. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/151872/

Version: Accepted Version

Article:

Strieth-Kalthoff, Felix, James, Michael J., Teders, Michael et al. (2018) Energy transfer
catalysis mediated by visible light: principles, applications, directions. Chemical Society
Reviews. pp. 7190-7202. ISSN: 0306-0012

https://doi.org/10.1039/c8cs00054a

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ <&, | University of

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1039/c8cs00054a
https://eprints.whiterose.ac.uk/id/eprint/151872/
https://eprints.whiterose.ac.uk/

Please do not adjust margins

Journal Name

Tutorial Review

ROYAL SOCIETY
OF CHEMISTRY

Energy Transfer Catalysis Mediated by Visible Light: Principles,

Applications, Directions

Received 00th January 20xx,
Accepted 00th January 20xx

Felix Strieth-Kalthoff, Michael J. James, Michael Teders, Lena Pitzer and Frank Glorius*

Harnessing visible light to access excited (triplet) states of organic compounds can enable impressive reactivity modes. This
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tutorial review covers the photophysical fundamentals and most significant advances in the field of visible-light-mediated

energy transfer catalysis within the last decade. Methods to determine excited triplet state energies and to characterize the

www.rsc.org/

underlying Dexter energy transfer are discussed. Synthetic applications of this field, divided into four main categories

(cyclization reactions, double bond isomerizations, bond dissociations and sensitization of metal complexes), are also

examined.

Key learning points

. Photophysical fundamentals of triplet-triplet energy transfer in solution.

. Analysis and prediction of triplet-triplet energy transfer rates and efficiencies.

. Applications of visible-light-mediated triplet-triplet energy transfer in organic synthesis.

1. Introduction

Excited (triplet) states exhibit unique reactivity modes, which
differ significantly from the reactivity of the corresponding
ground states.! Based on changes in polarizability, bond
strengths or spin multiplicity, excited state reactivity has been
used to enable a variety of different synthetic transformations,
including pericyclic reactions, atom abstraction reactions or
isomerization processes.2 The most straightforward method to
access these valuable excited (triplet) states is through a direct
photoexcitation approach. However, due to the distinct
absorption properties of most (organic) molecules, this typically
requires harsh UV light irradiation, which has a negative impact
on the selectivity, functional group tolerance and general
applicability of the reaction.3* To circumvent these issues, an
alternative strategy employing milder conditions to access
excited (triplet) states has been developed — visible-light-
mediated photocatalysis.

Within the field of visible-light-mediated photocatalysis, and for
the context of this review, electron and energy transfer
processes need to be clearly distinguished. Electron transfer
photocatalysis (photoredox catalysis) utilizes the high redox
activity of an excited state molecule to induce a single electron
transfer (SET) event. Whilst this sub-division has received great
interest within the last decade,>® the field of energy transfer
(EnT) catalysis has remained relatively underdeveloped. Energy
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Electron Transfer
Photoredox catalysis

Photocatalysis

Energy Transfer
Photosensitization

Figure 1. Simplified terminology of photocatalysis, as used throughout this
review.

transfer is formally defined as “the photophysical process in
which an excited state of one molecular entity (the donor D) is
deactivated to a lower-lying state by transferring energy to a
second molecular entity (the acceptor A), which is thereby
raised to a higher energy state.””

D*+A > D+A*

In this regard, the photocatalyst resembles the donor, which is
excited by the direct absorption of visible light. The excited
photocatalyst can subsequently transfer its excited state energy
to the respective substrate (the acceptor), which is “indirectly
excited” or “sensitized”. For clarity, the terms photoredox
catalyst or photosensitizer can be used to describe excited
photocatalysts which undergo SET or EnT, respectively
(Figure 1).6 However, it should be noted that many photoredox
catalysts are also powerful photosensitizers, which can make
deciphering their true mode of action difficult.

J. Name., 2013, 00, 1-3 | 1
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This tutorial review aims to provide a concise overview of the
photophysical principles required to rationalize EnT and the
recent emergence of synthetic methods using EnT catalysis.
Finally, a short discussion on the potential future directions of
this field is also provided.

2. Photophysical Fundamentals

All visible-light-mediated EnT processes initiate via the
electronic excitation of the donor/photosensitizer (most
commonly a transition metal complex or an organic dye) as
depicted in Figure 2: First, absorption of a photon leads to
excitation from the Sp state to an excited singlet state Si. This
mostly short-lived singlet state then rapidly decays back to the
ground state (e.g. via internal conversion or fluorescence) or
undergoes intersystem crossing to its triplet state (T1). As both
non-radiative decay and emission are spin-forbidden from this
triplet state, it possesses a lifetime of >100 ns in solution, which
is sufficient to enable bimolecular quenching processes —in this
case EnT to the respective acceptor.8-10

In most cases, the acceptor does not exhibit significant visible
light absorption, which therefore requires a non-radiative
mechanism to be operative.!l Two different mechanisms for
non-radiative EnT have been proposed, which directly
correspond to the two fundamental electron-electron
interactions derived from quantum mechanics — namely
coulombic interactions and exchange interactions.?

The first mechanism proceeds by means of classical dipole-
dipole (coulombic) interactions, where energy can be
transferred via a transmitter-antenna mechanism: Electronic
oscillation in the excited state donor D* induces a dipole and
thus electronic oscillation in the ground state acceptor by
charge repulsion through an electromagnetic field — or simply
speaking, through space. A resonant interaction between donor
and acceptor would eventually lead to the desired electronic

A : B
Y ! Ru(b 2+
1 [Ru(bpy);]
l I Ty MLCT (tgn*)
S, L _isc , T=665ns | /l\N/ ]
short- > : : E(T4) = 46.0 kcal mol! N
lived T —_—
long- R
lived |
HERE
pii ! [ppy)o(bpy)”
2 i) Te MLCT (i)
V11T t=337ns | NZ
P1i | E(Ty)=53.1 keal mol” Ny N |
R | P
asal
v , Benzophenone o
M : Ty n—n*
| <= sops 0
So 1\ E(T4) = 69.1 kcal mol™!
Figure 2. a) Simplified Jablonski diagram of photoexcitation from the singlet

ground state So to the corresponding excited Si state and intersystem crossing
to the long-lived triplet states (T1). b) Triplet state properties (lifetime <,
energy Er) of selected photosensitizers.1°
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Figure 3. Schematic depiction of Forster and Dexter EnT processes.

transition, i.e. relaxation of the donor with simultaneous
electronic excitation of the acceptor. This mechanism is
referred to as Férster (Resonance) Energy Transfer (FRET)13 and
plays an important role in natural photosynthesis as well as

fluorescence labeling and bioimaging.

However, an EnT process from an photocatalyst’s excited triplet
state to a substrate in solution cannot be described with
Forster’s theory. This would require conversion of the
photocatalyst triplet state (see above) back to its singlet ground
state and, induced by this dipole oscillation, a simultaneous
excitation of the substrate from its singlet ground state to an
excited triplet state. This would represent two spatially
separated spin reversal processes, violating Wigner’s spin
conservation rules.1* Considering this, the second fundamental
EnT mechanism, which describes the simultaneous
intermolecular exchange of ground-state and excited-state
electrons, respectively, must be in action (Figure 3). This process
was first reported and characterized by Dexter in 1953, during
investigations into EnT kinetics:%°

2R
kEnT =K '] -e LDA (1)

where Kis a parameter for specific orbital interactions between
donor and acceptor: This parameteris e. g. largely influenced by
steric repulsion, which can, in turn, have a huge impact on the
energy transfer rate.1°J represents the spectral overlap integral,
which will be discussed later. The term Rpa/L is a measure of the
distance between donor and acceptor. In analogy to Marcus
theory for single electron transfer,'® the rate of Dexter EnT
decays exponentially with increasing donor-acceptor
separation, dropping to negligibly small values if Rpa increases
to the order of two or more molecular diameters.
Consequently, intimate physical contact between donor and
acceptor — i.e. orbital overlap — is required for Dexter EnT to
occur.1?

In solution, this leads to the mechanistic scenario depicted in
Scheme 1: First, the donor and acceptor approach each other as
isolated molecules through diffusion to eventually form a
solvent-shared encounter complex. Within this encounter
complex, collision and the resulting orbital overlap can lead to
the formation of a collision complex, which, due to the greater
polarizability of excited state molecules, is stabilized by strong
dispersion interactions.1” Only at this stage are the donor and

J. Name., 2013, 00, 1-3 | 2
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EnT in Solution
Isolated Molecules Encounter Complex Collision Complex Encounter Complex Isolated Molecules Scenario A:
fast energy transfer
KenT >> Kpj
3 & Q0 O 5 EnT >> Kpif
B © o 3 o
diffusion-limited overall rate
(4 8]
Kobs = Kpif
B Scenario B:
kpj EnT K_pi
[D*] + [A] Dif D*+A] = n D + A" Dif o [D] + [A*] slow energy transfer
: : K gnt : KenT << kpif
energy-transfer-limited overall rate
[D] + [A] [D +A] [D+A]

Kobs = KenT

Scheme 1. Simplified overview of the molecular processes of triplet-triplet energy transfer in solution. Donor and acceptor diffuse through the solution until
formation of an encounter complex. Within this encounter complex, energy transfer can occur by a collision mechanism (exciplex formation). Diffusion out of
the solvent cage eventually releases the products of energy transfer. From this mechanistic scenario, two borderline cases, i. e. diffusion and energy transfer

control, can be derived.

acceptor sufficiently close enough in space for Dexter EnT to
proceed at a meaningful rate. As Dexter EnT is generally
reversible, dissociation of the collision complex then leads to
the formation of either encounter complex, which eventually
releases the EnT products or reaction partners by diffusion out
of the solvent cage. It should also be noted that all of the
reaction steps described above are in competition with uni- or
bimolecular excited state deactivation processes, such as
phosphorescence or static quenching. Particularly for donors
with comparatively short triplet state lifetimes, triplet
deactivation can become a bottleneck for the overall EnT
process.12

Kinetic analysis of this mechanistic pattern reveals that the
overall rate of EnT depends on the rate constant of diffusion,
weighted by the probability that EnT occurs during the lifetime
of the encounter complex. From this, two borderline scenarios
can be derived: A) If the EnT event is sufficiently fast, the overall
rate will depend on the diffusion rate in solution, governed by
temperature and solvent viscosity, or B) if EnT is inefficient,
solvent effects are negligible and the EnT event itself becomes
rate-limiting.12.18

Considering equation (1), the rate of EnT in a collision complex
is mainly governed by the spectral overlap integral J. In the
context of Dexter EnT, this is defined as

J= f Fo¥) - £4 (V) dv 2)
0

where fp is the normalized donor emission spectrum
(phosphorescence spectrum) and €, is the normalized acceptor
(singlet-to-triplet) absorption spectrum. As both spectra are
normalized, the rate of Dexter EnT does not depend on the
oscillator strengths of the donor or acceptor.1215

In a Jablonski scheme, J represents the number of Ti—So
transitions of the excited donor molecule,
(energetically) induce a coupled So—T; transition in the ground-

which can

This journal is © The Royal Society of Chemistry 20xx

state acceptor molecule. This number is directly correlated with
the number of actual EnT events and consequently the actual
rate of EnT.

However, the experimental determination of J turns out to be
challenging in many cases, as particularly singlet-to-triplet
absorption spectra are experimentally difficult to access. As a
“rule of thumb”, the magnitude of J, and therefore the EnT
efficiency, can be predicted based on the difference in the

D* A

T T 7}
Ay
T, o
Er (D)
Er (A)
1 s ﬁL I | S, +
Coupled Transitions

A

Spectral Overlap Integral J s

Figure 4. Simplified Jablonski Scheme of coupled transitions for collision
(Dexter) energy transfer and the corresponding spectral overlap integral.
Both absorption and emission spectra are normalized to unity.
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triplet excited state energies AEr = Et(A) — Ex(D), defined as the
energy gap between the two T; states (see Figure 4).1°

A) For AEr < 0 (formal “downhill/exergonic” EnT), a large
number of coupled transitions exists, which can populate
the T, state (or higher energy triplet states). It can be
assumed that the spectral overlap integral is large. As a
consequence, EnT occurs close to diffusion limit.

B) For AEr > 0 (formal “uphill/endergonic” EnT), coupled
transitions only exist from excited vibrational or rotational
levels of the donor T; state. In this regime, the
overlapintegral should depend on thermal population of the
T, vibrational and rotational states, i.e. following
Boltzmann/Arrhenius-type kinetics, dropping to negligible
values for large values of AEr:

_AEr
J < e ksT (3)

In summary, photosensitized organic reactions in solution
proceed via a double electron transfer mechanism (Dexter EnT),
which requires diffusion to enable intimate physical contact
between the donor and acceptor. The overall rate of EnT is thus
dependent on both diffusion rates and the spectral overlap
integral J, which can be estimated from triplet excited state
energies.10.12,18

3. Experimental and Theoretical Approaches
Identification and Characterization of Energy Transfer Processes

In most cases, (triplet-triplet) EnT processes can be identified
and analysed using transient absorption spectroscopy studies.
By performing time-resolved pump-probe experiments, this
methodology allows the excited states of the donor and
acceptor to be identified and characterized by their respective
transient absorption features immediately after direct
excitation. Strong evidence for an EnT event can then be
obtained by selectively exciting the donor and monitoring if
upon addition of the acceptor: 1) the transient absorption

Singlet-Triplet Absorption Phosphorescence
S - v=0
R
3
I v'=3
v'=2
A 298 K
—_ 77K vi=1
i T4 y'y - v'=0
h
I
I
I
y
I}
Y
PA— .Y Et >
(0,0) 2 (0,0) A
transition \ transition
r v=4
y v=3
overlap with singlet- V=2 |emission spectroscopy
singlet absorption [ 1 is more sensitive
v=
deconvolution required preferred method
So i v=0

Figure 5. Spectroscopic approaches for the determination of the triplet
state energy Er.

This journal is © The Royal Society of Chemistry 20xx

feature of the excited donor is quenched, and 2) the transient
absorption feature of the excited acceptor arises. Furthermore,
through quantitative analysis of different donor/acceptor
ratios, the EnT rate constants (both forward and reverse) can be
directly determined using common kinetic models.18-20

However, transient absorption studies are often experimentally
complex and require specialist equipment which is not widely
available in common organic laboratories. In these cases, a
number of strategic studies can be carried out to rule out
competitive SET pathways and to substantiate the hypothesized
EnT process.

First, through classical Stern-Volmer luminescence quenching
analysis, electron and energy transfer can often be
distinguished. Unlike electron transfer, which includes charge
separation, the rate of EnT is largely solvent-independent (see
chapter 2). Consequently, variation of the solvent properties
(e.g. polarity) will result in similar quenching constants if an EnT
process is operative.1218 The rate of EnT (and thus, the Stern-
Volmer constant Ksy) is however, greatly dependent on the
triplet energy of the sensitizer (as well as other parameters, see
above). An experimental correlation between the observed Ksy
and the sensitizer’s Er can therefore serve as evidence for an
underlying EnT mechanism.12.18

Alternatively, direct excitation experiments with UV light are
often very informative and can be used to indicate if excited
(triplet) state intermediates are indeed present in the reaction
mechanism (see references 21 or 22 as examples). Finally,
experimental or theoretical redox potential determination can
also be used to exclude electron transfer processes and thus
provide indirect evidence of a sensitization mechanism.

Determination of Triplet Excited State Energies

Experimentally, triplet excited state energies can be
determined through different (spectroscopic) techniques. The
preferred (and most reliable) method is to use the short-
wavelength band of phosphorescence the
determination of Er. Usually, these spectra are recorded at

cryogenic temperatures (77 K) in order to achieve the spectral

spectra for

resolution required for clear assignment of the (0,0) transition,
which directly corresponds to the triplet excited state energy
(see Figure 5).19

In principle, the (0,0) transition energy can also be obtained
from singlet-triplet absorption spectra. However, this strategy
is not generalizable, as the identification of (0,0) bands is
difficult in many cases and extensive empirical data
deconvolution is usually required. An approximate triplet
excited state energy can also be indirectly determined by
performing quenching experiments with a series of reference
sensitizers or acceptors with known triplet energies. This
experimentally tedious method best resembles
photosensitization in solution, but provides a range of values
rather than a precise triplet excited state energy.1®

J. Name., 2013, 00, 1-3 | 4
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Figure 6. Overview of triplet excited state energies (given in kcal mol™) of a) literature-known photosensitizers, b) selected organic molecules. Unless
otherwise noted, all values were determined from phosphorescence spectra at cryogenic temperatures. *Determined by room temperature emission
spectroscopy.

Within the last years, the determination of triplet state energies
through DFT analysis has also become a popular alternative
approach, particularly in cases where experimental data is
difficult to obtain. Although excited state characterization by

4. Overview of Triplet Excited State Energies

Since the early 1950s, a vast number of spectroscopic studies
have been performed in order to collect triplet excited state

means of DFT has remained an ongoing challenge,?324 the use
of a hybrid functional (e.g. B3LYP, M06-2X) in a triple-zeta basis
set (e.g. 6-311+(2d,p)) has been established as an adequate
level of theory to generate reliable triplet energy data for a
series of organic molecules.?5:26

This journal is © The Royal Society of Chemistry 20xx

energy data for various (organic) compounds. Figure 6 aims to
provide a broad overview of the triplet excited state energies of
commonly used photosensitizers and selected substrates.10.19

However, it should be noted that there is often no obvious
correlation between molecular structure and the corresponding
triplet excited state energy. Whereas enlargement of the
conjugated p-system usually results in decreasing triplet
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Moses (2009): [4+2] Cycloaddition with Singlet Oxygen

Me Me Me Me
A Me NS Me
Methylene Blue @
Me Me
M 6.0 mol% M
Me (0] e ( o) Me (0] e
Oz 0, Ozs
Me CHCl, Me
OMe daylight OMe
1 2,99%

Scheme 2. Application of EnT catalysis in a singlet oxygen [4+2] cycloaddition.

properties (e.g. electronic structure or steric demand) and
triplet energy has remained elusive. As an illustration of this, the
triplet energies of different 2-substituted naphthalenes are
listed in Figure 6.

5. Applications in Organic Synthesis

This section aims to provide a broad overview of the major
advances and applications of Vvisible-light-mediated EnT
catalysis in organic synthesis. These applications are divided
into four main categories: cyclization reactions,
photoisomerizations, bond dissociations and the sensitization
of metal complexes. This tutorial review is not intended to be a
comprehensive account and covers only selected examples to
illustrate these different modes of reactivity.

Cyclization Reactions

Photochemical cycloadditions and cyclization reactions provide
a powerful synthetic tool for the construction of carbon—carbon
and carbon—heteroatom bonds in a variety of strained ring
systems, and have thus featured prominently in the synthesis of
complex bioactive compounds. However, traditional methods
using UV-irradiation to promote these processes typically suffer
from competitive and uncontrollable side reactions, and so limit
their widespread synthetic applicability. Considering this, these
reactions are ideal targets for the development of mild visible
light-mediated strategies using EnT catalysis.

The earliest applications of visible-light-mediated EnT catalysis
in organic synthesis have been dominated by the photocatalytic
generation of singlet oxygen and its use in a range of pericyclic
reactions.?’ For example, Moses and co-workers reported using

Yoon (2012): Intramolecular [2+2] Cycloaddition of Styrenes 4
R
Ar

< R3
4 3 [Ir(dF(CF3)ppy)a(dtbpy)]PFe
Jl/i \R/\l[R (1.0 mol%) R R?
RITNAX R2 E DMSO0, 25 °C X
3 28 W CFL 4, 64-90%
: A
. 3 Ar RY _R® '
@m0
EnT R R?
n
3+ X = CHy, O, NTs
HO Me HO  Me  Me
EtochMe HO,C
—
Me O 2 steps Me’ O
Me (83%) 6 Me

1 step from commercial (%)-cannabiorcicyclolic acid

Scheme 3. EnT catalysis in the [2 + 2] photocycloadditions of styrenes.
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Bach (2014): Enantioselective [2+2] Cycloaddition
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Scheme 4.
catalysis.

Enantioselective [2+2] photocycloadditions enabled by EnT

methylene blue (a typical visible-light-absorbing organic dye,
Er=32.0 kcal mol!) to promote a [4+2] cycloaddition with
singlet oxygen in their structural elucidation studies of
tridachiahydropyrones (Scheme 2).28 However, these processes
will not be covered here as they have already been reviewed
extensively elsewhere.?’

Outside of singlet oxygen generation, the first major advances
in modern visible-light-mediated EnT catalysis began with the
pioneering work of Yoon and co-workers, who described the
intramolecular [2+2] photocycloaddition of alkene tethered
styrenes 3 (Scheme 3).2° Here, EnT from a photoexcited iridium-
based photocatalyst, [Ir(dF(CFs3)ppy)z(dtbbpy)]PFs (ET=61.8
kcal mol1) was used to access the triplet styrenes 3* (Er = ~55—
60 kcal mol?), which readily react in an intramolecular fashion
to afford the cyclobutane products 4 in typically excellent yield.
The synthetic utility of this method was further demonstrated
in a concise 3 step synthesis of (+)-cannabiorcicyclolic acid 6.
Yoon and co-workers also later extended the scope of this
strategy beyond styrenes to include 1,3-diene substrates (which
possess similar triplet energies).2!

Following these studies, Bach and co-workers reported a
ground breaking strategy to promote the first enantioselective
[2+2] photocycloaddition using visible-light-mediated EnT
catalysis (Scheme 4).3° This approach was made possible
through the use of a chiral thioxanthone-based photocatalyst 8,
which readily forms a hydrogen-bonded coordination complex
with quinolone substrates 7. Irradiation of these chiral
complexes promotes EnT from the thioxanthone to the
quinolone moiety, which then wundergoes a [2+2]
photocycloaddition on the opposite/unshielded face to form
the cyclobutane product 9 in excellent yield and with excellent
enantioselectivity. Recently, Baik, Yoon and co-workers have
also reported a similar strategy using an iridium-based
hydrogen bonding photocatalyst to promote similar reactions at
reduced catalyst loadings.3!

The next significant advancement in enantioselective EnT
catalysis was reported by Yoon and co-workers, who utilized
chiral Lewis acid catalysis to promote enantioselective [2+2]

J. Name., 2013, 00, 1-3 | 6
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Yoon (2016): Asymmetric Intermolecular [2+2] Cycloadditions Enabled by Triplet Energy Lowering
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Scheme 5. Enantioselective [2 + 2] photocycloadditions through dual Lewis acid and EnT catalysis.
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reduced triplet energies (Er = ~33 kcal mol?). This difference in 18 20, 42-95%

triplet energy was sufficient to allow the photocatalyst,
Ru(bpy)s(PFe)2 (Er = 49.0 kcal mol?) to selectively sensitize the
coordinated complexes 11 in a fast exergonic EnT event.
Following EnT, the chiral triplet intermediates 11* readily
engage in [2+2] photocycloadditions with dienes to afford the
vinyl cyclobutane products 12 with high levels of
enantioselectivity. The full extent and general applicability of
this Lewis acid catalysed strategy to reduce substrate triplet
energies remains an area of rich synthetic potential.

Other than in the traditional straight [2+2] photo-cycloadditions
described above, visible-light-mediated EnT catalysis has also
been used by Kwon and co-workers to enable intramolecular
crossed [2+2] photocycloadditions of dienones 13 for the
synthesis of bridged cyclobutanes 15 (Scheme 6).26 In this
system the constrained nature of the dienone substrates was
proposed to force the triplet intermediates 13* to cyclize into
1,4-diradical intermediates 14, which then form the bridged
cyclobutane ring system following radical-radical

Kwon (2017): Intramolecular, Crossed [2+2] Cycloaddition

= [Ir(dF(CF3)ppy)(dtbpy)PFg Z "
RL | N (1.0 mol%) re | S
X N - X
-~ CH,Cly, 25 °C
o T white LEDs o
13 15, 46-96%
: 3 .
) - - ‘) end
N .
EnT o o}
13* 14
Ill’
2 ——
Br NH el
o
16

2 steps from 15

Scheme 6. Crossed [2+2] photocycloadditions enabled by EnT catalysis.

This journal is © The Royal Society of Chemistry 20xx

Scheme 7. Application of EnT catalysis in a 67 heterocyclization.

recombination (as supported by computational studies). The
bridged cyclobutane products were also readily diversified and
used to access compounds with known therapeutic potential
for inflammatory disease and cancer (e.g. conversion of 16 into
17).

Finally, the application of visible-light-mediated EnT catalysis in
a 6 heterocyclization reaction was recently described by Smith
and co-workers.32 Here, cyclic 2-aryloxyketones and related
derivatives (Et = ~58 kcal mol-1) were activated with fac-[Ir(dF-
ppy)s] (Er = 63.5 kcal mol?) under irradiation with blue LEDs and
in the presence of a base (KOAc) to afford the cis-fused
cyclization products 20 in generally excellent yield and with near
perfect diastereoselectivity. Computational studies suggest that
the reactions initiate via EnT and the formation of triplet
intermediates 18*, which — following conrotatory
heterocyclization and ISC — afford open-shell singlet
intermediates 19. The singlet intermediates 19 then undergo a
facile [1,4] H-shift to afford the trans-cyclization products,
which rapidly epimerize to the more stable cis-isomers by
reaction with KOAc.

Double Bond Photoisomerization

The E—Z photoisomerization of alkenes is undoubtedly one of
the most prominent applications employing an energy transfer
activation strategy.33 The early pioneering E=Z
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photoisomerization protocols typically require the use of
(hyper)stoichiometric amounts of photosensitizers, which in
combination with harsh UV-irradiation lead to decreased
functional group tolerance and, consecutively, a limited
Thus, with the

recent years, mild visible-light-mediated

substrate scope.34 renaissance of

photocatalysis in

as

photoisomerizations of alkenes have also been developed.

Mechanistically, triplet sensitization of an alkene by a suitable
photosensitizer results in the promotion of an electron from a
7- to a w*-orbital, thereby decreasing the bond order, which
allows for rotation around the o-axis. Hereby, a twisted
minimum energy intermediate is generated (see Figure 7),
which is a funnel for transitions to the twisted energy maximum
on the ground state energy surface, allowing relaxation to the
E- or Z-configured alkene. In this scenario, direct sensitization of
an alkene vyields a statistical mixture of E- and Z-isomers.
However, if the alkene substrate is conjugated to another p-
system, the triplet energies of the E- and Z- isomer can differ
significantly: As excitation is a vertical process, i. e. the triplet
structure reflects the ground state geometry, the Z-isomer
triplet state is disfavored due to nonbonding interactions and

Weaver (2014): E/Z Isomerization of Styrenyl Alkenes by Triplet Sensitization

H fac-[Ir(ppy)z] (0.7 mol%) Ph
EtN(i-Pr), (10.0 mol%)
Ph)\/\NR2 NP > HJ\/\NRz
-@- MeCN, 30 °C
21 'lr Blue LEDs 22, 60-96%
: up to >99:1 Z.E
: 3 A
(’”‘ Ho,. i
ey | BR[| :
EnT H

Scheme 8. Energy transfer catalysis allows the selective E—Z isomerization of

styrenyl alkenes 21 under kinetic control.

This journal is © The Royal Society of Chemistry 20xx

Gilmour (2015): Bio-Inspired E/Z-lsomerization of Styrenyl Alkenes

R? R?
SRS (=)-riboflavin (5.0 mol%)
R1_:<j)\/ MeCN, 30 °C e e ,
Z Purple LEDs / R
23 24

R? = alkyl; R® = COOR, COOH, CONR,, COR, CN, CHO, BR,

\j')\RZ
o™ &
R' 0 R’
23 24 07 e

conjugated L depletion deconjugated ) accumulated

R? O
J

(=)-riboflavin (=)-riboflavin

efficient inefficient

Scheme 9. Bio-inspired E—Z photoisomerization of diverse a,B-unsaturated

styrenyl motifs by triplet sensitization utilizing (-)-riboflavin as

photosensitizer. Substrate control results in high Z-selectivity.

steric effects disrupting conjugation. This allows a photocatalyst
with Er < E7(Z-alkene) to selectively sensitize the E-isomer,
resulting in gradual accumulation of the Z-isomer. At this point,
it should be noted that the distribution of ground state
conformers can have an impact on rate and selectivity of
sensitized olefin isomerization, too.33

An elegant example of this strategy, which was previously
observed as a side reaction e.g. under photoredox conditions, 3>
was reported by Weaver and co-workers in 2014, who
described the triplet-sensitized, highly selective isomerization
of styrenyl substrates 21 using fac-[Ir(ppy)s] (Er = 58.1 kcal/mol)
as the photocatalyst (Scheme 8).3¢ This work enabled the
thermodynamically less stable Z-isomer 22 to be generated
under kinetic control. The selectivity of this mild EnT activation
mode resulted in a remarkably broad substrate scope while
using extremely low catalyst loadings.

Next, taking nature as a blueprint, Gilmour and co-workers
reported the highly selective E=>Z photoisomerization of diverse
activated olefins 23 (Scheme 9).37:38 Inspired by the dipodal Z—E
the directionality E—~>Z
achieved by employing the organic
photocatalyst (—)-riboflavin as an EnT catalyst. In this first
report, the primarily a,B-unsaturated ester styrenyl substrates
23 were converted into their corresponding Z-isomers 24 in
generally quantitative yield and with excellent selectivity (up to
99:1 Z:E) under irradiation with purple LEDs (402 nm).37 The E/Z
selectivity was controlled by the incorporation of alkyl
substituents on the alkene, resulting in a twisted mn-system and
minimized nonbonding interactions. This strategy allows for the
efficient re-excitation of the undesired E-configured isomer,
whereas the deconjugation of the Z-configured product shuts
down re-excitation. This bio-inspired strategy was successfully
expanded to the selective E—+Z photoisomerization of a,f3-
unsaturated nitrile styrenyl moieties, a,f-unsaturated borane

isomerization of retinal, inverted

isomerization was

J. Name., 2013, 00, 1-3 | 8



Please do not adjust margins

Journal Name

A) Gilmour & Ravoo (2018): Covalent Immobilization of (-)-Riboflavin

platform linker photocatalyst

ARTICLE

A) Heterolytic N-N Bond Dissociation Induced by Triplet Sensitization
CO,M (o}
MeMr 2Me 1
N3 Ph N3

25 26
(E1 = 45.4 kcal/mol) (Et =41.0 kcal/mol

)= access to highly
N E“D—» reactive radicals
)CJ)\ <):’ ‘NH 77 - Nz under mild conditions
=/
Ny Yo N

27 28
(Er = 54.0 keal/mol)  (Et = 60.0 kcal/mol)

B) Yoon (2014): Triplet Sensitization of Azides Yielding Pyrroles

X CO,Me /@\
A
Mo SN Me™>~ ~CO,Me

[Ru(dtbpy)s](PFg)2 (1.0 moI%L

B) Weaver (2017): Visible-Light-Induced Strain Conjugation ; '
E . N; 242 CHClg, 25°C N
n 25 F Blue LEDs 31, 47-99%
IrJII O | A
' TVl N EnT (Ru" '
Thermal ? ' :
reversion ’\{ Y '
Sensitizable Strained Isomer R 3 A CO,Me Me/WCOZMe
Component highly reactive Mew N
' Nj 30
= stable = tuneable strain and lifetime 25* A
= easy manipulation : = allows improved strain induced couplings : :
. ' CO,M '
e " G . ;
. - . . . - N
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for strain induction, allowing improved bioconjugation reactions.

styrenyl motifs, as well as to the synthesis of coumarins by the
utilization of two discrete photochemical activation modes
using (-)-riboflavin as the photocatalyst.10

More recently, Gilmour, Ravoo and co-workers reported a
heterogeneous catalyst system based on the covalent
immobilization of (-)-riboflavin on polymer functionalised silica
particles, which enable large-scale
applications of isomerization approaches (Scheme 10, A).3°
co-workers have beautifully
strain induced by a
transiently Z—E triplet sensitization of cis-cycloalkenes

could importantly

Furthermore, Weaver and

demonstrated that intramolecular
accelerates bioconjugation reactions between those alkenes
and azide-functionalised insulin (Scheme 10, B).#° This strain-
loadable alkene strategy may set the fundamentals for
powerful strategies to facilitate the synthesis of complex
chemical systems, especially in a biomolecular environment.

Bond Dissociation by Energy Transfer Sensitization

In contrast to the previous sections, where primarily aromatic
mn-systems or alkenes were activated by EnT, bond dissociation
represents another pathway for the generation of versatile
radical intermediates. While the Et of a substrate can be used
to determine if EnT is possible, the occurrence of a bond
dissociation event from this high energetic state can be hard to
predict. The number of reports utilizing this EnT activation
strategy, which can be divided into heterolytic and homolytic
bond dissociations, are therefore currently quite limited.

This journal is © The Royal Society of Chemistry 20xx

C) Konig (2015): C-H Amidation of Heteroarenes Using Benzoyl Azides
e [Ru(bpy)s]Cl>
(2.5 mol%)

Ns + [ g >
3 B I HaPO, 20eq) H3PO, (2.0 eq.)
X ﬂ DMSO, 25 °C
Blue LEDs

@

26 32 34, 15-88%
aryl-, alkenyl-, thiophenes, A
and heteroaryl- pyrroles, furanes, H
azides benzofuranes :
E (‘A 3 Q E
) P .
Ru'}------- el N | H

EnT N2

Scheme 11. A) Selected substrates suitable for heterolytic N-N bond
dissociation induced by triplet sensitization. B) Triplet excited state induced
bond dissociation of dienyl azides 25 giving pyrroles 31. C) Triplet sensitization
of benzoyl azides leading to reactive nitrene intermediates used for the C—H

amidation of electron-rich (hetero)arenes.
a) Heterolytic Bond Dissociation

Substrates containing N—N bonds — such as alkyl and acyl azides
(25—-27)4143 or 2H-benzotriazoles** — are prominent examples
where heterolytic bond dissociation induced by EnT has been
successfully employed (Scheme 11, A).

The construction of pyrroles from nitrene intermediates -
obtained after triplet sensitization of azides - provides an
elegant example of this activation strategy (Scheme 11, B).#*
Here, inspired by reports on the preparation of nitrene
intermediates via the direct photolysis of azides under harsh
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UV-light irradiation (A<300nm), Yoon and co-workers
envisioned that this approach would be amenable to a catalytic
visible-light-mediated EnT approach. Their proposed strategy
was further supported by calculating the first electronically
(Er = 45.4 kcal mol?), which was well suited for EnT activation
with Ru(dtbbpy)s2* (Er = 46.0 kcal mol-1). Consequently, visible-
light irradiation of dienyl azide 25 in the presence of the [Ru]-
photosensitizer resulted in the formation of the desired nitrene
intermediate 29, which was found to consecutively react and
rearrange into pyrrole 31.

Following their initial report, Yoon and co-workers elegantly
applied this concept in the spin-selective generation of triplet-
nitrenes, which enabled the facile aziridination of olefins using
azidoformates (£t = 54.0 kcal mol?) using [Ir(ppy)2(dtbbpy)]PFs
(E=49.2 kcal moll) as the photocatalyst.#2 The triplet
sensitization of organic azides was also utilized by Kénig and co-
workers in 2015 for the C—H amidation of heteroarenes. This
work utilized benzoyl azides (Er = 41.0 kcal mol-t) and Ru(bpy)s2*
(ET = 46.0 kcal mol1) to amidate a wide variety of electron-rich
heteroarenes under acidic conditions (Scheme 11, C).43

a) Homolytic o-bond Dissociation

As discussed previously, bond dissociation events can be hard to
predict based on Er values alone. However, in combination with
bond dissociation energies (BDE), the general likelihood of a
dissociation event occurring under EnT conditions can be
determined if the substrate BDE is approximately < Et.
Fortunately, many BDE have been determined either
experimentally or theoretically, enabling the rational design of
homolytic o-bond dissociations promoted by EnT.4>

This journal is © The Royal Society of Chemistry 20xx

Inspired by the S-S bond dissociation energies of aliphatic
disulfides (BDE =~65 kcal/mol) and reports on the direct
sensitization of aryl disulfides using UV light, our group recently
reported the EnT-enabled disulfide-ene reaction, which
proceeds via the homolytic o-bond dissociation of alkyl- and
aryl-disulfides 36 (Scheme 12A).20 Using
[Ir(dF(CF3)ppy)2(dtbpy)]PFs (ET = 61.8 kcal/mol) as the
photocatalyst, triplet-triplet EnT to the disulfide 36 leads to
homolytic S-S bond cleavage and the generation of the
corresponding thiyl radicals 37. This radical then
chemoselectively adds in an anti-Markovnikov fashion into the
most electron-rich alkene functionality to form carbon-centred
radical 38. Next, depending on the nature of the disulfide and
the solvent, a hydrogen atom abstraction event takes place
between the radical 38 and either another disulfide molecule 36
or the solvent. Transient absorption spectroscopy was
performed to explore and support the proposed EnT interaction
between the photocatalyst and the disulfides (Scheme 12, B).
These reactions were also notable for their remarkable
functional group tolerance and biocompatibility, which was
demonstrated both through a biomolecule-additive-based
screen and an impressive substrate scope (Scheme 12, C). These
results hint towards the powerful synthetic potential of these
reactions, and EnT as an activation mode in general, as tools for
diverse biochemical applications.

Sensitization of Metal Complexes

Other than EnT processes to organic molecules, some recent
elegant reports have been disclosed on triplet-triplet EnT to
transition metal (TM) complexes. To date, the application of
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Scheme 13. EnT mediated Ni-catalysed C(sp3)-H arylation reported by
Molander and co-workers.

excited-state TM complexes (not including TM based
photocatalysts) in organic transformation remains largely
unexplored. However, in the few reports that are known to
proceed via excited-state TM catalysis, new reactivity modes
were observed which enabled valuable transformations, which
were not possible via ground-state TM catalysis. Traditionally,
excited-state TM complexes are accessed via direct excitation in
cases where the ligands possess large m-systems. However,
triplet-triplet EnT represents a potentially more general and
ligand independent approach for the formation of valuable
excited-state TM complexes. The earliest example of this
approach was reported by Kobayashi and co-workers in 2015,
who described a visible-light-mediated Ullmann-type C-N
coupling.*® In this work, an intermediate Cu' species was
activated by EnT from fac-[Ir(ppy)s] to induce a SET event, which
enabled the coupling of carbazole derivatives with aryl iodides.

Following this work, Molander and co-workers used EnT
catalysis to facilitate a direct Ni-catalysed C(sp3)-H cross
coupling (Scheme 13).47 Here, triplet-triplet EnT from the Ir'
photocatalyst to the Ni' complex 48 was proposed to generate
a Ni-centered d-d triplet state. In this state, antibonding d,2.,2-
type orbitals are populated, inducing homolytic cleavage of the
Ni—Br bond to afford a bromine radical and an intermediary Ni'
complex (not shown in Scheme 13). The bromine radical then
abstracts the labile C—H bond of 44 to form a C-centered radical,
which upon recombination with the remaining Ni' complex
affords Ni'' complex 49. The C—H arylation product 46 is then
generated by This C-H
functionalisation process was also later extended to include

reductive elimination. novel

acid chlorides as coupling partners by Shibasaki and co-workers
in 2017.48

More recently, another prominent example of this strategy was
reported by MacMillan and co-workers in 2017,22 who showed

This journal is © The Royal Society of Chemistry 20xx

MacMillan (2017): Reductive Elimination Enabled by Energy Transfer
fac-[Ir(ppy)s] (1.0 mol%)
NiBr,-diglyme (5.0 mol%)
dtbpy (5.0 mol%)
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Scheme 14. EnT mediated Ni-catalysed C-O coupling of carboxlic acids with
aryl bromides by MacMillan and co-workers.

that excited state TM complexes could be used to promote
challenging reductive eliminations, which were not feasible
from the ground state TM complexes. In this case, triplet-triplet
energy transfer enabled the reductive elimination from aryl Ni"
acetate complex 55%, giving rise to a new C-0 bond. In a later
report, this concept was applied promoting a C—N bond-
forming reductive elimination. (Scheme 14).4°

5. Summary & Outlook

In summary, this review has covered the general applications of
visible-light-mediated EnT catalysis in organic synthesis and the
photophysical fundamentals required to rationalize them.
Within the last decade, this field has seen significant advances
in a number of synthetic applications. However, there still
remain several major challenges and unexplored directions — for
instance, the design of new visible-light-absorbing catalysts
with higher triplet excited state energies, and preferably those
based upon earth abundant transition metals or purely organic
frameworks. Access to higher triplet excited state energies
would enable powerful reactions that currently require UV
irradiation to be performed under milder and more selective
conditions. further investigations into the
generality of using Lewis acid catalysis to lower the ET of the

Alternatively,

substrate, as developed by Yoon and co-workers, could
potentially have a huge impact on this field of research.

Within each of the reaction categories discussed, there are
several examples which highlight directions for future work. For
example, the 6m heterocyclization developed by Smith and co-
workers is significant for expanding cyclization reactions
beyond variations of the [2+2] photocycloaddition. With
regards to E—Z photoisomerizations, Gilmour and co-workers
have shown how these processes can be used to enable
complex cascade reactions. Furthermore, Weaver and co-
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workers have demonstrated how EnT and photoisomerization
can be used to control systems with biological function. Our
own group has shown the power of rational design for the
development of powerful (homolytic) bond dissociation
reactions. Finally, the use of EnT to accelerate or enable
reaction limiting steps in transition metal catalysis, as described
by MacMillan and co-workers, is clearly a powerful strategy
with great synthetic potential. A similar approach, exciting an
organic photoredox catalyst by visible-light-mediated energy
transfer, was beautifully demonstrated by Koénig in 2017,5°
emphasizing the enormous potential of this research direction.

Overall, we hope that this tutorial review will provide an
informative tool to aid the development of this re-emerging
field of catalysis.
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