oxidative quenching mechanisms (Fig. 172). The
molecules considered as photocatalysts were 4CzZTPN, 4CzZTPN-Br,
4CzBN and 4CzBN-Br and all were shown to work in both two and
three component systems in the polymerisation reactions. The
success of the polymerisation in this case is defined by the rate of
polymerisation and functional conversion (FC) of the monomer to
the polymer (e.g., conversion of a diepoxide functionality in the
monomer to the polymer without this epoxy functional group). In
the polymerisation reactions, 4CzBN was the most efficient,
followed by 4CzBN-Br, 4CzTPN-Br and finally 4CzTPN, for
example, in the polymerisation of EPOX in a two-component
system, FC = 54%, 46%, 34% and 27%, respectively under 455 nm
excitation. All four TADF molecules outperformed the traditional

COCT

21 -26% 59 - 67%

PC (1 -2 mol%)
orf DIPEA, HCO;H
OO MeCN rt,6-12h
Blue LED

J. Am. Chem. Soc., 2018, 140, 15353-15365

Fig. 171 Reaction scheme for the defunctionalisation of naphthy! triflate.

Arzl
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o
>\/Pc*\r<
EDE H < EDB
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Fig. 172 Photocatalytic polymerisation initiations involving both oxidative
and reductive quenching cycles where EDB is ethyl 4-(dimethylamino)-
benzoate and Ar,l™ is bis(4-tert-butylphenyliodonium.
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photoinitiator bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide
(BAPO), which could not initiate the polymerisation in the
aforementioned reaction conditions; no other photocatalysts
were considered. The efficiency rate of the CDCBs seems to
follow the electron transfer quantum yield in the photooxidation
process generating PC™ and Ar® to initiate cationic and free
radical polymerisations, respectively. These quantum yields were
calculated by using Stern-Volmer quenching constants from the
equation @esy) = Ksv[lod]/(1 + Kgy[Iod]). These high electron
transfer quantum yields also follow the energy of the S; state
(S; = 2.90 eV (280 kJ mol™"), 2.80 eV (270 k] mol '), 2.72 eV
(262 k] mol ") and 2.50 eV (241 k] mol ") for 4CzBN, 4CzBN-Br,
4CzTPN-Br and 4CzTPN, respectively), suggesting the singlet
excited state is important in this process.

Cyclisation

Borylcyclopropanation reactions can be photocatalysed by CDCB-
based TADF molecules (Fig. 173).”>” Diiodoborylmethane is used
as the radical precursor, which after reduction by the exited
photocatalyst and cleavage of a carbon-iodine bond, generates
a borylmethyl radical (Fig. 174). This radical then adds to the
double bond of a-MIDA-boryl styrene, forming a benzylic radical,
which can then undergo cyclopropyl ring closure. Sodium thio-
sulfate was used a sacrificial reductant to regenerate the photo-
catalyst and close the catalytic cycle. Three TADF molecules were
considered as the photocatalyst, 4CzIPN, 4CzIPN-‘Bu and
4CzIPN-Br, providing respective yields of 67%, 58% and 26%.

o
PC (5 mol%) Y\N/

2,6-Buy4-Me-pyridine 0/ l
N\
)

Bpin

O\B l )\
Bpin""

45 - 65%
Org. Chem. Front., 2019, 6, 1734-1737

Na,S,05-5H,0, MeCN AT,
rt, 18 h, blue LED / o

Fig. 173 Reaction scheme for photocatalysed borylcyclopropanation.
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Fig. 174 Proposed mechanism for the photocatalytic borylcyclopropanation.
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These yields are reflective of their photoreducing capability (Eo* =
—1.04 V, —1.31 V and —0.82 V for 4CzIPN, 4CzIPN-'Bu, and
4CzIPN-Br, respectively), especially given that diiodoborylmethane
has a reduction potential of E,.q = —1.01 V. However, this
correlation fails to explain the yield obtained using 4CzIPN-'Bu,
which obtained a lower yield than when using 4CzIPN despite
being a stronger photooxidant. The reason for the poorer perfor-
mance of 4CzIPN-Bu may be linked to its reduced oxidising
capacity in the ground state (E,x = 1.22 V and 1.52 V for
4CzIPN-"Bu and 4CzIPN, respectively). Alternative photocatalysts
were not considered by Ooi et al. in this study; however, a study
by Charette et al. showed the borylcyclopropanation of styrene
using diiodoborylmethane was possible in 78% yield using
xanthone as a photocatalyst (E,* = —1.42 V)**® although this
result was obtained using a flow set-up.**

Photocatalysed cyclisation reactions have also been reported
in the context of the hydroarylation of arenes (Fig. 175).>°° The
proposed mechanism involves reductive quenching of the PC by
DIPEA. The resultant reduced PC then reduces the aryl halide to
form an aryl radical, which undergoes 5-exo-trig cyclisation to
form a cyclohexadienyl radical. The reduced PC is invoked again
to reduce this radical to the anion, which is then protonated to
yield the final product. Stern-Volmer quenching experiments
reveal DIPEA to be an efficient quencher of the excited PC, while
executing the reaction in D,O resulted in deuterium incorporation
at the C(sp’) on the dearomatized ring, providing further con-
firmation of the radical-polar crossover mechanism. For this
reaction, 3DPAFIPN proved to be the superior PC (86% product
yield), in comparison to 4CzIPN (49%), 5CzBN (46%), 3DPA2FBN
(66%), [Ir(ppy).(dtbbpy)]PFs (66%) and fac-Ir(ppy)s (31%).

Reduction of the cyclohexadienyl radical (E,q = —1.34 V) is
possible for all PCs (Eyeq = —1.59 V, —1.52 V, —1.92 V, —1.51 Vand
—2.19 V for 3DPAFIPN, 5CzBN, 3DPA2FBN, [Ir(ppy),(dtbbpy)]PF,
and fac-Ir(ppy)s, respectively) except for 4CzIPN (E;eq = —1.21 V),
which explains why it performed poorly. The excited PC must also
be capable of oxidation of DIPEA (E,, = 0.81 V),*® which is facile
for 3DPAFIPN, 5CzBN and 3DPA2FBN (E,.q* = 1.09 V, 1.31 V and
0.92 V, respectively), but explains the reduced yields obtained
with [Ir(ppy).(dtbbpy)|PFs and fac-Ir(ppy)s (Erea* = 0.66 V and
0.31 V, respectively). From these redox potentials, it is clear to
understand how 3DPAFIPN performed so effectively in compar-
ison to the other PCs; however, this analysis does not explain why
the use of 5CzBN and 3DPAF2BN gave such low yields, suggesting
something other than the thermodynamics of the PC is respon-
sible for the poor yields in these two reactions.

An additional cyclisation example is exemplified in the
photosynthesis of phosphorylated heteroaromatics (Fig. 176).*'8

L,

A=NorO
X=BrorCl

PC (5 mol%)
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J. Am. Chem. Soc., 2020, 142, 9163-9168

Fig. 175 Reaction scheme for the hydroarylation of arenes.
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Fig. 176 Reaction scheme for the synthesis of phosphorylated hetero-
aromatics.

The proposed mechanism is reminiscent of that shown in Fig. 76.
The excited photocatalyst is reductively quenched by the tauto-
mer of diphenylphosphine oxide, hydroxydiphenylphosphine, in
the presence of base, in a PCET step. The resultant phosphoryl
radical undergoes radical addition to the isocyano group of the
aryl reagent, with the adduct proceeding to undergo an intra-
molecular cyclisation, oxidation, and deprotonation to afford the
final product. Simultaneously, the photocatalytic cycle is closed
by SET to TBHP (tert-butyl hydroperoxide). Radical scavengers
were employed to verify that this reaction includes radical
processes, with an adduct being formed with the phosphoryl
radical. Further confirmation of the presence of phosphoroyl
radicals was provided by EPR spectroscopy. A quantum yield of
0.3 suggests that this reaction does not proceed via a radical
chain process while a primary kinetic isotope effect ky/kp of
1.2 implied that cleavage of the C(sp*)-H bond is unlikely to be
the rate determining step.

A wide variety of CDCB-based organic compounds were
considered in this reaction: 4CzIPN-Br (0%), 4CZTPN (0%),
4CzIPN-Cl (19%), 4CzPN (34%), 4DPAIPN (40%), 4CzIPN-Ph
(44%), 4CzIPN-Me (45%), 4CzIPN-OMe (66%), 4CzIPN (78%)
and 4CzIPN-‘Bu (80%), with 4CzIPN-‘Bu being selected for the
remainder of the study. The authors noted that for the substituted
4CzIPN analogues, the yield increases in line with a decrease in the
photooxidising ability (from E.q* = 1.73 V for 4CzIPN-Br to 1.21 V
for 4CzIPN-‘Bu), although they provide no mechanistic reasoning
for this. The low yield of the halo-substituted compounds was
attributed to poor solubility of the PCs in acetonitrile.

Isomerisation

A large number of organic TADF molecules have been studied
as photocatalysts for the photosensitised E/Z isomerisation of
stilbene (Fig. 177).>*® These include 3,5-2CzBN, 2,3,6-3CzBN,
2,4,6-3CzBN, 4CzBN, 5CzBN, 2CzTPN, 2CzPN, 2CzIPN, 4CzTPN,
4CzPN and 4CzIPN. This reaction proceeds through a Dexter
energy transfer mechanism via a triplet biradical intermediate
(Fig. 178), implicating the triplet state of the PC. As discussed in
Section 1, DET requires spectral overlap (eqn (10)), and typically
the triplet energies of the PC and substrate are used as a

S O PC (0.7 mol%) _
DMF, Ar, rt,18 -24 h
26 W CFL g
Z/E ratio: 1.38 - 8.56
J. Am. Chem. Soc., 2018, 140, 13719-13725

Fig. 177 Reaction scheme for the E/Z isomerisation of alkenes.
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Fig. 178 Proposed mechanism for the E/Z isomerisation of alkenes.

surrogate to determine whether the reaction is thermodynamically
feasible. In E/Z isomerization, the thermodynamics of the photo-
chemoselective isomerization of the E-isomer to the Z-isomer
require Ey (E-isomer) < Ep (PC) < Ep (Z-isomer).

The E/Z isomers of stilbene have triplet energies of 2.2 eV
(212 k] mol ") and 2.5 eV (241 kJ mol '), respectively).>** Zhang
et al. found the greatest Z/E ratio is generated by 4CzTPN (Z/E =
8.56, 90% yield of Z-isomer, Ex = 2.34 eV (226 k] mol "),
followed by 4CzPN (Z/E = 8.10, 89% yield of Z-isomer, Er =
2.45 eV (236 kJ mol™')) while the lowest is obtained by the
compounds whose triplet energy is too high for example
2,4,6-3CzBN (Z/E = 1.38, 58% yield of Z-isomer, Ex = 2.87 eV,
277 kJ mol™") and 2,3,6-3CzBN (Z/E = 1.50, 60% yield of
Z-isomer, Er = 2.77 eV, 267 k] mol '), whereby the Er is
sufficiently large that the PC can sensitise both E and Z
isomers.*>® Reference PC [Ru(bpy);](PFs). (Er = 2.03 eV,
196 kJ mol™")*® yields 87% of the Z-isomer (Z/E = 6.69).

When rationalising the obtained results, Zhang et al. invoke
the *CT state of the TADF compounds as the dominant state
from which this energy transfer can occur. This is supported by
a transient absorption spectroscopy study of 2CzPN and 4CzIPN
where both were shown to exhibit *LE and >CT states using
femtosecond and nanosecond transient absorption spectroscopy.
The kinetic traces of the nanosecond transient absorption spectra
are then studied with increasing amounts of E-stilbene, causing
both the *LE and >CT spectral regions to decrease, implying both
are involved in the energy transfer process. Global fitting of this
data indicates that for 2CzPN, energy transfer from the LE state
is quicker than from the *CT while for 4CzIPN, the opposite is
observed. Since using 4CzIPN as a PC results in a greater
proportion of the Z-isomer (Z/E = 6.7 and 1.7 for 4CzIPN and
2CzPN, respectively), it seems more significant to have the energy
transfer operating from the *CT state.

Cycloadditions

The final class of reactions to be discussed is cycloaddition
reactions, starting with the [2+2] cycloaddition of enone sub-
strates (Fig. 179).>** This reaction is known to proceed via a

o PC (1 mol%) o R o R\_
A\)k 1,4-dioxane }\‘_0 )L 0
PR — , B

Ar RAr, 1t,24-36 h R)KQ * RO
Blue LED ! Ar Ar

Ar Ar

major minor
35 -83%

Org. Biomol. Chem., 2020, 18, 3707-3716

Fig. 179 Reaction scheme for the [2+2] dimerization of substituted
olefins.
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Dexter energy transfer mechanism with fac-Ir(ppy); as the
photosensitizer.*®®> Ten TADF compounds were considered as
PCs in this reaction: 4CzIPN, 4CzIPN-‘Bu, 4CzIPN-Ph, 4CzIPN-
OMe, 4CzPN, 4CzPN-'Bu, 4CzPN-Ph, 5CzBN, 5CzBN-OMe and
3DPAFIPN, all of which giving yields ranging from 60-71%,
except 4CzIPN-OMe, which managed only 23%. These yields are
comparable to that obtained with fac-Ir(ppy); under the same
conditions (64%); notably, there is a background reaction
where the product forms in 21% in the absence of any PC.
Since 4CzIPN-Bu gave the highest yield of product, this compound
was selected as the PC for the substrate scope. Mechanistically,
since similar yields were reported with most of the TADF com-
pounds despite their very different reduction potentials, this
suggests that SET to chalcone (Eyeq = —1.48 V)*** is not occurring
as it would be expected that more strongly reducing PCs would
yield more product whereas this is not the case. Addition of
TEMPO inhibits the reaction, confirming the presence of the
biradical intermediate. Luo et al. postulated that a FRET pathway
does not occur due to the lack of spectral overlap between the
absorption of the chalcone and the emission of the PC, suggesting
instead that energy transfer must result from the triplet state
through a DET mechanism. Stern-Volmer quenching experi-
ments were conducted using both 4CzIPN-‘Bu and 4CzIPN-OMe,
indicating that chalcone quenches the former much more
efficiently than the latter (Ksy = 0.0624 and 0.0304, respectively).
Luo et al. contented that the low triplet energy of 4CzIPN-OMe
(2.27 eV) is responsible for its poor performance.

The effect of the excitation wavelength upon the reaction
was also considered using 4CzIPN as the PC. Upon 24 h of
irradiation, the same yields were obtained using 425 nm and
455 nm LEDs (68%), while 395 nm yielded only 52%. At a
reduced reaction time of 15 h, the 425 nm LED was identified
as the superior light choice (63% and 58% yields from 425 nm
and 455 nm LEDs, respectively). The reduced yield obtained
using 395 nm was suggested to be linked to the irreversible side
reactions that may ensue under high energy irradiation,***
although no evidence of this was provided.

A second cycloaddition reaction that has been shown to be
effectively photocatalysed by TADF compounds is a dearomative
cycloaddition reaction, which is possible with naphthols (Fig. 180)
and indoles, and proceeds via an energy transfer mechanism.*®’
TADF compounds 2CzPN, 3DPA2FBN and 3DPADIPN were
all considered as PCs in the dearomatisation of an indole
substrate, providing a reactant to product ratio of 13:1, 1.5:1
and 3:1, respectively, under the same reaction conditions.

R
m 4
0
fo) =
R!' PC (1 mol%)
H H
R N CHCl;, 14 h, rt, N,
= Blue LED
R1
62 -99%

Org. Lett., (2020), 22, 5035-5040

Fig. 180 Reaction scheme for the dearomative cycloaddition.
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Despite producing the worst outcome of these three organic
PCs, 2CzPN was chosen as the PC for the remainder of the
study. With naphthols, 2CzPN was shown to outperform
[Ir(dF(CF3)ppy).(dtbbpy)]PFs, the PC previously identified as
the best for this reaction.*®® For example, with 1-(1-(but-3-en-
1-yloxy)naphthalen-2-yl)ethan-1-one, 2CzPN produced 94%
yield of product while the Ir PC yielded 86%. However, it should
be noted that slightly different reaction conditions were used by
Konig et al. for 2CzPN (CHCl;, 0.1 M, 14 h) in comparison to
those of Glorius et al. for the iridium PC (1,4-dioxane, 0.04 M,
18 h). Similar superiority of 2CzPN is observed when using
indoles. Recyclability of the PC was also investigated in this
study, with 88% of 2CzPN being recovered. This recycled PC
was then used in the cycloaddition of the aforementioned
naphthol, yielding 90% of product, similar to the 94% yield
obtained when using the PC for the first time, thereby demon-
strating that there is no loss of activity.

No mechanistic investigations were undertaken in this study,
however, Konig et al. suggested that 2CzPN mimics quite strongly
the success of [Ir(dF(CFs)ppy),(dtbbpy)]PFs on account of their
similar Ey values [2.63 eV (254 k] mol ") and 2.61 eV (252 kJ mol ),
respectively]. The mechanism in operation was assumed to be the
same as that proposed by each of Glorius, Bochet and Ohkuma,
depending on the substrate in question.*****® Therefore, this
reaction is described by analogy as a triplet sensitisation
process, although there is no direct evidence that 2CzPN
operates from the T, state.

6. CDCB-based molecules used in
dual catalysis

As previously documented, 4CzIPN has been extensively used
as a component in dual catalysis, hence it follows that photo-
catalysts of similar structure would also be compatible in this
class of reactions.

Photocatalysis/nickel cross-coupling

In photoredox/Ni C(sp®)-C(sp?) cross-coupling reactions, both
carboxylic acids and alkyltrifluoroborates have been used as the
radical precursors, which upon single electron oxidation by the
photocatalyst form alkyl radicals. These can then be cross-coupled
with aryl halides (Fig. 181a and b). Zhang et al. investigated a wide
number of CDCB-based photocatalysts, including 4CzIPN, 2CzIPN,
4CzPN, 2CzPN, 4CZTPN, 2CZTPN and 4DPAIPN."? In the reaction
with carboxylic acids as the radical precursors (Fig. 181a), all of the
TADF compounds investigated should be able to participate in SET
from the carboxylic acid to the excited photocatalyst (Eeq* ranging
from 1.10 V-1.40 V), owing to a low oxidation potential E., = 0.93 V
of N-Boc-Pro. Almost all should also be able to reduce the Ni(u)
complex (E..q &~ —1.1 V for the Ni(u) species and varies from
—1.16 V to —1.50 V for the TADF compounds). Only 4CzTPN, with
Eeq = —1.02 V, may not be able to complete the second SET.
However, only 4CzIPN and 4DPAIPN gave yields of greater than
80%, with 2CzIPN providing a yield of 56% and the other TADF
photocatalysts, yielding between 5-20% of product. Zhang et al.
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X NiCl,'DME (10 mol%) \ /
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X=1,BrorCl ACS Catal., 2016, 6, 873-877 66 - 88%
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N Ph/\BF3K 2,2'-bpy (15 mol%) R——
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ACS Catal., 2016, 6, 873-877

Fig. 181 Reaction schemes for the coupling of aryl halides with (a) carboxylic
acids or (b) trifluoroborate salts in dual catalysis.

tentatively hypothesised that the low activities of most of these
photocatalysts was attributed to their photoinstability in the
required reaction conditions where the solvent was DMF. Evidence
for the photodecomposition of the PC came from the observed
large blue-shift (~100 nm) of the emission maximum in reaction
mixtures containing the low-yielding CDCBs; HPLC analysis
corroborated the contention that the PCs had degraded under
these conditions whereas use of 4CzIPN, 4DPAIPN and 2CzIPN led
to reasonable recovery of photocatalyst. High yields were obtained
using [Ir(dF(CF;)ppy)(dtbbpy)]” and [Ir(dF(CFs)ppy).(bpy)]” (83%
and 82%, respectively), owing to their appropriate redox potentials
(Frea* = 1.21 V and 1.32 V and Eyq = —1.37 V and —1.37 V,
respectively) while neither the Ru(u) nor other organic photocata-
lysts tested were able to photocatalyse the reaction. For the cross-
coupling with alkyltrifluoroborates (Fig. 181b), yields ranging from
72-91% were achieved for 4CzIPN, 4DPAIPN, 2CzIPN and 4CzPN.
High yields were also obtained for [Ir(dF(CFs)ppy).(dtbbpy)]" and
[Ir(dF(CF3)ppy).(bpy)]" (89% and 83%, respectively). For both
cross-coupling reactions, 4DPAIPN was shown to provide the
highest yields, which may be due to its large ground state
reduction potential, making the reduction of the Ni(u) species
more facile.

The formation of two C(sp*)-C(sp”) bonds is also possible
using this form of dual catalysis, as is illustrated by the reaction
of aryl halides with dichloromethane (Fig. 182).%”° The proposed
mechanism essentially follows that shown for the generic
mechanism shown in Fig. 84, but proceeds through this process
twice to form the two C-C bonds. Four photocatalytic cycles and
two nickel catalytic cycles are proposed, all of which involve
reductive quenching of the PC by sacrificial electron donor TEA,
supported by Stern-Volmer experiments. The reduced PC is invoked
to reduce dichloromethane, forming the chloromethyl radical.

48 - 99%

PC (1 mol%)
Ni(cod), (10 mol%)
Cl Cl dtbbpy (12 mol%)
TEA, DCM, rt, 20 h
30 W blue LED
Org. Lett., 2020, 22, 8643-8647

Fig. 182 Reaction scheme for the cross coupling of aryl halides with
dichloromethane.
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The resultant C(sp®)-C(sp?) coupling then occurs as in Fig. 84.
Once the first coupling is complete, the reduced PC is proposed
to reduce the benzyl chloride derivate, delivering a benzyl radical
that then enters into the nickel catalytic cycle (again, as in Fig. 84),
alongside another equivalent of the aryl halide, to yield the final
product. Addition of TEMPO supressed the reaction, with an
adduct being formed with the chloromethyl radical. The presence
of the chloromethyl radical was corroborated by the products
formed upon addition of 1,1-diphenylethylene to the reaction
mixture as a radical trapping agent.

Both 4CzIPN and 4CzTPN proved successful in this reaction
(63% and 35%, respectively), while [Ir(dF(CF;)ppy).(dtbbpy)]PF,
and [Ru(bpy);]Cl, provided no product. The transition metal
PCs may have failed due to their lower photooxidising ability
(Erea* = 1.35 V, 1.41V, 0.77 V and 1.21 V for 4CzIPN, 4CzTPN,
[Ir(dF(CF;)ppy).(dtbbpy)]PFs and [Ru(bpy)s;]Cl,, respectively),
while the difference in yield for the TADF compounds correlates
with their E,.q values (Ereq = —1.21 V and —1.02 V for 4CzIPN
and 4CzTPN, respectively).

Additionally, C(sp®)-C(sp) cross-coupling is possible using
metallaphotocatalysis, as can be seen in the carboxylation of
styrenes (Fig. 183a and b).>”* Reductive quenching of the PC by
a Hantzsch ester is observed before a SET transmetallation
pathway occurs for the carboxylation in which the photocatalyst
is used to reduce a nickel(n) species. Carboxylation of the in situ-
formed Ni(1) complex, followed by product dissociation and
regeneration of the Ni(u) catalyst encompasses the proposed
mechanism (Fig. 184). The nickel catalyst used was NiBr,.glyme
in combination with neocuproine or 1,4-bis(diphenylphos-
phino)butane (dppb), depending on the regioselectivity required
for the cross-coupling with styrenes. The three TADF photocatalysts
considered, 4CzIPN, 4CZTPN and 4CzPN, provided yields of 66%,
3% and 0%, respectively, of the Markovnikov hydrocarboxylation
product. Iridium photocatalyst [Ir(dF(Me)ppy),)(dtbbpy)|PFs provided
a similar yield to 4CzIPN of 67%. The difference in yield is likely due
to differing reduction capacity of the reduced photocatalyst (Eeq =
—1.21V, —1.02 V, —1.16 V and —1.44 V for 4CzIPN, 4CZTPN, 4CzPN
and [Ir(dF(Me)ppy),)(dtbbpy)]|PFs, respectively), suggesting a strong
ground state reductant is necessary to achieve high yields.

Moreover, photoredox/Ni cross-coupling reactions can be used
to form C(sp?)-O bonds. This approach was applied towards the

a) i) PC (1 mol%)
+ NiBr,neocuproine (10 mol%) COH
Ar”"Xx  CO; HEH, 4 A NS, K,CO,
DMF, rt, 24 h, blue LED Ar
ii) HCI (2 M) 42-83%

J. Am. Chem. Soc., 2018, 140, 3198-3201

b) i) PC (1 mol%)
NiBry-glyme (10 mol%)

Ar- X " cO, dppb (20 mol%), 4-Me-HEH _ , ~_-COMH
4 AMS, LIOOCCH; DMF
rt, 24 h, blue LED
i) HCI (2 M)

J. Am. Chem. Soc., 2018, 140, 3198-3201

40 - 62%

Fig. 183 Reaction schemes for the carboxylation of styrene.
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Fig. 184 Proposed mechanism for the carboxylation of styrene.
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Fig. 185 Reaction scheme for photoredox Ni-catalysed peptide C(sp?)-O
cross coupling.

formation of C-O bonds within peptides post synthesis (Fig. 185)
whereby the photocatalyst, in its excited state, is required to
oxidise the nickel catalyst in order to facilitate reductive elimination,
and the reduced photocatalyst is required to reduce the nickel
catalyst (Fig. 186).>”> In the photocatalyst screen, TADF molecules
4CzIPN and 4DPAIPN were considered, of which 4DPAIPN gave
higher yields than all the other photocatalysts tested. A comparison
between 4DPAIPN and [Ir(dF(CF;)ppy),(dtbbpy)]PFs, which produced
the second highest product yield (81% and 61%, respectively),
reveals that the most significant difference in thermodynamic
parameters arises in the ground state reduction potentials (Eeq =
—1.52 V for 4ADPAIPN vs. E.q = —1.37 V for [Ir(dF(CF;) ppy)»(dtbb-
py)|PFe), suggesting the stronger ground state reducing power of
4DPAIPN contributes to the higher yields obtained when this
photocatalyst is in use.

Typically, dual catalysis for cross-coupling occurs through a
photoredox-based mechanism; however, the same bonding-
forming reaction can proceed via an energy transfer mechanism,
such as the cross-coupling of carboxylic acids with aryl halides
(Fig. 187a).**° Oxidative addition of an aryl halide to the Ni(0)
catalyst followed by addition of the carboxylate radical, results in
a Ni(u) complex. The excited photocatalyst can then transfer
energy to this species (Fig. 188),””* which then undergoes reductive
elimination to close the catalytic cycle and eject the product.

This journal is © The Royal Society of Chemistry 2021
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Fig. 186 Proposed mechanism for C(sp?)-O cross coupling using photo-
redox/Ni dual catalysis where S = serine.
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J. Am. Chem. Soc., 2018, 140, 13719-13725
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CO,H
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dtbbpy (5 mol%)
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CF3 J. Am. Chem. Soc., 2018, 140, 13719-13725

Electron transfer
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Fig. 187 Reaction scheme showing (a) the cross coupling of carboxylic
acids with aryl halides and (b) the two potential products for this reaction.

Organic photocatalysts were investigated, including 4CzIPN,
4DPAIPN and 4DPAPN.?*® The authors showed that both energy
and electron transfer mechanisms were occurring competitively,
producing two different products (Fig. 187b). Photocatalysts
with strong excited state oxidation potentials are capable of
oxidising a Ni(u) complex, generating a Ni(u) complex that can
then release an imine; the presence of this imine was confirmed
by GC-MS. Reductive elimination of the arene produces a Ni(i)
complex that is reduced by the reduced PC, closing the photo-
catalytic cycle. The resultant Ni(0) complex partakes in oxidative
addition with the aryl halide to continue the nickel catalytic
cycle (Fig. 189). In order to suppress the SET required to
generate the photoredox product, a weaker photooxidant must
be used so that it is no longer thermodynamically feasible to
undergo electron transfer. For example, for the aforementioned

This journal is © The Royal Society of Chemistry 2021
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Fig. 188 Proposed photocatalytic energy transfer mechanism in the
cross coupling of carboxylic acids with aryl halides.
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Fig. 189 Proposed mechanism for the electron transfer route in the
coupling of aryl halides with carboxylic acids.

Y

photocatalysts, the yields of the PEnT product are shown to
increase with decreasing photooxidising ability (trace, 17% and
51% yields for 4CzIPN, 4DPAIPN and 4DPAPN, respectively,
which have E..4* = 1.35 V, 1.1 V and 0.93 V, respectively).
4DPAPN proved the most efficient out of the organic com-
pounds tested; however, it still produced inferior yields in
comparison to fac-Ir(ppy)s (70%) under the same reaction con-
ditions. This is likely to be as a result of the even smaller
photooxidising capacity of fac-Ir(ppy); which has E;.q* = 0.31 V.

Photoredox/Pd cross coupling

In addition to Ni, CDCB-based organic PCs have been shown to
be effective in dual catalysis with Pd catalysts. An example is the

Chem. Soc. Rev., 2021, 50, 7587-7680 | 7663
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Fig. 190 Reaction scheme for the decarboxylative C(sp*)—C(sp®) coupling
of carboxylic acids and n-electrophiles.

decarboxylative C(sp®)-C(sp?) coupling of carboxylic acids with
n-electrophiles (Fig. 190),”* which uses Pd(OAc),, in the presence
of BINAP (2,2'-bis(diphenylphosphino)-1,1’-binaphthalene), as the
Pd catalyst. The proposed dominant catalytic pathway involves
oxidative addition of the allyl carbonate to Pd(0) to generate a
n-allyl-Pd carboxylate species, which reductively quenches the
excited PC (Fig. 191). Decarboxylation followed by reductive
elimination ensues, releasing the product. Both catalytic cycles
are closed concurrently by SET transfer from the reduced PC to
the Pd(i) species, regenerating the initial two catalysts.

In the presence of TEMPO, the reaction is inhibited, suggesting
this is indeed a radical process while Stern-Volmer quenching
experiments indicated the most efficient quenching of the excited
PC occurred by the m-allyl-Pd carboxylate species. Four organic
TADF compounds were tested as PCs in this reaction: 4CzIPN,
4CzPN, 2CzTPN and 4DPAIPN, providing yields of 82%, 48%, 5%
and 0%, respectively. Additionally, [Ir(dF(CF;)ppy).(dtbbpy)]PFs
gave 84% yield of product; 4CzIPN was used as the PC for the
remainder of the study due to the lower cost of the organic PC.

The PC must be capable of reducing the Pd(i) species, which
is estimated to have E,.q = —1.26 V. This difficult reduction may
explain why lower yields were obtained for 4CzPN in comparison to
4CZIPN (Epeq = —1.21V, —1.16 V, —1.30 V, —1.52 V and —1.37 V for

Pd(l
Pd(0) o
@
o

R Pd(II) >>‘——‘R Pd(III) i
OCOZCH3

/_& v @Pd(ll)9>
j\ Pd(II) >>

)
o Pd(ll)%_

Fig. 191 Viable mechanism for the decarboxylative C(sp®)~C(sp®) cross
coupling of carboxylic acids and n-electrophiles.
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4CzIPN, 4CzPN, 2CZTPN, 4DPAIPN and [Ir(dF(CF;)ppy),(dtbbpy)[PFs,
respectively). The photooxidising ability of the PCs are relatively
similar, save for 4DPAIPN, which may explain why this com-
pound could not photocatalyze reaction (E.eq* = 1.35 V, 1.40 V,
1.34V, 1.1 V and 1.21 V for 4CzIPN, 4CzPN, 2CzTPN, 4DPAIPN
and [Ir(dF(CF;3)ppy).(dtbbpy)]PFs, respectively).
seems as though something other than these thermodynamics
considerations is responsible for the difference in yields as 2CZTPN
for example, performed very poorly despite having the appropriate
redox potentials required for the mechanism proposed.

However, it

Photoredox/Ti cross coupling

Synergistic catalysis involving TADF PCs and a titanium catalyst,
Cp,TiCl,, can be seen in the allylation of aromatic and aliphatic
aldehydes (Fig. 192).>” The proposed mechanism involves oxida-
tive quenching of the excited PC by the titanium catalyst, before
regeneration of the PC through oxidation of the Hantzsch ester
(Fig. 193). Stern-Volmer quenching experiments indicated both
the titanium catalyst and the Hantzsch ester can quench the
excited 3DPAFIPN emission, although the former does so at a
faster rate (kq = 5.2 x 10° M"' s”' and 1.5 x 10’ M '

respectively). A quantum yield of 0.013 is suggestive that this is
not a radical chain process. Both 4CzIPN and 3DPAFIPN were
studied as organic photocatalysts, providing respective yields of
45% and 99% at 5 mol% loading. Transition metal complex
[Ir(dF(CF;)ppy).(dtbbpy)]PF, also proved very successful, giving
96% yield at 1 mol% loading. The Hantzsch ester has an oxidation
potential E,, = 1.0 V, which makes oxidation facile for all three
photocatalysts (Eox = 1.3 V, 1.52 V and 1.69 V for 3DPAFIPN, 4CzIPN
and [Ir(dF(CFs)ppy).(dtbbpy)]PFs, respectively). Therefore the
difference in yield may be related more to the photoreducing

PC (5 mol%)

OH
j Br Cp,TiCl, (10 mol%)
N /l\/\
Ar . = Hantzsch ester, THF Ar AN
rt, 14 - 48 h, blue LED 21-90%

ACS Catal., 2020, 10, 3857-3863

Fig. 192 Reaction scheme for the allylation of aromatic aldehydes.
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Fig. 193 Proposed mechanism for the dual catalytic allylation of aldehydes.
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capacity of the photocatalyst (E,* = —1.38 V, —1.04 V and —0.89 V
for 3DPAFIPN, 4CzIPN and [Ir(dF(CF;)ppy),(dtbbpy)|PF,, respec-
tively), although this does not fully explain the poor yield obtained
by 4CzIPN. One possible explanation may be that for this PC there
is a change in mechanism to favour a reductive quenching pathway
as 4CzIPN is the most photooxidising of the three
(Erea® = 1.09 V, 1.35 V and 1.21 V for 3DPAFIPN, 4CzIPN and
[Ir(dF(CF3)ppy),(dtbbpy)]PFs, respectively) and it was shown by
Stern-Volmer quenching experiments that the Hantzsch ester does
quench the photocatalyst emission.

Photoredox/Cu cross coupling

Metallaphotoredox catalysis involving copper complexes has been
investigated with a variety of CDCB type photocatalysts in the
context of the decarboxylative C(sp®)-N coupling of anilines
(Fig. 194a) and imines (Fig. 194b).>”® Reductive quenching of the
excited PC by NEt; is proposed to occur (Fig. 195), with the reduced
PC then being invoked to reduce the N-hydroxyphthalimide (NHPI)
ester. Resultant decarboxylation and fragmentation produce an
alkyl radical. Meanwhile, the aniline reagent coordinates to the
Cu(1) catalyst, with the resultant complex undergoing HAT to the
NEt; radical cation. The alkyl radical is then trapped by the Cu(u)-
anilido complex followed by reductive elimination to close the
copper catalytic cycle and release the final product. Fluorescence
quenching experiments showed that the aniline, CuCl and NEt;
could each quench the excited PC (Ksy = 375.47, 278.27 and 205.25,
respectively), while the NHPI could not. A combination of CuCl:
aniline and CuCl:NEt; were likewise considered as quenchers, but
provided no significant luminescence quenching. The authors
suggested that due to binding with aniline or NEt;, there is no
free CuCl to quench the PC. Since the coupling was only
successful when using NEt; or DIPEA, rather than other bases,
the authors contended that these amines act as more than a
simple base and are serving to reductively quench the PC,
despite having a lower Stern-Volmer quenching constant than
the aniline. A low quantum yield of 0.054 was obtained, implying
no radical chain process is in operation.

a) 0O O R
PC (1 mol%) H
N—O R' CuCl (20 mol%), Cs,CO3 Ar/NY R
. MeCN, rt, overnight R
o Blue LED o
Ar—NH, 22 -100%
Org. Lett., 2020, 22, 5412-5416
b)
O O R R

PC (1 mol%)

N—O R?  CuCl (20 mol%), Cs,CO; RN
. DMA, rt, overnight J\
o) NH Blue LED Ph™  "Ph
Ph Ph 36 - 76%

Org. Lett., 2020, 22, 5412-5416

Fig. 194 Reaction schemes for the decarboxylative C(sp®)~N coupling of
(a) anilines and (b) imines.
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Fig. 195 Proposed mechanism for the decarboxylative C(sp®)-N cou-
pling of anilines where A represents phthalimide and R is an alkyl group.

In the photocatalyst screen, 4CzIPN (100%) 4DPAIPN-Br
(85%), 4DPAIPN-CI (75%) 4DPAIPN (72%), 4CzIPN-Bu (59%)
and 4CzIPN-Cl (10%) were all considered. It should be noted
that the mechanism proposed differs from that suggested for an
analogous coupling with [Ru(bpy);](PFs),, which proceeds via an
oxidative quenching.®”” The authors suggested the different
mechanism proceeding with 4CzIPN may be on account of it
being a stronger photooxidant (E.q* = 1.35 V and 0.77 V for
4CzIPN and [Ru(bpy);](PFe),, respectively). Hence, with this is
mind, it is possible some of the other organic TADF compounds,
which are weaker photooxidants, may also operate via an oxida-
tive quenching mechanism, which may explain the differences in
yields (Ereq* = 0.98 V, 1.09 V, 1.1 V, 1.21 V for 4DPAIPN-Br,
4DPAIPN-CI, 4DPAIPN and 4CzIPN-‘Bu, respectively). Although
4CzIPN-Cl is a strong photooxidant (E..q* = 1.71 V), it has a much
weaker reducing capacity in ground state than 4CzIPN (E.q =
—0.71 V and —1.21 V for 4CzIPN-Cl and 4CzIPN, respectively),
which may explain why it only afforded a 10% product yield.

Dual photocatalytic hydrogen production

Photocatalytic water reduction has received significant attention as
a potential renewable hydrogen energy vector, accessed through
benign and sustainable methods.””® TADF-based photocatalysts
have been considered as the photosensitiser component for this
process, such as 4CzZPN-R, 4CzIPN-R and 4CzTPN-R where R = H,
Ph or ‘Bu.*'® A sacrificial reductant, triethylamine (TEA), as well as
in situ generated water reduction catalyst (WRC) PdCl,(PPhs), are
also required (Fig. 196). Stern-Volmer experiments suggested both

TEA

PC* TEA'

hv

PC PC

%

WRC  WRC

Fig. 196 Photocatalytic cycle for the water reduction reaction.
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oxidative and reductive quenching mechanisms may be possible,
since both PdCl,(PPh;), and TEA can quench the emission of the
PC; however, the large excess of TEA compared to the WRC implies
that the reductive quenching cycle dominates. The success of the
photocatalyst was assessed by the turnover number (TON), where
TON = moles (H,)/moles (PC) and the volume of H, produced.
The photocatalytic activity increases following 4CzTPN-R <
4CzPN-R < 4CzIPN-R, whereby the phthalonitrile cyano groups
are positioned para, ortho and meta, respectively. For 4CzIPN-R
and 4CzPN-R, the photocatalytic activity also increases following
R =Ph < ‘Bu < H, while for 4CZTPN-R, R = H < Ph < ‘Bu. The
best TADF photocatalyst 4CzIPN-H produced higher TON than
the known photosensitiser [Ru(bpy);]Cl, (2023 and 144, respectively),
although the reaction was considerably more sluggish, proceeding in
60 hours compared to 5 hours when using the ruthenium complex.
The authors concluded that the delayed fluorescence component
(tq = 1-2 ps for 4CzPN and 4CzIPN in THF) was not essential, since
the reductive quenching necessary for the photocatalytic cycle, took
place on a much faster timescale (0.2-0.3 ns) than the intersystem
crossing/reverse intersystem crossing cycle.

Photocatalytic hydrogen production is also possible through
dehydrogenation of amines (Fig. 197a). A 4CzPN motif (Fig. 197b)
has been incorporated into a supramolecular assembly consisting
of four pendant Co™ cobaloxime moieties. This system serves to
promote the catalytic acceptorless dehydrogenation (CAD) of
secondary amine to imines.?”® The cobaloxime Co(dmgH),PyCl
is a well-known hydrogen evolution catalyst,>®*® which has been
used in conjunction with a range of photosensitisers. For example,
with a platinum(u) terpyridyl acetylide chromophore®®' or a
rhodamine based photosensitiser,**> water reduction is possible,
whilst aromatic C-H thiolation could occur when the Co co-catalyst
was used in combination with [Ru(bpy);]Cl,.>* The proposed
mechanism for the CAD procedure is shown in Fig. 198. Upon
excitation of the photocatalyst, the Cobalt co-catalyst is reduced

a4 PC (0.04 mol%) N, . HT
_N__, THF, it,12h R~ SR, 2

R”™ "R" Bjye LED
Dalt. Trans, 2019, 48, 5444-5449

TON: 50 - 895

b)
NN
— N
OQ NG CN Q 7
=
@% oy
Qs 1A
o o
(/\\(\ ] N
NQ/ —N
Fig. 197 (a) Reaction scheme for the photocatalytic dehydrogenation of

secondary amines and (b) photoactive component (1) of the supramolecular
catalyst.
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Fig. 198 Mechanism for the catalytic acceptorless dehydrogenation of
secondary amines to imines using a supramolecular assembly.

following a SET from the excited 4CzPN motif to Co™. The oxidised
photocatalyst then promotes oxidation of the secondary amine to
the o-amino radical and concomitant regeneration of the 4CzPN
moiety. This carbon-based radical is then further oxidized by the
cobalt(u) species to afford the iminium ion, which is deprotonated
by the as-formed cobalt(i) to afford the final imine product. The
success of this photocatalyst was shown through the TON rather
than yield of the imine product. Using a photoactive 4CzPN-based
moiety and Co(dmgH),PyCl as two separate entities only yielded a
TON of 53 in comparison to 305 obtained for the combined
supramolecular assembly, highlighting the advantages of covalently
linking the two species together.

HAT catalysis

Finally, dual catalysis using a CDCB-based TADF molecule as
the photocatalyst has been reported to work effectively along-
side a HAT catalyst in the trifluoromethylthiolation of tertiary
ethers (Fig. 199).**! The excited photocatalyst undergoes reduc-
tive quenching from the thiolate anion, generating the thiyl
radical. This electrophilic thiyl radical then undergoes HAT
with the most hydridic o-C-H group to the ether, generating
an alkoxyl radical. Cleavage of the C-O bond then results in
the required alkyl radical. This part of the mechanism was
confirmed by Stern-Volmer quenching experiments where
emission of the PC was quenched by the presence of thiolate
anions, and radical trapping experiments with TEMPO demon-
strated the existence of the tertiary alkyl radical.

Two potential mechanistic pathways were proposed for the
regeneration of the photocatalyst: pathway A (Fig. 200a) involves

R o om PC (2 mol%) SCF,
1, \ 9~ ONe HAT catalyst (2 mol%)
R + Phth—SCF > .
) 3 K,CO3,DCM, 1t,12-24h R4 """R!
R Blue LED R?
44 - 80%

Angew. Chemie. Int. Ed., 2018, 57, 10357-10361

Fig. 199 Reaction scheme for the trifluoromethylthiolation of tertiary ethers.
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Fig. 200 Two proposed mechanisms for the carbotrifluoromethylthiolation
of tertiary ethers using dual catalysis.

the reduced PC acting to reduce Phth-SCF; with the resultant
radical coupling generating the product, with loss of the
Phth anion; alternatively, pathway B (Fig. 200b) implicates the
addition of the alkyl radical to Phth-SCFj;, followed by release of
the Phth radical, which is reduced to the anion by the reduced
PC, regenerating the PC. The quantum yield was calculated to be
0.024, ruling out a radical chain pathway. 4CzIPN gave the
highest product yield of 76% while 4CzPN gave the second
highest product yield of 63% with other organic photocatalysts,
such as eosin Y, proving unsuccessful. Both 4CzIPN and 4CzPN
have similar ground and excited state reduction potentials
(Evea = —1.21 V and —1.16 V and E,.q* = 1.35 V and 1.40 V,
respectively), which explains why they have similar yields
whereas eosin Y is much weaker photooxidant and ground state
reductant (Eeq* = 0.83 V and E,.q = —1.06 V); hence may not be
able to complete the required SET.

An additional example of dual photocatalysis with HAT
catalysis can be seen in the carboxylation of benzylic C-H bonds
(Fig. 201).°** The proposed mechanism involves reductive quenching
of the excited photocatalyst by the triisopropylsilanethiol HAT

This journal is © The Royal Society of Chemistry 2021
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Fig. 201 Reaction scheme for the photocarboxylation of benzylic C-H
bonds.
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Fig. 202 Proposed mechanism for the photocarboxylation of benzylic
C-H bonds.

catalyst (Fig. 202). This is unusual, as typically the thiol anion is
suggested to reductively quench the photoexcited state of the
PC. Regardless, the electrophilic thiyl radical that is generated
after deprotonation of the oxidised HAT catalyst can abstract a
H atom from the aryl substrate, closing the HAT catalytic cycle.
The benzylic radical is then reduced by the reduced PC, closing
the photocatalytic cycle. Carboxylation and protonation of the
benzylic anion forms the required product. This proposed
mechanism is supported by radical trapping experiments with
TEMPO, confirming the presence of radical intermediates. The
C-H bond cleavage step is postulated to be the rate-determining
step from the observed kinetic isotope effect. In the photocatalyst
screen, five TADF PCs investigated, 4CzIPN, 5CzBN, 3DPA2FBN,
3DPAFIPN, and 4CzBN, afforded similar product yields (14%, 7%,
11%, 14% and 23%, respectively) whereas the three iridium
photocatalysts considered, fac-Ir(ppy)s, [Ir(ppy).(dtbbpy)]PFs and
[Ir(dF(CF;)ppy).(dtbbpy)]PFs, all yielded no product under the
same reaction conditions. 4CzIPN was selected as the photo-
catalyst for this reaction, and further optimisation resulted in an
increase in yield from 14% to 57%. Konig et al. rationalized the
success of the TADF compounds compared to the iridium com-
plexes by suggesting the organic compounds can generate an
in situ photocatalyst, which cannot be formed with the transition
metal PCs. When ethylbenzene was used as the starting material,
the formation of 2,3,4,6-tetra(9-H-carbazol-9-yl)-5-(1-phenylethyl)-
benzonitrile (4CZPEBN) was detected, which was believed to be
the active photocatalyst in the reaction (Fig. 203). The phenyl-
ethyl radical has a very negative reduction potential (E.eq =
—1.60 V), hence in terms of thermodynamics, the ground
state reduction potential of 4CzIPN is not sufficiently reducing
(since E,q = —1.21 V) whereas 4CzPEBN can complete this

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7667
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Fig. 203 Proposed generation of 4CzPEBN from 4CzIPN, where Cz =
carbazole.

transformation (E.q = —1.69 V). This in situ-generated photo-
catalyst allows for challenging reductive transformations to
occur, which are not possible with the iridium photocatalysts.

This mode of dual catalysis has been applied to the generation
of benzylic carbanions, which were used to produce homo-
benzylic alcohols when reacted with electrophiles such as ketones
and aldehydes (Fig. 204a and b).*®*® The mechanism proposed is
similar to the one in Fig. 202, except that in this case the HAT
catalyst, (‘Pr);SiSH, is first deprotonated before undergoing SET
to the excited PC (Fig. 205). The resultant thiyl radical abstracts a

a) R o P.C (3 mol%) R Ar
/k + lk ("Pr)3SiSH (10 mol%) 1., R3
A~ OR! RZ SR® KiCO3 MeCN,rt,4-18h R o™
50 mg 4 AMS OH
Blue LED 7-87%
Chem. Sci., 2019, 10, 10991-10996
b)

PC (5 mol%)

o " R
/@/+\ J (/Pr);SiSH (20 mol%)
R™  K,COs;, MeCN, rt, 16 h
MeO 2v=3 OH

Blue LED MeO

23 - 43Y
Chem. Sci., 2019, 10, 10991-10996 %

Fig. 204 Reaction scheme for the synthesis of secondary and tertiary
homobenzylic alcohols from unfunctionalised starting materials and
(a) ketones or (b) aldehydes.
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Fig. 205 Possible mechanism for the dual catalytic generation of benzylic
carbanions.
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proton from ethylbenzene to form the benzylic radical, closing
the HAT catalytic cycle. This benzylic radical is subsequently
reduced to the benzylic carbanion by the reduced PC, completing
the photocatalytic cycle. Reaction between the benzylic carbanion
and a carbonyl results in the desired product. Mechanistic
investigations were undertaken to confirm the presence of the
carbanion as well as Stern-Volmer quenching experiments,
which corroborated quenching of the excited PC by the thiolate.
Optimisation of the reaction involving ketones was first con-
ducted, with 4CzIPN, 3DPA2FBN and 3DPAFIPN being the TADF
compounds under investigation and indeed being the only
successful photocatalysts, providing yields of 30%, 50% and
28%, respectively. Their success seems to be a reflection of
their suitably reducing ground state reduction potentials (Eyeq =
—1.21 V, —1.92 V and —1.59 V, for 4CzIPN, 3DPA2FBN and
3DPAFIPN, respectively). Other PCs considered, including eosin
Y, [Ir(dF(CF;)ppy).(dtbbpy)]PFs and [Ru(bpy)s;](PFe)., all yielded
no product, despite having appropriate redox potentials. Perhaps
this may be related to the formation of 4CzZPEBN as suggested by
the earlier study of Konig et al.,*** although there is no mention
of this in the follow up study by the same group. When using
aldehydes, 4CzIPN, 3DPA2FBN, 3DPAFIPN and 4CzBN provided
yields of 20%, 10%, 32% and 20%, respectively. The reaction was
shown to plateau after a few hours, and it was uncovered that the
presence of alcohols poisons the reaction, with Konig et al.
proposing deleterious protonation of the carbanion.

Amide synthesis, through coupling of an alcohol and an
amine (Fig. 206),>*° is additionally possible. The mechanism
was proposed to involve two photocatalytic cycles and can be
thought of as a two-step process. The first cycle (Fig. 207a)
involves oxidative quenching of the excited PC by oxygen,
followed by oxidation of the HAT catalyst, quinuclidine, to
close the photocatalytic cycle. The quinuclidine radical cation
can then abstract a H atom from the a-hydroxy position of the
H-bonded alcohol, resulting in the a-hydroxy radical. Oxidation
of this radical produces the aldehyde. The second photocatalytic
cycle by comparison depends on the nature of the amine. For
both primary and secondary amines, the excited PC is reductively
quenched by the presence of sacrificial electron donor DIPEA, to
generate the reduced PC. Although DIPEA is an amine, its role in
this reaction is purely sacrificial. An additional amine is present,
which is used as the coupling partner. When this is a secondary
amine (Fig. 207b), regeneration of the PC occurs by oxidation from
oxygen, to form a superoxide radical. The aldehyde previously
formed then reacts with amine, producing a hemiaminal, which
can be oxidised by the superoxide radical to form the amide. By
contrast, the proposed mechanism for a primary amine suggests

PC (2 mol%)

e §
+
S

+ N Quinuclidine (30 mol%) _
R SoH R!'” R2TBAP, DCE orMeCN, 1t R N
15-36 h, 3 A MS, DIPEA R side
23 W CFL

31 -83% product
Chem. Eur. J., 2020, 26, 3703-3708

Fig. 206 Reaction scheme for the synthesis of amides from alcohols and
amines.
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Fig. 207 Plausible mechanism for the dual catalytic synthesis of amides
from alcohols and amines: (a) formation of the aldehyde, (b) reaction with
secondary amine and (c) reaction with a primary amine.

that the reduced PC is used to reduce an in situ-formed imine,
which following oxidation and protonation, yields the amide
product (Fig. 207c). Radical trapping experiments confirmed the
presence of the superoxide radical and Stern-Volmer quenching
experiments indicated that DIPEA was acting as the quencher of
the excited PC; however, no additional mechanistic evidence was
provided, causing Singh et al. to propose five different mechan-
isms for the second photocatalytic cycle.

Initial optimisation of the reaction conditions focused on
the reaction of a benzylic alcohol with piperidine. Reference
photocatalysts [Ru(bpy)s](PFs), and eosin Y produced no pro-
duct while 4CzIPN and 4CzIPN-Br yielded 68% and 61% of
amide, respectively, with additional aldehyde side product of 29%
and 33%, respectively. The oxidation potential of quinuclidine is
moderate (E, = 1.1 V), hence the photocatalyst must be sufficiently
oxidising in the ground state, which the TADF PCs most certainly

This journal is © The Royal Society of Chemistry 2021
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are (Eo,x = 1.52 Vand 1.76 V for 4CzIPN and 4CzIPN-Br, respectively)
while eosin Y is not (E,x = 0.78 V). Although [Ru(bpy);](PFs), is
sufficiently oxidising in the ground state (E.x = 1.29 V), the problem
here is its photoreducing ability (E,* = —0.81 V), which isn’t
sufficient to reduce oxygen (Enq = —0.86 V).>*® When primary
amines were investigated, 4CzIPN yielded only 15% of the amide
product, hence 5CzBN-OMe was considered, which proved more
efficient, affording a product yield of 67%. Singh et al. hypothe-
sised that the change in performance is due to the in situ
formation of an imine (Eeq < —1.5 V),*¢ which cannot be
reduced by the reduced 4CzIPN (E,.q = —1.21 V) but can be
reduced with 5CzBN-OMe (E,.q = —1.79 V). The success of
5CzBN-OMe in this reaction seems to contradict the hypothesis
of Zeitler et al. who suggested this TADF compound suffered
from problems of BET, making it an inefficient PC."**

Finally, a base-free Corey Seebach reaction has been developed
using this combination of dual catalysis (Fig. 208).**” In the
proposed mechanism, the excited PC is reductively quenched
by the HAT catalyst 'Pr;SiSH, which after deprotonation, yields
the 'Pr,SiS radical. This radical can abstract a proton from the
dithiane, with the resultant dithiyl radical being reduced by the
reduced PC, closing the photocatalytic cycle. The carbanion
nucleophile generated can attack non-activated ketones, with
the final product formed after protonation. Support for this
mechanism was provided in terms of Stern-Volmer quenching
experiments which indicated the HAT catalyst was the cause of
the luminescence quenching of the PC. The radical-radical
homo-coupled side product, occurring from coupling of the
dithiyl radical species, was detected by HRMS, with increasing
yield of this species observed in the absence of the ketone
electrophile. Deuterium labelling studies also acted in support
of the mechanism; with deuterated tert-butanol as the electro-
phile, the deuterated dithiane product could be isolated.

In the PC screen, four TADF compounds and two iridium
PCs were tested, with both iridium species (fac-Ir(ppy); and
[Ir(dF(CF;)ppy),(dtbbpy)]PFs) producing no product. Three of the
TADF compounds did not fair much better; 4CzIPN, 3DPAFIPN
and 4CzBN all yielded between 2-7% while 3DPA2FBN managed
to afford 30% of product. The dithiyl radical is difficult to reduce
(Erea = —1.87 Vvs. SCE), which hence explains why the majority of
PCs struggled with this reaction (Eyeq = —1.37 V, —=1.21V, —1.59 V
and —1.63 V for [Ir(dF(CF;)ppy).(dtbbpy)]PFs, 4CzIPN, 3DPAFIPN
and 4CzBN, respectively) in comparison to 3DPAF2BN (E,.q =
—1.92 V). Despite fac-Ir(ppy); being suitably reducing in the
ground state (E.q = —2.19 V), its poor photooxidising ability
may have prevented the complex from turning over the reaction
(Erea* = 0.31 V compared to 0.92 V for SDPA2FBN).

PC (5 mol%) 2
. R
'Pr;SiSH (20 mol%)

Su 3L
SYS + M Byneop, OWF, oM
R

1 2 H
R R 0°C,19h,4 AMS S

Blue LEd (455 nm) 9-70%
Chem. Eur. J., 2020, 26, 12945-12950

Fig. 208 Reaction scheme for the base-free Corey-Seebach reaction.
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7. Other organic TADF photocatalysts

While most of the examples in the literature have focused on
4CzIPN as well as structurally related CDCB family of compounds
as organic TADF photocatalysts, there are three reports thus far
that exists for evaluating another class of TADF molecules as PCs,
all in polymerisation reactions. In the first study, four organic
compounds based on carbazole/sulfone-based structures (Fig. 209),>®
di(4-(4-(carbazole-9-yl)phenyl)sulfone) (CzS1), di(4-(4-(9-phenylcarb-
azol-3-yl)phenyl)sulfone) (CzS2), 9,9'-(sulfonylbis(4,1phenylene))-
bis(9H-carbazole) (2Cz-DPS) and 9,9'-(sulfonylbis(4,1phenylene))-
bis(3,6-di-tert-butyl-9H-carbazole) (2TCz-DPS), were tested as

O

o g
O @

Cczs1

R\

=0
oty Qo
o= O

o.,0

3%

2Cz-DPS

o_,0
N

e 50 o

2TCz-DPS

Fig. 209 Carbazole-sulfone based molecules tested as photocatalysts.
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photocatalysts in the free radical polymerisation of methacrylates.
FRP of methacrylates can proceed via both a reductive or oxidative
quenching cycle, depending on whether a sacrificial reductant is
present or oxidants such as iodonium salts are used.”* Since
iodonium salts are employed in combination with the TADF
compounds, an oxidative quenching mechanism is proposed to
be in operation. Of these four sulfones, only two have an experi-
mentally determined AEsr sufficiently small to be considered
TADF molecules: 2Cz-DPS and 2TCz-DPS. While all four com-
pounds were effective in the photopolymerisation reaction,
2TCz-DPS, which displayed the longest emission lifetime
(Table 3), was the most efficient in terms of both the rate of
polymerisation and conversion. The ground state oxidation
potentials of CzS1 and CzS2 are considerably less positive than
2Cz-DPS and 2TC-DPS (E,, = 0.81 V, 0.82 V, 1.32 V and 1.26 V,
respectively), which may explain their poorer performance as
photocatalysts in this reaction. This study by Lalevée et al
focused predominately on copper complexes as PCs, with only
a scant mention of these organic compounds as photocatalysts.
It is difficult to ascertain how potentially useful these PCs are as
there is no comparison to reference photocatalysts, making it
challenging to put these results into context.

In the second example of other organic TADF photocatalysts
considered as PCs, a computer-aided design strategy was
implemented to identify donor-acceptor organic compounds
that may have appropriate photophysical and electrochemical
properties to act as a PC in the atom transfer radical poly-
merisation (ATRP) of methyl methacrylates, using diethyl 2-bromo-
2-methylmalonate (DMB) as the initiator.""* The reaction is similarly
proposed to proceed via an oxidative quenching mechanism, so
significant focus was placed upon computing E,* and E,. A large
combination of donors and acceptors were considered with the
structures tested as PCs in the polymerisation reaction shown
in Fig. 210 and their respective measured properties reported
in Table 4.

In the polymerisation of methyl methacrylates, 2DPA-BP,
2DHPZ-DPS, DMDP-TRZ and 4DPAIPN and provided the highest
product yield (82%, 78%, 77%, respectively in DMF and 75% in
DMSO for 4DPAIPN), which is an improvement over fac-Ir(ppy)s
(50% in DMF). The poorest yields were obtained using 2PXZ-BP,
PTZ-TRZ and 2PTZ-BP (3%, 4% and 7%, respectively). The reduced

Table 3 Redox potentials and selected photophysical properties of 4CzIPN and other organic photocatalysts based on the carbazole/sulfone structure?

PC JabsMm  Zpy/nm  Ego/eV (k] mol™')  AEg/eV  Eq/V  ErealV  Eq*IV  Ered®/V Tpns  Tqfps  Ref.

4CzIPN 435 535 2.67" (258) 0.08” 152 —121 -1.04 1.35 187 139 60, 114,120 and 121
CzS81 293° 399° 3.16 (305) 0.62° 0.814 —2.35 2.55°  — 388

CzS2 300” 3817 3.16 (305) 0.65° 0.827 —2.34 151> — 388

2Cz-DPS 345 407° 3.12f (301) 0.28° 132 -1.96 —1.80 1.16 113 and 389-391
2TCzDPS 342/ 404° 3.08% (297) 0.32° 1.26  —2.06 —1.82 1.02 5.3%  270® 113,389, 391 and 392

“ All potentials are given in volts versus SCE. Eqx* = Eqx — Eg o and Eyeq* = Ereq + Eo 0. 1 €V = (1.602 X 10~ ?* kJ) x N where N, = Avogradro’s constant.
Jabs refers to the absorption maximum of the CT band. /p;, refers to the photoluminescence maximum. Data reported in MeCN at room
temperature unless otherwise noted. E,, determined from the intersection point of the normalised absorption and emission spectra unless
otherwise noted. ” Determined in toluene. ¢ Estimated from the difference between fluorescence and phosphorescence maxima at 77 K.
¢ Determined in CH,Cl,. ® Determined in chlorobenzene./ Determined using powder sample. ¢ Determined from the onset of the gated PL
spectra at 77 K (delay time: 2 ps and gating time: 200 ps). " E,, estimated using the medium wavelengths between the lowest fluorescence
excitation peak (excitation A.,) and the fluorescence peak (emission Zpay).'>°
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Fig. 210 Donor—acceptor compounds considered as photocatalysts for the polymerisation of methyl acrylates.

yields obtained by some of the organic PCs are hypothesised by
Kwon et al. to be due to inefficient triplet generation, weak visible
light absorption, redox potential mismatch or a combination of
these factors. The criteria for a good PC in this reaction is
suggested to be linked to efficient generation of long-lived triplet
excited states, strong reducing power of T, high stability of radical
cations and broad, strong visible light absorption. This was
suggested due to the results obtained with 4DPAIPN as a PC,
which performed particularly well, especially at a loading of
0.5 ppm, giving a yield of 75% in DMSO and 60% in DMF, in
comparison to fac-Ir(ppy)s, which performed second best at these
low loadings, giving 49% yield in DMF. The properties of these two
PCs were then compared, where it was found that the molar
absorptivity of the CT band of 4DPAIPN is roughly one order of
magnitude larger than that of fac-Ir(ppy); (¢ = 13900 M~ " em™"
and 2450 M~ ' cm ! at 458 nm for 4DPAIPN and fac-Ir(ppy)s,
respectively). Moreover, the excited state lifetime is considerably
longer for 4DPAIPN (28 ps for t4r for 4DPAIPN and 1 ps for
facIr(ppy)s). 4ADPAIPN was also shown to form a highly stable
radical cation as demonstrated by the reversible oxidation waves
observed by CV. Finally, the redox potentials indicate that while
facIr(ppy)s is the better photoreductant (E,* = —1.28 V and
—1.73 V for 4DPAIPN and fac-Ir(ppy)s, respectively), both have
sufficient photoreducing capacity to reduce MMA-Br (Ereq ~
—0.9 V). The higher performance of 4DPAIPN may be due to it

This journal is © The Royal Society of Chemistry 2021

being a stronger ground state oxidant (E,, = 1.34 V and 0.77 V for
4DPAIPN and fac-Ir(ppy)s, respectively).

The triplet state was suggested as being the state that
participates in SET although no evidence is provided to support
this assertion. Triplet exciton generation was confirmed with
most of the molecules by the observed phosphorescence at
77 K using gated photoluminescence spectroscopy; the small
calculated AEsy values imply that these compounds are TADF. No
further spectroscopic investigations were undertaken to prove the
participation of the triplet state in this reaction mechanism.

A follow up study from the same group investigated the
same subset of compounds in photoinduced electron/energy-
transfer reversible addition-fragmentation chain-transfer (PET-
RAFT) of methyl methacrylate."®” Since both electron and energy
transfer processes are feasible photocatalytic pathways for this
reaction, both the redox potentials and the energy of the triplet
state were considered when choosing which organic PCs to
investigate. Based on these considerations, 5CzBN, 4CzIPN,
4DPAIPN, 2DPA-BP, 2DHPZ-DPS and DMDP-TRZ were chosen
for investigation, which provided monomer conversion of 35%,
22%, 70%, 10%, 21% and 43%, respectively. ADPAIPN was thus
clearly identified as the best PC for this reaction, providing
comparable monomer conversion to fac-Ir(ppy)s (72%). Again,
the success of 4DPAIPN was assigned to its strong visible light
absorption, suitable redox potentials, stability of the radical

Chem. Soc. Rev,, 2021, 50, 7587-7680 | 7671
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Table 4 Redox potentials and selected photophysical properties of organic photocatalysts based on the donor-acceptor structures shown in Fig. 1637

PC Jabs/NM  Apr/NM EpoleV (k] mol ') AEg/eV Eox/V EredlV  Eo*IV Ered*/V Tpens Tadps  Ref.
5CzZBN 384° 2.86° (276) 0.07° 1.41 -1.50 -1.45 1.36 113
512 2.83 (273) 0.07 1.41 -1.52 -1.42 131 162 7.8 114, 308 and 309
5CzBN-'Bu 400° 2.78% (268) 0.06° 112 -1.61 -1.66 1.17 113
480° 0.17° 15.0° 3.4° 312
4CzIPN 431° 2.75% (265) —0.03° 1.52 —-1.21 -1.23 1.54 113
435 535 2.67 £ (258) 0.08° 152 —-1.21 -1.04 1.35 187 1.39 60, 114, 120 and 121
4CzIPN-‘Bu 451° 2.62%/ (253) 0.00° 1.30 -1.31 -1.32 1.31 113
380 588 2.53 (244) 0.308" 1.22 —-1.32 -1.31 1.21 10 1.4 316, 317, 319 and 320
4DPAIPN 2.42° (233) 0.17¢ 1.01 -1.66 —1.41 0.76 113
425 523 zezg}zss) 1.34 —-1.52 -1.28 1.1 120
2('Bu-Cz)-BP  364° 2.93% (283) 0.13° 1.05 —1.66 —1.88 1.27 113
2DPA-BP 375° 2623’f 253) 0.42° 1.02 —-1.84 —1.60 0.78 113
2PXZ-BP 401° 2.52¢/ (243) 0.19° 079 —1.61 —1.73 0.91 113
413° 509° 0.3 237 127 393
2PTZ-BP 343° 2.93% (283) 0.28° 074 —1.73 —2.19 1.2 113
2PXZ-DPS 383° 2.81% (271) 0.02¢ 0.84 —1.87 —1.97 0.94 113
507° 2.73°" (263) 0.08° 15°  2.5° 394
2DHPZ-DPS  431° 2.56% (247) 0.03° 0.26 —1.98 —2.30 0.58 113
577¢ 2.40°" (232) 5.6° 0.28° 394
2DPA-AQ 445° n.d. n.d. 1.20° —0.83? nd. n.d 113
449° 601° 2.42° (233) 0.27° 5.3°  377° 395
2PXZ-AQ 529° n.d. n.d. 079 —0.74 nd. nd 113
CzTRZ 359° 2.88%/ (278) 0.39° 130 -1.63 —1.58 1.25 113
363° 446° 0.32/ 1.43% —1.78" 4.8¢ 396
‘Bu-Cz-TRZ 373° 2.85% (275) 0.25° 1.20 -1.65 —1.65 1.20 113
380° 439° _ 0.30° 7.85 406" 397
DPA-TRZ 388° 2.59% (250) 0.37° 1.00 -1.73 —1.59 0.86 113
389” 4517 0.59% 398
PXZ-TRZ 411° 2.43% (234) 0.22° 0.73 —1.63 —1.70 0.80 113
420° 545° 0.07' 19°  0.676° 399
PTZ-TRZ 363° 2.82% (272) 0.48° 0.73 —1.62 —2.09 1.20 113
409, 562°™ 1.14, 0.18™" 400
DMDP-TRZ 390° 2.52% (243) 0.14° 0.77 -1.76 —1.75 0.76 113
2(‘Bu-Cz)}-BZ  387° 2.58%/ (249) 0.35° 136 -1.07 -1.32 1.51 113
389° 553° 2.58%° (249) 0.137 12.67 24.977 401
2(‘Bu-Cz)-Py  396° 2.35% (227) 0.49° 1.20 —-1.37 —1.15 0.98 113
2(‘Bu-Cz)-PyCN  386° 2.49% (240) 0.26° 1.21 -1.06 —1.28 1.43 113
429° 532° 2.309° (222) 0.437 25.27 210577 401

“ All potentials are given in volts versus SCE. Eo* = Eox

— Eo,0 and Ereq* = Erea + Eo - 1 €V = (1.602 x 10 >*k]) x N, where N, = Avogradro’s constant.

Jabs refers to the absorption maximum of the CT band. /p;, refers to the photoluminescence maximum. Data reported in MeCN at room
temperature unless otherwise noted. E00 determined from the intersection point of the normalised absorption and emission spectra unless
otherwise noted. ” Measured in DCM. © Measured in toluene Measured in 6 wt%-doped film in a host matrix, where the host is 1,3-bis(carbazole-
9-yl)benzene (mCP), measured at 300 K under vacuum. ¢ Measured in DMF.” E, , (T;) was evaluated from the onset of gated PL spectrum at 77 K
(delay time: 2 ps and gating time: 200 ps."** ¢ E,, estimated using the medium wavelengths between the lowest fluorescence excitation peak
(exmtatlon /max) and the fluorescence peak (emlssmn Jmax)-2° " Estimated by time-dependent (TD)DFT at the M06-2X/6-31+G(d) level. * Estimated
using onset wavelengths of the emission spectra using doped mCP films (6 wt%-doped), with Es; measured at 300 K and Er at 5 K.” Determined
from the onset of prompt and delayed spectra of 10 wt% doped films in bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO), measured at 77 K.

¥ Measured in doped DPEPO films (10 wt%). !

equatorial conformers, respectively. ” Estimated used TD-DFT at the CAMB3LYP/cc-pVDZ level. ° Estimated from the absorption edge.
? Measured using doped 4,4'-bis(N-carbazolyl)-1,1’-biphenyl (CPB) films (7 wt%).  Average lifetime calculated by 7., =
Estimated from the emission onset.***

the pre-exponential for lifetime 7;. "

cation formed and long-lived excited state lifetimes. However,
since the mechanism in operation was not clarified, it becomes
difficult to assign which of these factors is most important.

These studies from Kwon et al. have identified a wide range of
donor-acceptor compounds that may have potential as photo-
catalysts. While 4DPAIPN was identified in both cases as one of
the most promising PCs, these investigations illustrate the value
of a wider search into TADF compounds as photocatalysts.

8. Conclusions

Undoubtedly, photocatalysis has already proven to be a
powerful tool for a wide range of organic transformations.

7672 | Chem. Soc. Rev., 2021, 50, 7587-7680

Estimated by TD-DFT at the the PBE0/6-31G level. ™ Obtained for the quasi-axial and quasi-

401

ZAZ"EI'Z/EA{TI' where A; is

These reactions proceed under much milder reaction conditions
in comparison to alternative synthetic techniques. To further
enhance the scope and diversity of reactions that can be photo-
catalyzed, new photocatalysts must be discovered. Organic photo-
catalysts provide an alluring class of catalysts as they are relatively
inexpensive to synthesize, have toxicity profiles that are superior to
heavy transition metal photocatalysts and can easily be structurally
diversified. This review has documented why one organic photo-
catalyst, 4CzIPN, has become so popular. 4CzIPN has often been
used on account of it being a “greener”, less toxic and cheaper
photocatalyst, which can broadly undergo the same organic
transformations as cationic iridium photocatalysts, without
compromising on yields.

This journal is © The Royal Society of Chemistry 2021
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The intrinsic photophysical properties of 4CzIPN, associated
with the property of TADF, mean that this compound exhibits
comparable excited state lifetimes to heavy metal photocatalysts.
Factors such as similar ground and excited state redox properties,
as well as enhanced molar absorptivity in the 400-450 nm region
in comparison to [Ir(dF(CF;)ppy).(dtbbpy)]’, contribute to 4CzIPN
being a formidable photocatalyst. However, what is less clear is
whether having accessible singlet and triplet excited states is
intrinsically beneficial to enhancing reactivity in either PET or
PENnT based reactions. On the other hand, the small AEgy in
TADF compounds implies that significantly less energy is lost
during ISC to the triplet state than what is typically found in
transition metal PCs, leading to a wider accessible excited state
redox window given the higher energy optical gaps that are
typically available to TADF compounds. A more in depth photo-
physical study would be required to adequately address this key
point. What is, however, clear is that the donor-acceptor nature
of these compounds allows for facile modification of the
structure and a corresponding broad range of accessible ground
and excited state redox potentials. These qualities alone explain
the exponentially increasing popularity of this class of PCs.

From a mechanistic point of view, noteworthy is that TADF
compounds, unlike heavy metal phosphorescent PCs, can partici-
pate in both Forster and Dexter energy transfer processes, which
may be advantageous in PEnT reactions. However, the efficiency
with which TADF compounds can participate in these mechanisms
requires further investigation. When considering a photoredox
catalysis mechanism, SET can potentially occur from the both the
S; and T; states. Accessing SET from the S; is advantageous in that
this state is a more potent oxidant and reductant than the corres-
ponding triplet state, conferring to TADF compounds yet another
advantage to transition metal complexes, which participate in SET
purely from their T; state.

Despite the great potential of TADF PCs, their development
is only in its infancy, lagging far behind the volume of TADF
compounds designed for OLEDs. A more concerted and robust
investigation of other TADF compounds seems certainly warranted.
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