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Abstract

Photo(redox) catalysis has been established as a versatile synthetic method over the past
decade in organic synthesis. The availability of high-power light emitting diodes as light sources
as well as a growing library of reported transformations together with increasing amounts of
commercially available or easily accessible catalysts facilitate light-driven reactions for small-
scale synthesis. To expand the possible applications, a growing interest to merge light-driven
catalysis with other concepts known from synthetic chemistry is observable in recent years.
While these promising approaches indeed opened the door for numerous new applications, a
mechanistic understanding of the multi-component systems becomes increasingly challenging.
Joint investigations of applications and mechanisms are therefore needed to obtain insights
on possible transformations as well as on the underlying mechanistic steps. The enhanced
understanding of a catalytic system likely improves the rational development of new systems
and can prevent misguided assumptions based on wrongly proposed mechanisms.
Multi-photonic mechanisms received considerable attention within the last years to expand the
(thermodynamic) boundaries of photo(redox) catalysis with one visible photon per catalytic
turnover. In addition to valuable new reactivities, the growing complexity of new systems
make mechanistic analysis more and more important to understand the processes. The
research presented in this thesis focuses on a combination between synthetic applications
and mechanistic investigations towards a holistic picture of the respective system. As main
motive, the insights obtained about light-driven processes in the individual systems are further
developed to provide possible concepts and guidelines towards a better control of reactivities
of catalysis relying on mono- and multi-photonic excitations.
The first project presented in Chapter 2 introduces a super-photoreductant and analyses
the role of the solvent on the light-induced reactivity of highly reducing excited states.
Dehalogenations of aryl chlorides and aryl fluorides are achievable by excitation of a strong
ground-state electron donor with blue light. Significant differences in the reaction progress
over time depending on the solvent are observable and spectroscopic measurements indicate a
direct substrate reduction in benzene. In acetone a solvent-mediated mechanism is proposed,
resulting in a levelling effect of the achievable redox power.
The second project in Chapter 3 provides a detailed mechanistic analysis of a sensitization-
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initiated electron transfer mechanism. The thoughtful choice of sensitizer enables a clear-cut
triplet-triplet annihilation upconversion pathway followed by reductive quenching of the
annihilator. Next to the analysis of all individual elementary steps of the proposed catalytic
cycle, spectroscopic evidence under upconversion conditions is provided for the formation of
the pyrenyl radical anion as catalytically active species responsible for substrate reduction.
This unusually detailed mechanistic study is complemented with selected synthetic applications
for reduction reactions.
The third main topic discussed in Chapter 4 introduces a new concept for multi-photon
excitation under red-light irradiation. The combination of a copper-based photocatalyst
and 9,10-diycanoanthracene (DCA) as two individual photocatalysts in the presence of an
excess of sacrificial electron donor enables dehalogenations of (activated) aryl bromides and
aryl chlorides as well as detosylations of phenoles and anilines under illumination with red
light. The conceptual mechanistic idea resembles the Z-scheme of natural photosynthesis.
Spectroscopic investigations indicate two mechanistic pathways for the formation of DCA•− as
key intermediate by sensitized triplet sate quenching or direct photoinduced electron transfer.
The relative contributions between both pathways are solvent-dependent and this could
potentially provide a concept for more controllable steps in light-driven transformations.
The last project presented in Chapter 5 exploits the advantage of combining two (photo)-
catalysts and builds on the results presented in the previous chapter to change the mechanism
and the reactivity by a change of the primary photocatalyst. In the absence of any sacrificial
electron donor, sensitized triplet-triplet annihilation upconversion with a osmium-based
sensitizer and DCA as annihilator enables a substrate oxidation step instead of substrate
reduction mentioned above. Mechanistic analyses are complemented with investigations of
four different overall redox-neutral reactions.
Consequently, this thesis covers different aspects related to mono- and biphotonic excitations
in photoredox catalysis and the insights on mechanisms and applications intend to contribute
to a better understanding and potential further rational development of light-driven catalysis.
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Chapter 1

Introduction

1.1 Perspective

1.1.1 Motivation and General Background

Evolution in Photoredox Catalysis

Over the last decade synthetic photo(redox) catalysis has grown remarkably and it has become
probably one of the most prominent research field utilizing light.[1–5] In fact, the wide variety
of light-driven reactions that have been investigated especially in recent years are impressive.
The growing number of examples reported in the literature demonstrate the chances and
opportunities of light-driven transformations.[2,6–12] Operational simplicity given by the broad
availability of light-emitting diodes (LEDs) as light sources, increasing amounts of literature
procedures for different coupling reactions and a growing commercial availability of well-known
photocatalysts, irradiation setups and even photoredox reaction screening kits have let to a
growing interest in light-driven transformations within the last years.[13–17]

The very fast development and the continuous investigation of new transformations also pointed
out the challenges and limitations of comparably simple light-driven transformations with
one photocatalyst and proposed monophotonic mechanisms.[14] Therefore, it is unsurprising
that new concepts to broaden the versatility of photo(redox) catalysis are currently intensely
investigated to find new transformations and more sophisticated light-driven processes to
expand the applications of photoredox catalysis.[18–22] A well-established approach to broaden
the scope of light-driven catalysis is the merger with different fields known from synthetic
chemistry without light irradiation (Figure 1.1).[6,8,23–25] Taking into consideration the recent
progress on new transformations, it is safe to say that the merger of photoredox catalysis with
other subsections of synthetic chemistry has increased the impact and the use of light-driven
applications. On the other hand, next to the possibilities also the complexity of the systems
increased drastically.[6] The insights by mechanistic analysis and spectroscopic approaches for
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Chapter 1. Introduction

Figure 1.1: Different developments to expand the possible applications in photocatalysis by merging
with other subsections of chemistry.[6,8,23–25]

the merger of nickel-based transition-metal catalysis and photo(redox) catalysis can serve as
an illustrative example how challenging these combinations have become in the meantime with
various proposed mechanisms for different transformations.[6,26–29] Furthermore, spectroscopic
studies on for these catalytic systems also demonstrate the impact of spectroscopic and
mechanistic investigations to enhance the understanding of steps in a catalytic cycle.[30–36]

For new mechanistic avenues with light activation also multi-photon excitation strategies are
very promising and different pathways have been investigated in the past to achieve light-
driven transformations following various different mechanisms.[37] Multi-photonic pathways
can for example provide a valuable alternative for transformations that are not accessible with
one visible photon due to thermodynamic restrictions. Two different approaches have been
considered to broaden the applications for multi-photon excitation strategies in light-driven
reactions: As a first approach, known mechanistic routes are investigated with new catalyst
combinations or with different reaction conditions to expand the achievable reactivity. Another
possibility considers new mechanistic routes to find new reactivities for photo(redox) catalysis.
As both of these concepts follow an initial analysis that is guided by mechanistic considerations,
in both cases a solid understanding of the different steps and possible side reactions are needed.
Therefore, combinations between spectroscopic and synthetic investigations are attractive for
these systems to demonstrate a possible application including a reasonable understanding of
the mechanism. In the last years, cooperative efforts between synthetic and spectroscopic
groups have fostered the understanding of new systems from a mechanistic perspective
including possible applications and limitations.[30,33,38–50] These insights enable a more rational
development of new systems and more divergent reactivities in photocatalytic systems.[51]

For systems with growing complexity a solid understanding will be more and more important
to develop novel approaches. Analysis of the applications as well as on the mechanism will
promote this development and facilitate further innovative research.
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1.1. Perspective

This thesis focuses on the detailed investigation of new light-driven approaches with a
special focus on multi-photonic processes to explore new pathways for photoredox catalysis.
Different primary objectives are followed: First of all, a main focus is on the development
of new pathways for multi-photon excitation in photo(redox) catalysis. Secondly, different
spectroscopic investigations are considered to gain insights into the mechanistic pathways
within the respective systems. Furthermore, the new catalyst combinations are investigated in
proof-of-principle applications to combine spectroscopic and synthetic aspects of light-driven
catalysis. The better understanding of individual systems seems interesting to gain a better
control over mechanisms and reaction pathways and might help to achieve more divergent
transformations in the future, for example by thoughtful changes of the reaction conditions.

Challenges and Opportunities in Photoredox Catalysis

In contrast to thermal activation of catalysts in many synthetic transformations, photore-
dox catalysis uses light as alternative energy source for synthetic transformations.[52] This
difference in the energy source typically makes it possible to perform the desired reactions
a room temperature. Compared to conventional thermal approaches, new reactivities and
selectivities can be accessible through a radical reaction pathway and open new synthetic
opportunities.[10,52–56] Furthermore, photo(redox) chemistry is based on one-electron-transfer
processes,[2,57] therefore in a great majority of photochemical transformations radicals as well
as one-electron reduced or oxidized electronic states play an important role.[10,58,59] A general
overview of different challenges and opportunities related to photoredox catalysis discussed
in this thesis is introduced in this section. With respect to the large body of literature with
light-driven transformations, many aspects that are less relevant for the general understanding
of this thesis have been thoroughly reviewed in published reviews and will only be briefly
mentioned and not discussed in detail.[2,5,6,51,54,60–62]

Although synthetic photoredox chemistry is a diverse field of research with many different
concepts and research topics,[2,11,15,26,60,63–65] a noticeable body of literature for photoredox
applications is still based on photocatalysts relying on precious metals such as the well-
known complexes fac-[Ir(ppy)3] and [Ru(bpy)3]2+ (structures given in Figure 1.2a+b) as well
as related compounds.[22,66–68] In recent years, investigations to change to earth-abundant
transition-metal complexes, for example copper-based complexes (Figure 1.2c),[65,69] or to
organic photocatalysts, like EosinY (Figure 1.2d)[70,71] or acridinium dyes, have received some
attention as alternatives to complexes based on precious and rare elements.[2,72,73] The versatile
tuning and the widespread usage of famous [Ru(bpy)3]2+ and fac-[Ir(ppy)3] is nevertheless
still attractive due to profound literature examples that provide a reasonable impression on
the possibilities and limitations of these catalysts.[22,74]

Having a closer look on the reactivity of these complexes, their limitations become easily
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Chapter 1. Introduction

Figure 1.2: Molecular structures of frequently used photoredox catalysts for synthetic applications.

apparent. In the case of light-driven reduction reactions with [Ru(bpy)3]2+ only activated
leaving groups (e.g. diazonium or diiodinium salts) are accessible due to the limited re-
duction power of this catalyst in the excited state.[75,76] fac-[Ir(ppy)3] serves as stronger
excited-state electron donor and as consequence activated aryl halides can be reduced by
single-electron-transfer (SET) to obtain the corresponding aryl radical,[18] but for more chal-
lenging (unactivated) aromatic substrates the iridium-based photocatalyst is not suitable.[62]

Hence, an actively investigated field in photoredox chemistry is considering new methods
to extend the boundaries of photoredox reactions with regard to the reducing power to
access more challenging substrates (e.g. unactivated aryl halides).[62] Similar limitations
are apparent for oxidation reactions, although in this case substituents on the ligand scaf-
fold (for example in fac-[Ir(dFppy)3]) or exchange of ligands (for example in [Ru(bpz)3]2+)
make it somewhat easier to increase the available oxidation power to more positive values.[77,78]

Among other strategies,[8,79–83] multi-photonic excitation mechanisms have been reported as
suitable pathway to tackle these challenges. The pooling of two photons can provide reactive
intermediates that are able to transfer an electron on substrates with very negative reduction
potentials exceeding the possibilities with monophotonic excitation of ruthenium and iridium
complexes.[37] The main idea of using more than one photon per catalytic turnover seems quite
simple in theory; by combining the input of two photons more demanding transformations are
possible than with monophotonic pathways under irradiation at the same wavelength. Model
compounds to investigate (challenging) transformations with respect to reductive substrate ac-
tivations are dehalogenations of aryl halides. These substrates are typically bench-stable, well
established as coupling partners also in cross-coupling reactions and commercially available
with numerous different substitution patterns. Focusing on reductive transformations also
other leaving groups have been successfully reported (e.g. triflates or diazonium salts).The
general concept for the functionalisation of substituted (hetero)aromatic structures via the
intermediate formation of aryl radicals is summarized in Figure 1.3.
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1.1. Perspective

Figure 1.3: General schematic overview on light-driven reductive aryl radical formation with
different leaving groups (LG) and examples for trapping reagents for the introduction of different
functional groups (FG).[15,84–87] Tf = triflate, Ar = aromatic or heteroaromatic structure.

Several different examples relying on multi-photon excitation strategies have been investigated
for transformations requiring highly reducing intermediates.[88–94] A variety of mechanisms
using two photons have been developed using different concepts and ideas.[37] Therefore,
multi-photonic mechanisms can provide valuable opportunities to tackle challenging reactions,
provide milder reaction conditions or enable new reactivities.[66–68,81,95] One of the main
challenges of multi-photonic mechanisms – especially for combinations with multiple catalysts
present – is their complexity. Hence, the detailed mechanistic understanding of the underlying
processes is not always trivial to obtain, although this would be in particular desirable in these
cases. Unsurprisingly, mechanistic controversy often occurs for systems where the mechanism
has not been the main focus of the study and/or is not analysed in detail.[91–93,96] Furthermore,
additional complexity might be introduced by the inherent properties and restrictions of the
investigated system. In some cases more than one mechanism might occur and a mechanistic
analysis is not always readily accessible or even possible at all.[97–99] Therefore, spectroscopic
insights to elucidate mechanisms are challenging and at the same time interesting to study
and the results are highly valuable and helpful for future developments.

In summary, the increased attention for photoredox catalysis in the last decade has made
light-driven transformations a vivid and rapidly evolving research field. While different
challenges have already been overcome with various different approaches, there are still
many challenges to tackle and new pathways to investigate to expand the opportunities of
photo(redox) catalysis. The key guiding principles of this thesis follow an approach to try to
develop new pathways for photoredox reactions and provide a combined overall picture of the
investigated systems. This includes applications as well as mechanistic investigations for the
individual catalysts and catalyst combinations. The research field of multi-photon excitation
in photo(redox) catalysis has been identified as challenging as well as promising research field
to investigate new reactivities and mechanisms.
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Chapter 1. Introduction

Structure of this Thesis

This thesis is divided in a general introduction (chapter 1) including an overview and a
theoretical background followed by an individual chapter for each project with additional
background and a summary of the results. In this introduction first the most important
basics on excited states of a chromophore are summarized in section 1.2.1 followed by an
overview on the fundamental steps to potentially allow catalytic applications (section 1.2.3
and 1.2.4). In the following section 1.3, a more specific focus is set on challenging reduction
reactions and reported concepts to tackle these with monophotonic excitation strategies. A
comprehensive review on multi-photonic excitation in photoredox catalysis is provided in
section 1.4 followed by a more detailed discussion of the challenges and opportunities for
catalytic cycles with more than one photon per catalytic turnover (section 1.4.4). Furthermore,
due to the relevance for different studies within this thesis, a specific background on red-light
driven catalysis and triplet-triplet annihilation upconversion is given in section 1.3.2 and 1.2.5
respectively. The thesis outline in section 1.5 presents a summary of the projects covered in this
thesis. In general, the combination of spectroscopy and light-driven catalysis is investigated
in four different projects, while each project has its own specific focus on different aspects of
light-driven transformations. The first project in Chapter 2 focuses on the exploration of a
highly reducing photoreductant and the role of the solvent on the reactivity. The next project
in Chapter 3 presents an uncommonly detailed mechanistic analysis of a sensitization-initiated
upconversion system. Chapter 4 and 5 outline new multi-photon excitation concepts for
reductive and oxidative substrate activation with red light in photoredox catalysis. Two
review articles,[37,100] as well as smaller contributions to other projects within our group are
not explicitly discussed and the publications are not included within this thesis.[101,102]
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1.2. Theoretical Introduction

1.2 Theoretical Introduction

1.2.1 Photophysical Properties and Excited States

General Energy State Diagram

Figure 1.4: Simplified generalized Jablonski diagram with energy levels relevant for the photo-
physics of a given chromophore with a singet ground state.[103,104] Abs = absorption, Fl = fluorescence,
Ph = phosphorescence, IC = internal conversion, ISC = intersystem crossing, NR = non-radiative
decay, S = singlet state, T = triplet state, VR = vibrational relaxation.

From a very general viewpoint, photocatalysis exploits the reactivity of an excited state to
make light usable as energy source.[105,106] Hence, the excited state of the chromophore is
of substantial interest for the understanding of its photophysical properties.[103] The main
relevant processes for a chromophore with a singlet ground state (S0) as well as singlet
and triplet excited states (Sn and Tn) are presented in the simplified Jablonski diagram in
Figure 1.4. The processes discussed here apply for chromphores with a singlet multiplicity
in the ground state, which is valid for closed-shell organic chromophores and well-known
low-spin d6 metal complexes approximating an octahedral Oh symmetry.[103,107] For some
metal complexes, e.g. with other electronic configurations, different ground and excited state
multiplicities can be relevant and the Jablonski diagram changes accordingly.[69]

Excited State Formation and Decay

As a first step to observe any light-driven photophysical process from an excited state of a
given chromophore, a population of the excited state is needed and in the case of a photoactive
catalyst typically the absorption of a photon is required to populate the excited state (h ·
νAbs). Excitation into electronically excited states require the absorption of photons with the
corresponding energy (blue arrows in Figure 1.4). The intensity of the absorption at a certain
wavelength is guided by spin selection rule and symmetry selection rule (Laporte rule).[108]
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Chapter 1. Introduction

While translations with same spin-multiplicity, for example, S0→Sn are spin-allowed and
typically intense, a change in the spin multiplicity is spin-forbidden, for example, S0→Tn. In
general, an absorption band is usually a prerequisite for a possible photophysical application
and for photocatalysts operating on visible light excitation, absorption bands above 400 nm
are required.
Following the Franck-Condon principle,[108,109] vertical excitation of an absorption band results
in an electronic transition into an excited state (S0→Sn). Fast vibrational relaxation (VR)
and internal conversion (IC) lead to the population of the lowest excited state of a given
multiplicity (Kashas’ rule)[106] In the example discussed in the Figure 1.4 this state is called
S1. From this lowest excited singlet state deactivation within the catalyst can occur via
three pathways: either non-radiative or radiative decay pathways leading to a repopulation
of the ground state (S0), or the population of the lowest triplet excited state (T1) after
(non-radiative) intersystem crossing and internal conversion according to Kashas rule. In the
case of intersystem crossing to an excited triplet state, a relaxation to the ground state is now
spin-forbidden and therefore typically significantly slower than the spin-allowed radiative or
non-radiative relaxation pathways from S1 to S0. Relaxation to the ground state via radiative
or non-radiative (intersystem crossing) relaxation can be enhanced by spin-orbit coupling.[108]

For molecules containing atoms with high atomic number a large spin-orbit coupling facilitates
intersystem crossing,[110,111] As a consequence next to accelerated triplet state population from
the lowest singlet excited state,[110] spin-forbidden transitions can have intense absorption
bands. For example in [Os(bpy)3]2+ complexes, a broad absorption band between 550 to 700
nm is detectable and a direct excitation to the 3*MLCT excited state is possible for these
complexes.[112–115] For the special case of a small singlet-triplet energy gap in the excited state
(S1-T1) also back-intersystem-crossing (bISC in Figure 1.4) to repopulate S1 is possible. In this
case, the deactivation pathways of S1 are again relevant and a so-called thermally activated
delayed fluorescence (TADF) can be observed for suitable molecules and complexes.[116] By
definition, a spin-allowed luminescent deactivation pathway is called fluorescence (h · νFl)
while emission from a spin-forbidden state is called phosphorescence (h · νPh).
In principle, most of these considerations herein are adaptable for excited states created
through electroluminescent or chemiluminescent pathways. Also sensitized excited state
population is reasonable pathway to populate an excited state, and in some of these cases even
a direct population of the spin-forbidden sate (with respect to the ground state) is populated.
This is not further discussed here for simplicity and only the excited state deactivation
processes of one single photocatalyst after excitation are considered.
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1.2. Theoretical Introduction

Rate Constants, Excited State Lifetimes and Quantum Yields

While the different deactivation pathways have only been described in a general manner in
previous subsections, the excited state deactivation pathways can also be quantified with
suitable measurements.[38,49,107] Each individual process in the excited state described by
an arrow in Figure 1.4 can be associated with a rate for this step and a corresponding rate
constant k can be defined.
The overall deactivation rate constant of each excited state equals the sum of all deactivation
rate constants and typically, this is differentiated into radiative (kr) and non-radiative (knr) rate
constants.[109,117] The lifetime τ of each excited state is defined as the inverse of the sum (k0 of
all deactivation rate constants k. In the absence of any other (external) deactivation pathways,
this lifetime is typically referred to as natural excited state lifetime τ0 (equation 1.1).[105]

τ0 =
1

k0
=

1∑
k

=
1

kr + knr
(1.1)

In the presence of additional (typically non-radiative) external deactivation pathways (for
example energy transfer (EnT) or electron transfer (ET) processes) additional rate constants
(kET or kEnT ) can become relevant and a lifetime for the quenched excited state τ can be
derived from these rate constants (equation 1.2).[107,108]

τ =
1∑
k

=
1

kr + knr + kET + kEnT

(1.2)

Different rate constants can be determined with time-resolved spectroscopic methods.
The relative contribution of a process (and its respective rate k) to the overall deactivation
rate k0 is defined as quantum yield.[105,107] Here, the equation for the radiative quantum yield
is given (equation 1.3).

Φ0 =
kr
k0

=
kr

kr + knr
(1.3)

As radiative (kr) and non-radiative ( knr) rate constants for a deactivation to the ground
state are intrinsic properties under certain conditions, competing processes – for example,
intersystem crossing or electron or energy transfer – need to be reasonably fast to gain relevance
as alternative pathway to deactivate the excited state. If these competing deactivation
pathways occur by the interaction with an external molecule, the process is defined as excited
state quenching and a quenching rate constant can be determined.[107] In combination with
other techniques, analysis of excited state lifetimes can give access to rate constants and
provide useful mechanistic insights.[107] A Stern-Volmer analysis is for example a wildly used
technique to determine excited-state quenching rate constants and this is further discussed
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Chapter 1. Introduction

in the next subsection. Lifetimes (or the corresponding rate constants) are not necessarily
restricted to luminescent excited states and with suitable techniques also non-emissive lifetimes
and rate constants can be quantified.[30,118–124]

Although there are some exceptions from Kashas’ rule,[125] internal conversion (kIC , 10−12 -
10−6 s−1) and vibrational relaxation (kV R, 10−13 - 10−12 s−1) are typically rapid relaxation
pathways after excitation.[109] Fluorescence kFl as spin-allowed emission is on a time scale
of 10−9 - 10−7 s−1, while spin-forbidden phosphorescence is in general slower (kPh, 10−6 -
10−3 s−1).[109] The rate constant kISC for intersystem crossing can vary between 10−12 s−1 and
10−6 s−1 and consequently population of the triplet excited state can be highly competitive
or very inefficient depending on the system. For diffusion-controlled bimolecular quenching
constants processes kQ on the order of 10-10 M−1·s−1 to 10−9 M−1·s−1 are expectable.[106]

Stern-Volmer Analysis

One important method to determine a quenching rate constant is a so-called Stern-Volmer
quenching study. The effect of an external quencher on the excited state deactivation pathways
is investigated in this case by a variation of its concentration.[107,126] Most relevant within this
thesis is the determination of a bimolecular quenching constant by time-resolved transient
absorption or emission measurements. To determine the quenching rate constant kQ for
a quencher Q, the rate constant k is determined in the absence and presence of different
quencher concentrations (equation 1.4).

k = k0 + kQ · [Q] (1.4)

For the case that the quenching becomes a competitive deactivation pathway, the rate constant

k changes upon a change of the quencher concentration ([Q]). The ratio between the measured
rate constant k and the natural rate constant k0 provides the Stern-Volmer equation for
monoexponential decay pathways (equation 1.5). The equation is usually converted to the
relation between the unquenched (τ0) and quenched (τ) lifetimes that are directly accessible
with suitable spectroscopic methods (equation 1.6).[106,109,126] The quenching rate constant kQ
can be calculated for known quencher concentrations.

k

k0
=
k0 + kQ · [Q]

k0
= 1 +

kQ · [Q]

k0
(1.5)

τ0
τ

= 1 + kQ · [Q] · τ0 (1.6)

In this thesis, most quenching constants were determined with lifetime quenching experiments.

For an analysis of an emissive state, also steady-state emission measurements can be employed
and a similar equation with respect to the quantum yield can be derived (equation1.7).[106,109,126]
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1.2. Theoretical Introduction

Φ0

Φ
= 1 + kQ · [Q] · τ0 (1.7)

For bimolecular quenching processes two quenching pathways can be differentiated: in a
dynamic quenching process a collision between the excited chromophore and the quencher
introduces an deactivation pathway for the excited state,[127,128] and the rate constant for this
process is limited by the diffusion of molecules in the respective solvent.[106] In a static quenching
process, a non-luminescent complex in the ground state prevents emission of the excited
chromophore.[109,127–131] For steady-state emission measurements, static as well as dynamic
quenching processes are relevant and in the case of relevant contributions from both quenching
pathways, a non-linear relationship to the concentration of the quencher is observable.[107,126]

In contrast, the static contributions will only influence the relative initial signal intensity
without changing the detectable lifetime τ for time-resolved measurements.[129,130] Hence,
quenching constants from lifetime quenching experiments only involve the rate constants of
dynamic quenching processes.[107,126]

1.2.2 Latimer Diagram and Redox Properties

Next to the photophysical properties of transient excited states discussed before, also the redox
properties of a photocatalyst are altered compared to the ground state after the absorption
of a photon. Excitation of a photo- and redox-active compound with a sufficiently long
excited state lifetime enables single electron transfer processes that are not possible in the
ground state without activation. As an illustrative example, fac-[Ir(ppy)3] has been chosen as
metal complex with a d6 metal center and an assumed Oh symmetry (Figure 1.5).[2,107] In this
specific case, a metal-to-ligand charge transfer results in the population of a 3*MLCT excited
state after intersystem crossing (see Figure 1.4). The complex in the excited state is easier to
oxidise than the ground state – due to the electron in the energetically higher ligand-centered
orbital – and easier to reduce than the ground state – due to the metal-centered electron
vacancy in the excited state. In the case of fac-[Ir(ppy)3] a tuning of the relative energies of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) is possible due to their spatial separation.[78] In fact, while in the illustrative picture
clear transitions and electronic configurations are declared, charge transfer excited states
can contribute to the detectable photoluminescence.[78,132–135] For any photoactive catalyst
(PC), the potentials for an oxidation or reduction in the excited state can be estimated by
the correction for the energy difference between the ground state and the excited state (E0,0)
on the reduction potential potential E1/2(PC/PC•−) or oxidation potential E1/2(PC•+/PC)
in the ground state. Reduction and oxidation processes of the lowest excited state are
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Figure 1.5: Latimer diagram and electronic configurations for fac-[Ir(ppy)3] in
acetonitrile.[65,78,126,138–140] Electronic configurations are given for an Oh symmetry. Redox
potentials are given in V vs SCE.[107] MLCT = metal-to-ligand charge transfer state.

facilitated by the energy difference between the ground and excited state (the zero-point
energy of the excited state E 0,0) and the corresponding redox potentials can estimated using
the equations 1.8 and 1.9.[136,137]

E1/2(PC•+/*PC) ≈ E1/2(PC•+/PC)− E0,0 (1.8)

E1/2(*PC/PC•−) ≈ E1/2(PC/PC•−) + E0,0 (1.9)

Both equations immanently demonstrate that reduction or oxidation from the excited state are

facilitated and for suitable substrates, electron transfer processes might occur after excitation
of the catalyst that are not possible in the ground state. A further depopulation pathway next
to oxidative or reductive quenching is an energy transfer process. In this case the transiently
stored energy in the excited state is transferred to a suitable energy acceptor e.g. a substrate
or a co-catalyst.[54] Energy transfer pathways do not cause a change in the overall redox-state
of the involved species, in contrast to the oxidative or reductive quenching pathways discussed
earlier.
Hence, with respect to light-driven catalysis, two different fundamental pathways for a possible
exploration of the additional energy in the excited state can be distinguished: either an electron
transfer step via oxidation or reduction of the catalyst, or an energy transfer step to obtain
the respective quencher in its excited state.
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1.2.3 Electron Transfer

Oxidative, Reductive and Net Redox-Neutral Light-Driven Reactions

Many different light-driven reactions involve a substrate oxidation or reduction as initial step
and photoredox catalysis has emerged as viable tool for various different transformations
involving consecutive single electron transfer steps.[12,52,57,141,142] In general, oxidative or
reductive quenching cycles are differentiated depending on the excited-state quenching pathway
of a photocatalyst.[143,144] If the excited state of a photocatalyst is deactivated through an
electron release to an electron acceptor, an oxidative quenching cycle is operative (left side
in Figure 1.5). In contrast, a reductive quenching cycle occurs for instances where suitable
electron donors quench the excited catalyst to obtain an one-electron reduced form of the
catalyst and an oxidized electron donor (right side in Figure 1.5). For the example of fac-
[Ir(ppy)3] in Figure 1.5 it is obvious that – depending on the redox potentials of the involved
substrates, reaction intermediates and possible (sacrificial) electron donors or acceptors –
different pathways can be feasible from a thermodynamic viewpoint. Matching redox potentials
are an important pre-condition for a successful photoredox reaction. An illustrative example
is the difference for oxidative and reductive quenching cycles in the reductive dehalogenation
of α-halogenated ketones with [Ru(bpy)3]2+ and fac-[Ir(ppy)3]. For the ruthenium catalyst,
oxidative and reductive quenching pathways in the presence of acridane have been considered
as possible pathways,[145] while for the iridium-based catalyst, a reductive quenching pathway
is more challenging and would require a stronger sacrificial electron donor. On the other hand
fac-3*[Ir(ppy)3] is a stronger photoreductant and an oxidative quenching pathway is more
exergonic for a similar substrate than with 3*[Ru(bpy)3]2+. Hence, this has been proposed as
dominant pathway with the fac-[Ir(ppy)3] as photocatalyst.[146] Next to light-driven reactions
involving substrate oxidation or reduction also net-redox neutral reactions are possible for
some transformations, where the oxidized or reduced substrate intermediate recovers the
catalyst to react to the product.[57,147–151]

Some caution is necessary with respect to the absolute values for the excited state reduction
and oxidation potentials and the (sometimes irreversible) redox potentials of substrates. Redox
potentials can differ quite drastically depending on the respective conditions, reversibility,
electrodes, solvent, concentrations and conducting salt.[152–154] Most of the potentials presented
in this thesis are collected from various different literature datasets and a direct comparison
might not be perfectly accurate in all cases. Together with a certain imprecision for the
zero-zero point energy E 0,0, excited-state oxidation and excited-state reduction potentials are
only estimated by the equations 1.8 and 1.9 presented in subsection 1.2.2.
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1.2.4 Energy Transfer

Next to electron transfer steps also energy transfer steps provide a possible quenching pathway
for excited photocatalysts. As illustrative example, the shorter (triplet) excited state lifetimes
observed for many long-lived photocatalysts under aerated conditions in comparison to de-
aerated solutions is typically caused by an energy transfer quenching pathway with molecular
oxygen.[155,156] Energy transfer process can in general be divided into two fundamentally
different pathways: Förster and Dexter energy transfer (Figure 1.6).[157]

In a Dexter energy transfer process, the energy donor in its excited state (*EnD) and the
energy acceptor in its ground state (EnA) simultaneous exchange an electron (red arrows
in Figure 1.6) to result in an excited energy acceptor (1*EnA) and the energy donor in its
ground state (EnD).[157] The need of electron transfer steps between the donor and acceptor
molecules necessitates a short-ranged orbital overlap in the intermolecular process and this
causes a pronounced distance dependence for the energy transfer mechanism.[117,158] In this
process, the energy as well as the spin multiplicity are persevered and singlet as well as triplet
energy transfer are feasible. Sensitized mechanisms for example sTTA-UC, but also other
energy transfer processes relevant for photocatalysis, usually involve Dexter energy transfer
as the main pathway.[54]

In a Förster energy transfer process, the energy transfer is caused by dipole-dipole interactions
between the energy acceptor (EnA) and the excited energy donor (1*EnD).[157] The coupling
between the two dipoles is important in this case (blue arrows in Figure 1.6).[157,159] The
process is typically also called Förster resonance energy transfer (FRET) and for a successful
energy transfer, an energetic overlap between the emission of the donor and the absorbance
of the acceptor molecule is needed,[117,160,161] which is typically not the case for (triplet)
energy acceptors used in light-driven synthesis.[54] Furthermore, the spin conservation rule
would be violated in an energy transfer from a triplet excited state to a singlet ground
state.[157,159] Hence, a FRET is not relevant for triplet-triplet energy transfer processes and

Figure 1.6: Simplified schematic representation for radiationless Förster (left, blue arrows) and
Dexter (right, red arrows) energy transfer processes between a (singlet) excited energy donor (1*EnD)
and an energy acceptor (EnA) in its ground state to result in a (singlet) excited energy acceptor
(1*EnA, middle) and the electron donor in the ground state (EnD).

14



1.2. Theoretical Introduction

consequently the importance for the projects in this thesis is minor.[54] The dipole interactions
in FRET can have relevance and enable energy transfer over longer distances than for energy
transfer via Dexter mechanism.[117] Biology and bioimaging is an important field of FRET
applications.[109,127,160]

Although both of these radiationless energy transfer pathways are briefly explained here
as background for energy transfer processes, only Dexter energy transfer is relevant for
sensitized triplet excited state population in sensitized triplet-triplet annihilation upconversion
mechanisms (section 1.4.2). It is worth mentioning that there is also a growing interest
in energy transfer catalysis exploiting the (triplet) energy stored in the excited state of a
photocatalyst for substrate or co-catalyst activation within the last years, but a detailed
discussion of such reactivity has been covered in the literature and is beyond the scope of this
section.[2,54,162]

1.2.5 Sensitized Triplet-Triplet Annihilation Upconversion

General Overview

Sensitized triplet-triplet annihilation upconversion (sTTA-UC) is the main mechanistic path-
way in two projects discussed in this thesis. A general overview on the most important steps
is presented in Figure 1.7. In general, sensitized TTA-UC systems consist of a light-absorbing
moiety and an annihilator. For molecular systems with sensitized energy transfer the primary
light absorber is called sensitizer. The focus in this section is on sensitized triplet-triplet anni-
hilation upconversion in solution, while solid state applications or systems without sensitized
triplet states are not considered.[163–165]

Figure 1.7: Jablonski-type diagram summarizing the most important steps for sensitized triplet-
triplet annihilation upconversion. PC = photocatalyst / sensitizer, An = annihilator, EnT = energy
transfer, TTA = triplet-triplet annihilation, ISC = intersystem crossing.
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Different elementary steps to populate the desired excited singlet state after triplet-sensitized
annihilation are present for a general molecular system Figure 1.7: First of all, the sensitizer
absorbs light and a formation of its triplet state (3*PC) is occurring – either via intersystem
crossing or direct spin-forbidden excitation to the excited triplet state for sensitizers with
strong spin-orbit coupling.[114,115,166] Quenching of the triplet sensitizer using an annihilator
results in a population of the triplet excited state of the annihilator (3*An) through a Dexter
energy transfer step (EnT). Subsequent annihilation between two annihilator triplets results
the formation of one molecule in its excited singlet state (1*An) while the second molecule
returns to the ground state. For emissive singlet states an upconverted delayed fluorescence
from 1*An can be observed. The generation of one upconverted singlet from two sensitized
triplet excited states indicates the use of two photons and consequently results in a theoretical
maximum of 0.5 for the upconversion quantum yield ΦsTTA-UC.
In theory, the quantum yield for sTTA-UC can be calculated (equation 1.10), if the quan-
tum yield for the triplet state formation in the sensitizer (ΦISC), the quantum yield for the
energy transfer (ΦTTET), the triplet-triplet annihilation quantum yield (ΦTTA) as well as the
fluorescence quantum yield of the annihilator are known (ΦFL).[167]

ΦsTTA-UC = ΦISC · ΦTTET · ΦTTA · ΦFL (1.10)

Different definitions of the sTTA-UC quantum yield are presented in the literature – for

example as normalized value to a theoretical maximum of 1, including a spin-statistical factor
f or corrected for the fluorescence quantum yield and inner-filter effects.[167–173] Therefore,
a definition of the given quantum yield is needed for the individual system. In our work
the upconversion quantum yield describes as the ratio between the photons emitted and
the the photons absorbed without correction for diminished light output by optical losses or
fluorescence quantum yields below unity.[167] Hence, a multiplication with the output quantum
yield (Φout) – defined as difference between the generated upconverted emission and the
detected emission – would be needed to correct the given equation 1.10 for the setup-dependent
filter effects.[167] In our systems the reactivity towards substrates or sacrificial reagents of the
generated singlet state are most important. Therefore, the measured upconversion quantum
yields were not corrected for optical losses or decreased fluorescence quantum yields.
Apart from quantum yields, the apparent anti-Stokes shifts of sTTA-UC systems are commonly
reported. The most widely employed definition for the apparent anti-Stokes shift ∆E in
upconversion systems is defined as the energy difference between the excitation wavelength
Eex and the energetically highest peak maximum of the upconverted delayed fluorescence
Eem.[109,128,174] Equation 1.11 presents the corresponding formula that has been used for the
calculation of the apparent anti-Stokes shifts in this thesis. Recently, the definition of the
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apparent anti-Stokes shift was criticized in a concept article by the groups of Castellano and
Hanson, because of its reliance on the excitation wavelength rather than the lowest absorption
band.[167] A peak-to-peak difference between the energetically lowest absorption maximum
of the sensitizer and the energetically highest upconverted emission peak was suggested as
alternative for a better comparison between different systems,[175] which would also be closer
to the general definition of Stokes-shift that is defined for absorption and emission of the
same electronic transition.[110,127,167]

∆E = |Eex − Eem| (1.11)

The above-mentioned reliance of the apparent anti-Stokes shifts ∆E on the excitation wave-
length together with setup- and concentration-dependent inner-filter effects that can cause
changes in detected emission maxima of the upconverted light complicate a quantitative
comparison of reported values.[167] Also a direct comparison between upconversion quantum
yields ΦsTTAUC of different sensitizer and annihilator combinations measured with different
techniques and setups need to be treated with caution and might be not perfectly accurate. As
approximate orientation, current state-of-the-art systems achieve upconversion quantum yields
higher than 10 % (based on a theoretical maximum of 50 %),[169,170,173,176–182] and apparent
anti-Stokes shifts above 1 eV.[172,177,178,183–186]

Rate Constants and Quantum Yields for Individual Steps in sTTA-UC

For each elementary step of the sensitized triplet-triplet annihilation upconversion process
a rate constant k and a corresponding quantum yield Φ can be defined. Our work mainly
focuses on the determination of rate constants and the general considerations and equations
used for the individual steps are discussed here. The discussion follows each elementary step
introduced before in the definition of the upconversion quantum yield equation ΦsTTA-UC

(equation 1.10).
The initial intersystem crossing quantum yield to populate the triplet state (ΦISC) is for
many sensitizers close to unity.[174] The vast majority of sensitizer used in sTTA-UC relies
on metal complexes with heavy-atom metal centers (e.g. platinum group complexes) and
efficient intersystem crossing can be assumed within these complexes.[187–190] For all sensitizers
for sTTA-UC investigations discussed in this thesis, this assumption is reasonable. Recently
also systems with organic sensitizers or 3d transition metal complexes were reported. These
systems show intersystem crossing quantum yields below unity and this consequently effects
the achievable overall efficiency of the triplet state population of the annihilator.[170,191,192]

For an (efficient) triplet-triplet energy transfer[193] the energy transfer step has to be ther-
modynamically feasible (E(3*PC) > E(1*An).[170,171,193,194] A determination of the quenching
constant is possible by Stern-Volmer quenching experiments with the annihilator as quencher.
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For systems with long excited-state lifetimes of the sensitizers, relative lower concentrations
of annihilator and/or slower rate constants for the energy transfer are sufficient (see equa-
tion 1.6).[169,176,178,192,195] The triplet-triplet energy transfer quantum yield can be calculated
from the excited state lifetime or emission intensity of the sensitizer in the presence and
absence of the annihilator as quencher.[170,176,178]

In contrast to the relatively easily measurable quenching constant for energy transfer, the deter-
mination of the rate constant and quantum yield for triplet-triplet annihilation upconversion
is somewhat more complicated and needs more sophisticated knowledge of different properties
of the annihilator triplet excited state. The mono- and biexponential decay pathways can be
described with the equation 1.12 and 1.13 derived from Bachilo and Weisman.[196]

[3*An]t =
[3*An]0 · (1− β)

exp(kT · t)− β
(1.12)

β =
kTTA · [3*An]0

kTTA · [3*An]0 + kT
(1.13)

If the excitation coefficient of the triplet state εT is known, the concentration of annihilator
[3An]0 can be calculated and fitting of of transient decay curves provide access to the natural
triplet excited state lifetime τ0 (= k −1

T ) and the annihilation constant kTTA. Transient
absorption decay curves have been utilised to determine these values for different systems
in the past.[186,196–199] Very recently, the group of Albinsson introduced a new method with
modulated continuous-wave laser excitation instead of pulsed laser excitation, while analysing
emission instead of transient absorption kinetic datasets.[170,171] Their new approach with a
global fitting procedure of decay curves measured with different continuous-wave (cw) laser
intensities give access to kTTA, τ0 and the excitation threshold intensity Ith with a comparably
simple experimental setup. Interestingly, the use of cw laser excitations allows the formation
of a steady-state concentration [3*An] and subsequently these measurements provide insights
on the triplet-triplet annihilation quantum yield ΦTTA.[171,173]

For thermodynamic reasons, triplet-triplet annihilation upconversion is only possible with
annihilators, where twice the triplet energy is higher than the singlet energy of the annihilator
(2 · E(3*An) > E(1*An)).[193,194] For light-harvesting applications the fluorescence quantum
yield of the annihilator is important. A determination is possible by absolute quantum yield
measurements in an integration sphere,[200] or relative quantum yield determinations against
an emitter with known emission quantum yield Φem,Ref .[106,109] To determine the relative
emission quantum yield, Φem equation 1.14 can be used to compare the quantum yield against
a reference compound. In this case, the emission intensity ratio of I and IRef and a correction
for the absorbance A at the excitation wavelength and the refractive index η of the solvent
must be considered.
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Φem = Φem,Ref ·
I

IRef

· ARef

A
· η

2

η2Ref

(1.14)

In this thesis, the rate constants for all elementary steps were more in focus than the
quantum yields. A theoretical value for the upconversion quantum yield ΦsTTA-UC including a
determination of all quantum yields needed according to equation 1.10 is beyond the scope of
the projects. Instead the apparent emission quantum yield was analysed for all investigated
upconversion systems in a relative measurement using equation 1.14 and an unquenched
sensitizer emission as reference.[201]

1.3 Single-Photon Excitation in Photoredox Catalysis

Monophotonic pathways with one photon for a full catalytic turnover and a sequence of
different elementary steps of the catalyst (section 1.2.2) are undoubtedly the most promi-
nent mechanisms in light-driven transformations investigated for synthetic applications of
photo(redox) catalysis. Photo(redox) reactions with a variety of photocatalysts have been
reviewed thoroughly in the literature and will not be discussed in further detail in this
section.[1,2,70,85,104,137,202,203] Instead, some specific aspects with relevance for the research pre-
sented in this thesis are highlighted and discussed. New methodologies based on multi-photon
excitation (section 1.4) have become increasingly popular for applications with substrates
that have very negative reduction potentials including reductive dehalogenation followed
by aryl radical functionalisation.[95,204] With respect to monophotonic excitation concepts,
selected new concepts and trends are highlighted here as valuable background for different
projects within this thesis. Namely the use of in-situ catalyst activation via chemical as
well as electrochemical steps – to access possible monophotonic alternatives to multi-photon
excitation strategies – and recent reports on the use of red light in photoredox catalysis
(section 1.3.2) are discussed.

1.3.1 Strong Photoreductants based on Single-Photon Excitation
The majority of transformations within this thesis investigates reductive transformations.
Especially dehalogenations of aryl halides have received much attention and developed towards
a class of benchmark substrates that are commonly used and provide a good impression of the
scope of a catalyst system.[62,84] While early examples mainly focused on aryl iodides or aryl
bromides and aryl chlorides bearing electron-withdrawing groups,[18,88] a multitude of different
catalysts has been investigated for this purpose in the last decade.[133,207,213–221] Although
the exact reduction potentials can differ depending on the measurement conditions,[152–154]

from a general point of view the cleavage of aryl iodides is less challenging than for aryl
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bromides or aryl chlorides.[205,222] New catalysts with even more negative excited state oxida-
tion potentials for reactions with unactivated aryl bromides aryl chlorides or alkyl halides
received some attention in recent years.[79,94,223–225] Furthermore, increased attention from the
synthetic-organic community illustrate new (challenging) transformations initiated by single
electron reduction steps, for instance detosylations,[102,204,226] olefin reductions,[209,211] ammo-
nium salt degradations,[212,227,228] lignin model substrate degradations,[80,150,229–232] Birch-type
reductions,[67,95] or cleavage of Weinreb amides.[40,233] A summary of reduction potentials of
selected substrates is presented in Figure 1.8. In this very active research field various different
systems to tackle transformations of very challenging substrates by single electron transfer
were investigated within recent years and selected concepts are summarized hereafter. The
discussion is limited to single electron reductions of halogenated substrates as most common
benchmark reaction, while other possible reactivites are beyond the scope of this part.[207]

Chemical Steps for in-situ Catalyst Activation

Monophotonic excitation concepts are well known in the literature; reduction of unactivated
aryl iodides has already been shown a decade ago by the group of Stephenson with fac-[Ir(ppy)3],
but unactivated aryl bromides and chlorides were not achievable with this catalyst due to
its limited excited state oxidation potential.[18] Although there are some new investigations
aiming at tuning the properties of iridium-based photocatalysts to obtain stronger excited
state reductants using direct excited state quenching by the substrates,[133,234–236] or develop
new transition metal complexes for this purpose,[207] the majority of new catalysts discussed
hereafter rely on systems without transition metal complexes.

Figure 1.8: Reduction potentials of aryl halides (red),[205–207] alkenes,[208,209] tosylated amines,[204]

ammonium salts,[210] ketones,[207,211] phosphate ester,[212] and Weinreb amides.[40] Related substrates
are colour-coded. In case of concerted or fast stepwise irreversible bond cleavage upon single electron
reduction the corresponding bond is highlighted in bold.[205]
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About five years ago, first examples for dehalogenations of unactivated aryl bromides and
chlorides were provided.[237] The group of Schelter performed reactions under black light
irradiation including challenging dehalogenation steps of unactivated aryl chlorides.[237,238]

For this process, stoichiometric and sub-stoichiometric amounts of lanthanide-based cerium
photoreductants with suitable ligands under long irradiation times were used to achieve
dehalogenation as well as carbon-carbon bond-forming coupling reactions.[237,238] A completely
metal-free approach has been reported utilising N -phenylphenothiazine (PTH) as photocatalyst
for dehalogenations of unactivated aryl bromides under visible light irradiation.[214] In 2018, an
organic photocatalyst based on a carbazole backbone was successfully used for dehalogenations
of unactivated aryl chlorides under UV light activation.[239] Most of these comparably early
concepts with proposed monophotonic mechanisms rely on very long irradiation times (several
days), hence new approaches were developed in the following years. These investigations
share a common strategy: an in-situ generation of coloured photoreductants. A summary of
different catalysts investigated with this strategy is presented in the top part of Figure 1.9
and a few selected examples will be discussed in the following.

Figure 1.9: Excited state oxidation potentials for strong (catalytic) photoreductants created in-situ
based on the generation of a new photoactive species (blue),[79] the deprotonation of the photoactive
compound to create an excitable organic anion (light red),[212,240–242] the formation of an emissive
dianion by two-fold reduction with a suitable sacrificial electron donor (dark red)[224,228,231] or
electrochemical reduction of known photocatalysts (green).[223] B− = base.

Deprotonation of 2-azaallyl substrates provided a stoichiometric super-electron donor with an
oxidation potential of up to -2.1 V vs SCE in the ground state and through excitation with
green light, an excited state oxidation potential of up to -2.8V vs SCE has been estimated.[241]

In this approach the in-situ generated photoreductant also serves as the substrate of the
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reaction. Following a similar approach with phenolic substrates, a Heck-type reactivity
could be achieved upon excitation of phenolate anions and various different substrates were
successfully investigated.[242] The excited state oxidation potential from the emissive phenolate
anion was estimated to a potential around -2.48V vs SCE. Furthermore, deprotonation
of anthrones afford an emissive anthrolate anion with nanosecond excited state lifetimes
upon excitation and an excited state oxidation potential of -2.55V vs SCE is estimated for
deprotonated anthrolate without substituents.[240] The group of König utilised this concept
for carbon-carbon bond formation with aryl chlorides as substrates and catalytic amounts
of anthrones in the presence of a base.[240] A similar approach using a base together with a
phenothiazine photocatalyst enables single electron transfer to unactivated aryl chlorides.[212]

The enhanced reactivity is rationalized through a proton-coupled electron transfer upon
excitation of the catalyst in this case. Probably the most impressive example reported to
date for functionalization of aryl chlorides through a single photon excitation mechanism with
in-situ catalyst formation was presented by the group of Jiao (blue part in Figure 1.9).[243]

They report an in-situ formation of a super-electron donor generated from pyridines and
diboron in the presence of an alkoxide base. Excited state oxidation potentials of the mixture
is estimated to a value of -3.5V vs SCE and borylation of chlorobenzenes and fluorobenzene
has been demonstrated with substoichiometric amounts of pyridine precursor in solution. In
contrast to the previous concepts, the catalyst is not modified in this apporach but instead
formed in-situ. A functionalization of alkyl bromides has been demonstrated with the same
precursors in a following publication.[243] Recently, our group presented a concept for the
exploration of an in-situ double reduction of a perylene diimide structure for the generation
of a coloured photoactive dianion.[231,244] In contrast to the non-luminescent excited radical
anions of perylene diimides (PDI•−) with a picosecond lifetime,[88,96] the dianions have an
emissive excited state with a lifetimes in the nanosecond time range. Different dehalogenations
and cabon-oxygen bond cleavage reactions were achievable with this photoatalyst in solvent
mixtures of water and organic solvents under green light irradiation.
Further approaches for reduction reactions consider in-situ modification of the solvent e.g.
DMSO or DMF in the presence of tert -butoxide or other bases to form possible photoactive
intermediates,[245–247] but the exact structure of the photoreductant or the actual mechanism
for substrate activation is not fully clear in all cases. Next to excited state quenching by
the substrate indirect pathways including reductive quenching and subsequent substrate
activation introduce an alternative pathway to achieve more reducing intermediates.[207,248,249]

Considering the large number of publications on light-driven transformations there are also
further alternative light-driven approaches to activate aryl and alkyl halides and obtain
radical intermediates through "indirect" methods, where in-situ generated intermediates play
a crucial role. Recent examples include silane-mediated halogen abstraction[250–253] and radical
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halogen-atom transfer steps.[41,254,255]

Electrochemistry for in-situ Catalyst Activation

A comparably new trend in photoredox chemistry is the combination of electrochemistry and
photochemistry, formally also following the basic idea of an in-situ generation of the pho-
toactive species. This approach usually results in higher selectivities than normally observed
with direct electrochemical reduction while preventing the use of sacrificial electron donors or
acceptor in the same solution in comparison to multi-photonic approaches.[256,257] Further-
more, very negative reduction potentials as well as very positive oxidation potentials beyond
the scope of typical monophotonic excitation strategies with unmodified photocatalysts are
achievable with different systems and an overview of the recent progress has been summarized
in various review articles.[8,256,258–262]

Electron-primed approaches have also received some attention for functionalisations of sub-
strates with challenging oxidation potentials,[263–267] but more importantly for this section,
several different examples have been reported based on the excitation of electrochemically
generated radical anions for the generation of highly reducing photocatalysts. The structures
and estimated excited state oxidation potentials of selected radical anions are presented in
the bottom part of Figure 1.9. First reports for new photoelectrochemical systems include the
electrochemical reduction of 9,10-dicyanonathracene (DCA)[223] or naphphalene monoimide
(NMI)[224,268] resulting in excited state oxidation potentials below -3.0V vs SCE upon ex-
citation of the radical anion. With both approaches, activated as well as unactivated aryl
bromides and aryl chlorides were successfully reduced and the corresponding radicals trapped
by suitable reagents for arylation and phosphorylation reactions.[223,224,268] The use of donor-
acceptor molecules were considered as alternative potentially tunable photocatalyst structure
very recently,[230] and dehalogenations as well as carbon-oxygen and carbon-nitrogen bond
cleavage have been reported in this case.[228] A main drawback of these concepts with excited
radical anions are the typically very short lifetimes, which are within the picosecond time
range.[256,269] In some cases also alternative photoactive intermediates have been suggested
to explain the observed reactivity,[270] but overall the concept of photoelectrochemistry can
provide useful pathways for new challenging light-driven transformations that require very
positive or very negative redox potentials.

1.3.2 Photoredox Catalysis with Red Light

A brief overview of red-light driven photoredox catalysis is presented in this section. A more
specific focus on dehalogenations of activated substrates – for example benzylic substrates,
trifluoroiodomethane or α-brominated ketones – or aryl halides analogues – for example aryl
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Figure 1.10: (a-d) Different organic photoredox catalysts with applications under red-light
irradiation.[271–277] e) Selected examples for transformations with these catalysts with red light
irradiation.[272,273,276] TPP = tetraphenylporphyrine, DiPEA = N,N -diisopropylamine, TEA =
triethylamine.

diazonium salts – is provided in the introduction of our published paper on a new red light
catalysis combination with a multi-photon excitation strategy (see page 89).[115,271,278,279]

As photoredox catalysts for red and near-infrared (NIR) light-driven catalysis especially
structures inspired from nature were considered within the last years. Porphyrines (and metal
complex derivatives thereof, Figure 1.10a) and cyanines (Figure 1.10b) are representatives for
this class of photocatalysts.[271–273,280] In addition, charged cationic organic photocatalysts
such as methylene blue (Figure 1.10c) and carbenium ion (Figure 1.10d) were investigated for
synthetic transformations under red light irradiation.[274–277,281] Apart from possible applica-
tions in biology,[282,283] the formation of singlet oxygen as reactive intermediate,[281] as well as
previously reported light-driven reactions with blue or green light have been investigated with
new photocatalysts that enable the use of red and near-infrared light. A variety of different
transformations is possible with these systems and selected reactions are summarized in Fig-
ure 1.10e.[272,273,276] In addition, also new applications for metal-based complexes, for example
based on complexes with ruthenium,[39] osmium,[115,284] or dirhodium metal centers,[285] were
developed recently. The reactivity of osmium-based photocatalysts is further reviewed in
section 5.1.3 of Chapter 5. While these examples clearly demonstrate the possible applications
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of monophotonic red light-driven catalysis, the comparably low energy input of one red
photon – light for example at 620 nm contains photons with ≈ 2 eV – limits the overall
versatility of these systems. Alternative multi-photonic approaches were investigated recently
with two different approaches: on the one hand, triplet-triplet annihilation upconversion
has been considered to combine two triplet excited states to populate a singlet state with
higher energy than the energy input of one photon of the excitation source.[45,193,286,287] As
a second possibility, a two-photon absorption has been investigated as new possibility for
photocatalysis with red or NIR light.[47,288,289] These reactivities will be discussed in further
detail in sections 1.4.1 and 1.4.2 of this thesis.

1.4 Multi-Photon Excitation in Photoredox Catalysis

Although processes using one photon excitation are very popular and nowadays also explored
by more synthetically oriented groups, thermodynamic restrictions of these processes become
more and more apparent for applications with very demanding substrates. Upon visible
light irradiation, “only” about 3.1 eV or 300 kJ/mol of energy are transferred to the system
by excitation with blue light (400 nm) and this value is even smaller for light with longer
wavelengths. Although this seems to be a lot, typically between 25% and 50% of this photon
energy are lost between the absorption of the photon and the activation of a substrate (for
example through intersystem crossing, internal crossing or redox processes of the catalyst).[37]

Furthermore, a thermodynamic driving force is helpful for efficient electron or energy transfer,
especially for the transient appearance of excited states. Therefore, thermodynamic restrictions
can limit the applicability of light-driven catalysis with monophotonic mechanisms.
For transformations starting with a reduction step, commercially widely available aryl halides
are in many cases out of reach for well known photocatalysts, for example [Ru(bpy)3]2+ or
EosinY.[85] In addition, common sacrificial electron donors – e.g. amines or phospanes[290]

– have oxidation potentials above +0.5V vs SCE.[290] As a consequence, these sacrificial
reagents are often not suitable for catalysts with demanding excited-state reduction potentials
or recovery of the oxidized photocatalyst to close the catalytic cycle, although this would be
needed for catalyst turnover.[126,148,249] For example, with fac-[Ir(ppy)3] functionalizations of
aryl iodides are possible through an oxidative quenching pathway,[18] but the more powerful
reductive quenching pathway (regarding its reducing power) has been less explored in the
literature – most likely due to the lack of commercially available electron donors.[80] These two
contrary trends – limited availability of more powerful sacrificial reagents on the one hand and
comparably weak achievable (excited-state) oxidation potentials of most photocatalysts on
the other hand – restrict the application of light-driven transformations using one photon. In
fact, one possible solution would be the use of excitation wavelengths with more energy rich
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Figure 1.11: Overview of the different concepts with one and two photocatalysts using mechanisms
with two photons per catalytic turnover.

UV light, but undesired side reactions, direct substrate activation as well as increasing filter
effects of solvents and reagents restrict the usability drastically. Hence, the use of more than
one photon per catalytic turnover is much more attractive to circumvent these thermodynamic
limitations.
In 2020, a review from our group with contributions from Glaser, Kerzig and Wenger about
multi-photon excitation in photoredox catalysis was published, summarising and discussing
known systems together with major chances and challenges.[37] Therefore, a detailed discussion
of all known reactions and individual case studies will not be included within this section.
Instead, the general mechanisms as well as selected examples are shown in different figures and
newer examples published after the review article are preferably mentioned. The subsections
of this chapter introduce different mechanistic concepts known in the literature followed by
a discussion on possible new developments and underexplored pathways in multi-photon
excitation processes. A general summary of different class of mechanisms and information
about the subsections providing further discussions for each pathway is presented in Figure 1.11.
Unlike in the published review, the reactivities are not divided based on the mechanisms;
instead the parts are further summarized and different cases are discussed based on the
number of photocatalysts and photo-inactive co-catalysts.

1.4.1 Two Photons and One Photocatalyst

From a conceptual point of view systems based on one photocatalyst and two photons are
very simple (Figure 1.12 and 1.13). In general, all four different mechanisms taken into
consideration in this section involve one photocatalyst absorbing two photons, as well as
oxidation and reduction of the catalyst. The main difference between the concepts is the
chronological order of photoexcitations and electron transfer steps found in different systems.

Initial Two-Photon-Excitation

In the first mechanism, both electron transfer steps occur after the consecutive absorption of
two photons by the photocatalyst. Following the mechanism in Figure 1.12a, a re-excitation
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Figure 1.12: Mechanisms and selected transformations with one photocatalyst that initially absorbs
two photons in a photoionisation (a)[68,227] or two-photon absorption mechanism (b)[47,289] followed
by catalyst oxidation and reduction steps. For the oxygenation of cyclooctene (last example in b) a
different pathway including energy transfer and the formation of singlet oxygen is considered.[47] Exact
structures of the photocatalysts are specified in the corresponding publications. sppy = 3-(pyridin-
2-yl)benzenesulfonate, ArNC = 2,6- diisopropylphenylisocyanide, R = 4-methoxy-1-vinyl-benzene,
TEOA = triethanolamine, TMP = 2,2,6,6-tetramethylpiperidine

of the excited photocatalyst with a second photon results in the population of higher excited
states. Following Kashas’ rule, these excited states have typically very short lifetimes.[109]

Relaxation trough internal conversion to the lowest excited state competes with substrate
activation, therefore high excitation powers, very robust photocatalysts and in some cases
further catalyst protection such as an inclusion into micelles is needed.[68,227,291] Regarding
these limitations, only very few examples in photoredox catalysis have been reported until
now and they all rely on the production of solvated electrons to compete against the fast
deactivation of these higher excited states. Kerzig and Wenger could demonstrate the forma-
tion of solvated electrons by ionisation of a iridium-based photocatalyst.[68,227] An excitation
density dependence of the system was found, highlighting the necessity of high excitation
densities to enable the biphotonic mechanism.[227] Defluorination of trifluoromethylbenzene
and a double bond reduction of cinnamate were achievable in water with a suitable soluble
iridium complex as photocatalyst (Figure 1.12).[68,227] Recently, also in other solvents a similar
mechanism was considered, but the mechanistic insights to validate this mechanism were less
in focus, probably due to the comparably complex reaction mixture used for the light-driven
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carboxylation of alkenes.[292]

An possible alternative to stepwise absorption of two photons is the simultaneous absorption
of two photons. The non-linear two-photon absorption (TPA) process is a photophysical phe-
nomenon and is typically described with the help of a virtual state as theoretical intermediate
resulting in the absorbance of two photons at the same time.[293–297] While the theoretical
background is not trivial,[294,298] a two-photon absorption cross section (δ) is used to quantify
the ability for a TPA excitation at a certain wavelength.[293] It is obvious by the occurrence of
a TPA process that the excitation wavelength is at lower energies than a direct monophotonic
excitation to populate the same excited state. This property makes TPA attractive for
biological applications, where an excitation in the near-infrared biological window is needed.
Different applications for spectroscopy as well as therapy in biology have been investigated
and especially comparably large organic molecules have been found as promising molecules
for TPA applications.[298–302] Also for metal complexes in solution two-photon absorption is
possible.[288,303] Several examples in polymers, metal-organic frameworks and solid state struc-
tures have been investigated within the last decade,[304–308] and this has now been extended
to catalysts in solution (Figure 1.12b). A very recent example with a metal complex catalyst
was reported for a net redx-neutral base-promoted homolytic aromatic substitution reaction
with a tungsten(0) isocyanide photocatalyst by the group of Gray.[289] A second investigation
utilizing a [Ru(bpy)3]2+ complex with an extended π-system on the ligand structure was
examined for two-photon absorption and subsequent electron or energy transfer to generate
singlet oxygen or reactive intermediates for light-driven transformations.[47] The groups of
Turro and Sun could demonstrate the applicability in several light-driven reactions such as
photocatalytic C-H cyanation of tetrahydroisoquinoline or oxygenation of cyclooctene.[47] The
general mechanism as well as selected examples are summarized in Figure 1.12b.

Photoinduced Electron-Transfer Cascades

From a conceptual viewpoint the separation between the two photon-absorbing processes
and subsequent energy and/or electron transfer steps discussed in the subsection before
is very convenient. An alternation between excitation and electron transfer is a possible
mechanistic alternative, resulting a slightly more complex reaction mechanism. Both pos-
sible mechanisms following this conceptual idea are summarized in Figure 1.13. In these
mechanisms, two photoinduced electron transfer steps – or more specifically a combination
of a photoinduced oxidation and a photoinduced reduction step – lead to a full turnover of
the photocatalyst. The sequence of (reductive) excited-state quenching and re-excitation
of the resulting singly reduced catalyst is also known as conPET mechanism (consecutive
photoinduced electron transfer mechanism). A general reaction scheme involving a radical
anion intermediate is provided in Figure 1.13a together with selected examples following this
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Figure 1.13: Mechanisms and selected reactions using one photocatalyst with two photoactive
redox states for a light-driven transformation with consecutive photoinduced electron transfer steps
starting with reductive (a)[40,88,95,211,309–311] and oxidative excited state quenching (b).[218,312–314]

Exact structures of the photocatalysts are specified in the corresponding publications. PDI =
perylene diimide, Rbpy = [2,2’-bipyridine]-4,4’-dicarboxylate, DCA = 9,10-dicyanoanthracene, PTH
= N -phenylphenothiazine, organic PC = π-extended diimide,[95] btz = 3,3’-dimethyl-1,1’-bis(p-tolyl)-
4,4’- bis(1,2,3-triazol-5-ylidene), 4CzIPN = 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile, TEA =
triethylamine, DiPEA = N,N -diisopropylamine, TBACl = tetrabutylammonium chloride.
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mechanistic pathway. Reduction of the catalyst after excitation and re-excitation of the formed
radical anion results in a typically short-lived species.[256,270,315,316] However, the comparably
long-lived reduced intermediate (PC•−) can lead to reasonable steady-state concentrations in
solution,[88] and might enable pre-organisation with the substrate.[266,315] Hence, there is less
dependence on a long-lived photo-excited species (*PC) compared to the former two-photon
excitation mechanisms.[309,317,318] Importantly, the photocatalyst in its ground state as well
as the reduced state need to absorb light within the visible spectral range. This concept
has been realised for different systems based on organic,[88,309,318–320] as well as metal-based
iron and ruthenium photocatalysts.[310,311,321–323] The synthetic applications are diverse and
include different transformations, e.g. dehalogenations and carbon-carbon bond formations,
Birch-type reductions, Weinreb amide cleavages or ketone-olefine coupling reactions (Fig-
ure 1.13a).[40,88,95,204,211,309–311,324] With respect to the very different photoactive compounds
used in this mechanism, the mechanistic scheme presents the most widespread concept using
two photons with only one catalyst.[37] The operational simplicity with only one photocatalyst
make this mechanism attractive from a synthetic viewpoint. Interestingly, in the last years a
growing interest in charged organic photocatalyst for analogue mechanisms was observable,
changing the catalytic intermediate from an radical ion to an neutral radical.[204,211,325] In
some examples contributions from photoredox-active decomposition products of the catalysts
have been discussed in the literature and different studies question the re-excitation step of
radical anions for successful substrate activation.[96,97,99,326] In a couple of the mechanistic
proposals following a conPET-type reactivity the occurrence of solvated electrons has been
considered,[310,325] while in another case reversible in-situ modification of the catalyst is
proposed under the reaction conditions.[95] In this case, a modified conPET mechanism seems
plausible and further discussion of related examples is provided in section 1.4.3).
A related conPET-like mechanism with an inversion of the catalyst oxidation and reduction
step has been reported in the literature,[218,312–314] following an initial oxidative instead of
reductive quenching pathway. The general mechanism is summarized in Figure 1.13b together
with selected examples. In this case excited-state oxidation of the photocatalyst results in
the formation of its oxidised form, which is subsequently re-excited. After excited state
reduction, the catalyst is recovered to its initial state and the closed catalytic cycle can
start again. For the reductive transformations with an organic photocatalyst reported by
the group of Hansmann and with an cerium photocatalyst reported by the group Schelter,
the mechanism starts with an ordinary oxidative quenching of the excited state by the
substrate, but the employed sacrificial electron donor is thermodynamically not suited for
a direct reduction of the oxidized catalyst.[94,218] The intermediate is therefore recovered
in a second photoinduced electron transfer step (Figure 1.13b) to close the catalytic cycle.
Metal catalysts were less in focus for this reactivity and only explored for the reductive
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substrate activation mentioned above with a cerium complex.[94] Moving away from reduc-
tive transformations, the mechanistic scheme from Figure 1.13b has also been adapted
for oxidative substrate activation with different photocatalysts in recent years.[312–314,327]

Interestingly, this reactivity is in particular investigated with the organic photocatalyst N -
phenylphenothiazine (PTH) and α-alkoxypentafluorosulfanylation,[312] chlorine-atom induced
hydrogen atom transfer reactions,[313] and oxidative carbon-nitrogen formation with arene
substrates were studied (Figure 1.13b).[314] For some cases, substrate-catalyst pre-association
or slow thermally activated background reactivity were suggested as further possible pathways
to explain the observed reactivity of radical ions in mechanisms proposing an excitation of
these intermediates.[99,266]

Energy and Electron Transfer Sequence for Substrate Activation

In contrast to the examples discussed in the previous subsection, which rely purely on excitation
as well as electron transfer steps, additional energy transfer from the sensitizer to an acceptor
can enable new mechanisms for photoredox catalysis. A reactivity combining energy and
electron transfer from the same catalyst to the substrate has been discussed for two different

Figure 1.14: Mechanism and selected reactions using one photocatalyst with combination of
energy and electron transfer quenching cycles for a light-driven transformations.[67,328] Exact struc-
tures of the photocatalysts are specified in the corresponding publications. Rbpy = 4,4’-di-tert -
butyl-2,2’-bipyridine, Rppy = 2-(2,4-difluorophenyl)-4-(trifluoromethyl)pyridine, DiPEA = N,N -
diisopropylamine, L = 2,6-diguanidylpyridine.[328]
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examples in the literature.[67,328] For both cases a combination of energy transfer and electron
transfer quenching cycles is present and a mechanism for one of the reactions is summarized in
Figure 1.14.[67] For a Birch-type reduction reaction with an iridium-based photocatalyst energy
transfer to the substrate and reductive quenching of the photocatalyst result in a triplet
excited substrate (3*S) and a reduced catalyst (PC•−). These two transient intermediates
allow thermodynamically a reductive quenching of 3*S. Subsequent hydrogen atom transfer
and protonation of the intermediate is proposed to result in the dearomatized product.[67]

This reactivity has been investigated especially for nitrogen heterocycles and anthracene- and
napthalene-based substrates.[67] A related reaction mechanism has been proposed for cobalt-
based metal complex as photocatalyst.[328] In this case, the polycyclic aromatic hydrocarbons
are the substrate of the reaction and they are furthermore considered as redox mediator by
serving as energy acceptor for subsequent oxidative quenching by trifluoromethanesulfonyl
chloride (exact mechanism not shown in Figure 1.14).[328] An additional reductive quenching
cycle with a reaction intermediate and recovery by the oxidised redox mediator is proposed
to enable the trifluormethylation of polyaromatic hydrocarbons under blue light irradiation
(Figure 1.14). While in the last example the electron transfer cycle is triggered by the presence
of the respective intermediate, in the Birch-type reduction a balance between energy and
electron transfer steps (i.e. concentrations of substrate and sacrificial electron donor) is
presumably needed for effective turnover. Further methodologies using energy transfer in
combination with electron transfer steps are also relevant for the next sections with systems
consisting of more than one catalyst.

1.4.2 Two Photons, One Photocatalyst and One Co-Catalyst

One Redox-Active Catalyst: Triplet-Triplet Annihilation in Photoredox Catalysis

Although most cases introduced in the previous section seem conceptually very simple, high
irradiation densities, the requirement for all photoactive compounds to absorb light, or
a balancing between electron and energy transfer can serve as crucial limitations for the
investigated systems. The introduction of a second catalyst can offer more flexibility for
multi-photonic mechanisms in the investigated systems. Sensitized triplet-triplet annihilation
upconversion (sTTA-UC) has been thoroughly studied in the literature and a brief overview of
the individual steps involved in the overall process is already provided in section 1.2.5. In the
last years several different systems with different excitation wavelengths have been investigated
for synthetic applications in photoredox catalysis.[45,89,186,197,329,330] Sensitized TTA-UC starts
with an excitation of the sensitizer (PC in Figure 1.15) and subsequent triplet-triplet energy
transfer from 3*PC to the annihilator PC2. Triplet-triplet annihilation (TTA) between two
excited annihilators in the triplet excited state result in the formation of one annihilator in
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the singlet excited state (1*PC2). This excited intermediate can now react in an oxidative or
reductive quenching pathway with the substrate or sacrificial reagents. As further alternative,
the upconverted singlet state can activate an additional photocatalyst via energy transfer
to drive the desired transformation.[45,193,286] For the excited-state oxidation presented in
Figure 1.15, subsequent recovery of the oxidised acceptor with a sacrificial electron donor
closes the catalytic cycle. The full mechanism with an oxidative quenching of the upconverted
singlet state is presented in Figure 1.15 as mechanistic scheme and as Jablonski-type diagram.
Due to various studies of upconversion systems without a focus for photoredox applications,
upconversion is investigated by a broad scientific community and in-depth mechanistic insights
are more common than for most other multi-photon mechanisms. In the following paragraphs
different sensitizer-annihilator combinations are briefly summarized and discussed. The
transformations are collected based on the excitation wavelength of the applied light sources.

Figure 1.15: Mechanism for sTTA-UC in photoredox catalysis in a schematic representation (left)
and a Jablonski-type diagram for an oxidative quenching pathway after triplet-triplet annihilation of
the annihilator. EnT = energy transfer, TTA = triplet-triplet annihilation, ET = energy transfer.

Blue-to-UV Upconversion in Photoredox Catalysis

Triplet-triplet annihilation upconversion is a powerful tool to populate high energy singlet
states using excitation at wavelengths that could not directly excite the annihilator into this
(typically emissive) singlet state (Figure 1.15).[167,172,191,198] The generation of UV light under
blue or even green light excitation has been investigated in various sensitizer and annihilator
combinations.[102,170,172,332–336] Also for photoredox catalysis, the population of singlet states
via triplet-triplet annihilation upconversion is attractive for annihilators that would require UV
light irradiation to directly populated this state. A first example from the Castellano group
was already presented in 2006 and in this specific investigation, the annihilator anthracene
also served as substrate for dimerisation after sTTA-UC and no additional substrate was used
(Figure 1.16).[337] Ten years later, a initial example of reductive dehalogenation of aryl halides
using sTTA-UC was reported by the group of Jacobi von Wangelin with 2,3-butanedione as
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Figure 1.16: Graphic representation for sensitized blue-to-UV triplet-triplet annihilation upcon-
version and selected reactions using a sTTA-UC mechanism under blue light irradiation.[89,186,331]

Exact structures of the photocatalysts are specified in the corresponding publications. dmp =
4,4’-dimethyl-2,2’-bipyridine, sppy = 3-(pyridin-2-yl)benzenesulfonate.

sensitizer and 2,5-diphenyloxazole as annihilator (Figure1.16).[89] Further combinations of
sensitizers and annihilators have been investigated by different groups since then for sTTA-
UC with blue light excitation.[186,329,338] Similar activated aryl bromides as substrates were
possible with all systems. In addition, blue-to-UV upconversion in water enabled a reductive
degradation of a benzyltrimethylammonium cation (Figure 1.16).[186] All of these mechanisms
investigated for blue-to-UV upconversion have in common that the singlet excited state is
suggested to directly activate the substrate in an oxidative quenching pathway.

Green-to-Blue Upconversion in Photoredox Catalysis

Excitation with two green photons would from an energetic point of view fit for the generation
of UV light via sensitized triplet-triplet annihilation upconversion. However in most cases
reported in the literature anthracene-based annihilators, for example 9,10-diphenylanthracene
(DPA), are used and the resulting upconverted light mainly covers the blue spectral range
(Figure 1.17).[169,340] In 2018, Kerzig and Wenger reported a system with a water-soluble
anthracene derivative for a dechlorination of trichloroacetate under green light irradiation in
the presence of [Ru(bpy)3]2+ (Figure 1.17).[197] Interestingly, in this case oxygen did not have
a significant influence and no deoxygenation was needed for the photocatalytic application.
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Figure 1.17: Graphic representation for sensitized green-to-blue triplet-triplet annihilation upcon-
version and selected reactions using a sTTA-UC mechanism under green light irradiation.[197,232,339]

Exact structures of the photocatalysts are specified in the corresponding publications. PtOEP =
platinum octaethylporphyrin, RTTP = 5,10,15,20-(tetra-N,N-diethyl- 4-aminophenyl)porphyrin.

Similar methodical interesting is the use of a supramolecular intragel gel network for a
reaction under aerobic conditions.[339] This has been shown for dehalogenations via sTTA-UC
with a porphyrine sensitizer and DPA as annihilator and is applicable for several activated
aryl bromides and iodides (Figure 1.17). Recently also a porphyrine based upconversion
system with perylene as annihilator under reductive conditions has been investigated and
a degradation of lignin model substrates was possible upon irradiation with green light.[232]

Especially the very low catalyst loading of 0.05mol% and the use of a lamp instead of a laser
together with investigation of different sensitizers make this system interesting.

Red/NIR-to-Blue Upconversion in Photoredox Catalysis

The energy input from a single red or NIR photon is comparably low with a energy typically
below 2 eV (≈ 620 nm). As a consequence, this thermodynamic limitation narrows possible
applications.[115,341] On the other hand, the use of red or NIR light instead of blue or green
light results in a higher penetration depth in most reaction media,[39,342,343] and this appears
attractive for photochemical reaction upscaling,[115] technological innovations,[344,345] as well
as biological applications.[39,163,282,283,287,346–348] Triplet-triplet annihilation upconversion is a
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Figure 1.18: Graphic representation for sensitized red- and NIR-to-blue triplet-triplet annihila-
tion upconversion and selected reactions using a sTTA-UC mechanism under red and NIR light
irradiation. Here different systems with direct substrate activation from the upconverted singlet
state,[45] with an co-catalyst in one solution,[193] and a spatially separated photocatalytic system
to drive the catalysis are presented.[286] Catalysts that are not part of the upconversion system
are given in italic font. Exact structures of the photocatalysts are specified in the corresponding
publications. PtTPTNP = platinum(II) tetraphenyltetranaphthoporphyrin, PdTNP = palladium((II)
tetraphenyltetranaphtho[2,3]porphyrin, L = bidentate isocyanide ligand.[286]

possible strategy to combine the advantages of red or NIR light with the generation of singlet
states and/or photons of higher energy in solution. From a conceptual viewpoint, either an
energy transfer or an electron transfer from the singlet state after sTTA-UC are conceivable
as activation pathways in an overall biphotonic mechanism. The substrate itself can serve as
electron or energy acceptor, allowing a direct reactivity from the populated singlet excited
state (depending on the redox properties and relative energies of the different components of
the system).[45] As alternative, an additional photoredox catalyst can be added to perform
the substrate activation in a subsequent step and this concept has been in particular used
for red-to-blue upconversion systems. Representative examples for both cases are discussed
hereafter.
As a first prominent investigation, the group of Rovis investigated several transformations
with different porphyrine and phtalocyanine sensitizers and organic annihilators for triplet-
triplet annihilation upconversion under NIR light irradiation.[45,194] A concept using direct
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substrate activation from the upconverted singlet state in an energy transfer step has been
exploited for the cyclization of dienyl azide to pyrrole (Figure 1.18) with a platinum(II) based
porphyrine (PtTPTNP) and 2,5,8,11-tetra-tert -butylperylene (tBuperylene) as annihilator
(Figure 1.18).[45,349] In a systematic investigation of a very similar system with an extended
π-system on a platinum(II) porphyrine as sensitizer and different perylene annihilators, a
photo-oxidation of arylboronic acids to phenols was reported in 2020 by the group of Han
(Figure 1.18).[193] In this case, EosinY as co-catalyst in solution was used for substrate
activation while the upconversion system enabled the use of NIR light sources. The group of
Wenger introduced an upconversion system with a spatial separation between the upconversion
system consiting of a molybdenum-based catalyst as sensitizer and DPA as annihilator and the
actual photocatalyst [Ru(bpy)3]2+. The upconverted fluorescence was used for the excitation
of ruthenium photocatalyst to drive an isomerisation of trans-stilbene to cis-stilbene via an
energy transfer mechanism (Figure 1.18).[286] The use of sTTA-UC to perform light-driven
catalysis in a different solution is especially attractive, when different solvents are used or
interfering reagents (e.g. oxygen) are needed to perform the desired reaction.[346]

Two Redox-Active Catalysts

In the sections about sTTA-UC discussed before, both catalysts have clearly defined roles:
the sensitizer is responsible for light absorption and is deactivated in an energy transfer
step by the annihilator (section 1.2.1). Hence this catalyst is not redox-active and serves as

Figure 1.19: Mechanism and selected examples using a redox-active photocatalyst and a not
photoactive co-catalyst. A combination of energy and electron transfer steps results in the formation
of the substrate-activating intermediate for overall light-driven dehalogenative carbon-carbon bond
formations.[91,92,98] DiPEA = N,N -diisopropylamine.
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light-harvesting triplet generator, while all redox steps are covered by the second catalyst
(Figure 1.15). In the presence of sacrificial reagents – depending on the redox properties of all
involved catalysts and reagents – other mechanisms can become thermodynamically feasible.
In the last part of the discussion on multi-photonic mechanisms with one photocatalyst
(section 1.4.1), a combination between energy and electron transfer on the same catalyst has
been described for a sensitization-initiated substrate activation.[328] Under suitable conditions
a similar reaction sequence can be envisioned with a second catalyst instead of the substrate
and subsequently an electron transfer from the reduced catalyst to a suitable substrate could
potentially close the catalytic cycle (Figure 1.19). In fact, a carbon-carbon bond formation
after reductive dehalogenation of aryl halides has been reported for the combination of
[Ru(bpy)3]2+ and pyrene under blue light irradiation and after some debate, a spectroscopic
study by the group of Moore suggested the mechanism in Figure 1.19 (detailed discussion in
section 3.1.2).[98] The important difference between a sTTA-UC mechanism (and subsequent
reductive quenching of the upconverted singlet state) and this new mechanism, involving a
triplet excited state quenching of the co-catalyst, is the dual role of the sensitizer (PC in
Figure 1.19). In contrast to sTTA-UC including a quenching of the short-lived singlet state,
the quenching of a comparably long-lived triplet excited state with microsecond lifetimes
occurs in sensitisation-initiated mechanism. As a consequence, a smaller quenching constant
or a lower concentration of quencher (here PC•−) is needed in this example compared to the
reductive quenching of the singlet state formed via upconversion. In the study discussed here,
a combination of [Ru(bpy)3]2+ and pyrene has been used for the formation of the pyrene
radical anion and this intermediate is proposed for substrate activation. To distinguish the
actual mechanism, a detailed analysis based on the excited state energies and the redox
potentials of all involved components of the catalytic system is needed. Further discussion
focusing on this specific example is provided in Chapter 3.

1.4.3 Two Photons and Two Photocatalyst

For so-called conPET mechanisms (section 1.4.1), two different redox states of the same catalyst
are employed as photoactive compounds in solution to achieve an overall biphotonic mechanism.
Following a similar concept, also reaction mechanisms with two photocatalyst can be possible,
apart from mechanisms with one photocatalyst in different redox states. Conceptually very
close to a conPET mechanism is the use of structural related photocatalysts, while the use of
two unrelated catalysts resembles the Z-scheme known from natural photosynthesis. These
concepts are much more challenging to design, and these mechanisms are less explored in
comparison to the sTTA-UC mechanisms discussed in section 1.4.2 or conPET pathways
discussed in section 1.4.1. Recent examples following the strategy of two photocatalysts are
summarized in the following subsections. In this section the mechanisms are much more unique

38



1.4. Multi-Photon Excitation in Photoredox Catalysis

for the individual systems and the generalized mechanisms are not suitable here. Therefore,
the proposed structures of the photocatalysts are explicitly shown for each mechanism.

Structurally Related Photocatalysts

Figure 1.20: Mechanisms and selected examples using two redox-active photocatalysts with related
structures. Different concepts with for a structural catalyst modification for indirect electron transfer
(a),[95] in-situ catalyst formation (b),[209,350–352] and different sulfur-based polyanionic catalysts
(c)[353,354] have been investigated for reductive transformations under blue light irradiation. TEA =
triethylamine, DiPEA = N,N -diisopropylamine, organic PC = π-extended diimide,[95] L = 4,4’-di-
tert-butyl-2,2’-bipyridine,[350] K2Sx = potassium polysulfide.[353,354]
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In 2020, the group of Miyake presented a mechanistic proposal that was introduced as
"modified conPET" (Figure 1.20a) and suggested a catalyst modification by an addition of
hydroxide and a subsequent photoinduced cleavage of a hydroxy radical (OH•).[95] Overall, this
sequence results in a single electron reduction of the catalyst to form the corresponding radical
anion (PC•− in Figure 1.20a), but without the addition of a classical sacrificial electron donor.
Photoinduced electron transfer after excitation of PC•− (possibly producing solvated electrons)
was proposed for a substrate reduction to subsequently close of the catalytic cycle. With the
organic photocatalyst Birch reductions and deoxygenations were successfully performed under
blue light irradiation and two reactions are summarized in Figure 1.20a.
Moving away from one catalytic cycle, two investigations worth mentioning have been
reported. The first one has initially been analysed in a joint investigation by the groups
of Connell, Polyzos and Francis.[350] The photocatalyst [Ir(ppy)2L]+ (L = 4,4’-di-tert -butyl-
2,2’-bipyridine, Figure 1.20b) is modified under reductive conditions and a dearomatized
ligand structure was proposed for the former bipyridine ligand in the heteroleptic complex.
This new catalyst was characterized and was found to be photoactive and furthermore a
stronger photoreductant than the original photocatalyst. Therefore, this in-situ catalyst
modification enables more challenging reductions compared to the initial photoredox catalyst.
This reactivity was initially investigated for reductive dehalogenations,[350] and has been
extended to the reduction of terminal alkenes,[209] and dehalogenative amide formation in the
presence of CO2 (Figure 1.20b).[351] For a better understanding of the structural modifications
responsible for the generation of the new photocatalyst in-situ, a screening approach with
different ligand scaffolds in combination with spectroscopic investigations was exploited to
gain further insights on the photophysics of these heteroleptic iridium catalysts.[352]

The third example is from the group of Chiba. Instead of a well-defined catalyst a mixture
of different polysufide anions are present in solution in their system.[353,354] The interplay
of two catalytic cycles is proposed for reductive cleavage of carbon-halogen bonds for aryl
cross-coupling reactions with different trapping reagents under blue light irradiation. The
mechanism and selected examples are summarized in Figure 1.20c.

Structurally Not Related Photocatalysts

A large underexplored strategy employed in the literature for challenging light-driven transfor-
mations is the separation of the two photoactive compounds for the absorption of the first and
the second photon during a catalytic turnover by using two completely unrelated photocata-
lysts (Figure 1.20). In contrast to the sTTA-UC mechanism mentioned in section 1.4.2, where
the photoactive compound only serves as sensitizer and the annihilator is not excited, in the
mechanisms considered in this section also the secondary catalyst is photoactive (Figure 1.21).
A main difference to the systems discussed in the section before is that both catalysts are
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Figure 1.21: Mechanisms and selected examples using two redox-active photocatalysts with
unrelated structures. A sensitized radical anion formation and subsequent ionization for the formation
of solvated elctrons (a)[90] and a strategy for LMCT-initiated radical formation with cerium(III)[355,356]

or iron(III)[357] in combination with DPA as co-photocatalyst (b) have been investigated for different
light-driven transformations. As a modification of in the mechanism (b) a reductive quenching
pathway was proposed for the hydroacylation of alkenes.

individually added to the reaction mixture and there are not transformed from one to the
other under the reaction conditions.

In 2016, Kerzig and Goez presented a combination of [Ru(bpy)3]2+ and pyrene for the forma-
tion of solvated electrons in aqueous solutions.[90] The mechanism is presented in Figure 1.21a.
In contrast to mechanisms discussed earlier with [Ru(bpy)3]2+ and pyrene (Figure 1.19) the
reductive quenching for the sensitizer is less efficient due to a supramolecular environment.
Furthermore, this rate constant is about one order of magnitude smaller than the direct triplet
state quenching of the sensitized pyrene (3*Py) with ascorbate as sacrificial electron donor.
This allows the formation of Py•− in a monophotonic mechanism and an ionisation of the
radical anion leads to the formation of solvated electrons. Degradation of 2-chloroacetate
was successfully demonstrated as application for this catalyst combination for light-driven
reactions (Figure 1.21a). In two-pulse laser experiments the influence of a second green laser
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pulse was spectroscopically investigated and the formation of solvated electrons by ionisation
of Py•− were successfully detected by transient absorption spectroscopy.
A concept with growing interest for photoredox catalysis with several photoactive catalysts
in solution is the excitation of a ligand-to-metal charge transfer band (LMCT) caused by
the coordinated of the substrate to a metal complexes. Similar inner-sphere substrate ac-
tivations have been investigated in various reactions with monophotonic mechanisms using
different metal complexes such as cerium,[358–361] copper,[362,363] or iron pre-catalysts.[364–366]

In the case of cerium the limited oxidation potential of the catalyst restricted an effective
application for a cycloaddition of cycloalcohols and alkenes. A dual photoexcitation with
9,10-diphenylanthracene (DPA) as second photocatalyst facilitated the catalyst turnover
for the net redox neutral ring formation (Figure 1.21b).[355] A similar concept under aerobic
conditions was successfully employed for an oxidative ring expansion of cyclic ketones by
the same group (Figure 1.21b).[356] In this study different anthracene-based photocatalysts
were compared. Although most of them provided similar reaction yields, the achievable
change clearly underlines the possibility to tune one photocatalyst individually in these
systems. Very recently, the group of Reiser used a LMCT excitation for the generation of
chloride radicals from FeCl3.[357] These radicals are known for their hydrogen-atom-transfer
(HAT) reactivity,[313,367,368] and in this investigation a hydroacylation of alkenes starting from
aldehydes was demonstrated for successful carbon-carbon bond formation (Figure 1.21b). The
mechanism is proposed with a reductive quenching cycle instead of an oxidative quenching
cycle for DPA, but the main mechanistic concept is similar to the work with cerium discussed
earlier.

1.4.4 Challenges and Opportunities in Multi-Photon Photocatalysis

Some challenges of photoredox catalysis were mentioned in section 1.1.1 and the input of
more than one photon per catalytic turnover was identified as possible approach to expand
the applications of photoredox catalysis.[37] Unsurprisingly, multi-photon excitation strategies
have become more and more important as valuable mechanistic pathways in the last years.[37]

Especially for systems, where monophotonic mechanisms reach intrinsic limitations,[369] the
combination of several photons for a full catalytic turnover can provide valuable opportuni-
ties to realize more challenging transformations or provide milder reaction conditions. The
challenges, opportunities and further directions differ depending on the actual mechanism
and conceptual idea. Therefore, a generalized analysis of the research field on multi-photonic
mechanisms might not be accurate for all pathways discussed in the current section 1.4. Never-
theless, some general statements can be made with regard to the challenges and opportunities
of multi-photonic excitations in photoredox catalysis.

Focusing on the opportunities from a broad and general viewpoint, in particular the variation
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Figure 1.22: Graphic summary illustrating the possible interactions and resulting complexity of
systems with many components (left) together with a few important parameters (right) that can
influence the overall performance of a specific catalyst combination. PC = photocatalyst.

of proposed mechanisms is stunning (section 1.4). While for monophotonic mechanisms in most
cases either energy transfer or electron transfer steps occur and mechanistic proposals seem
to be possible in many light-driven reactions based on the properties of the photocatalyst and
earlier reported reactions, this is not always readily apparent for multi-photonic mechanisms.
This point is not restricted to multi-photon excitation concepts, but is also true for the
many approaches to merge photocatalysis with other subfields of chemistry and benefit from
combinations of several catalysts.[51] On the one hand, these concepts offer great opportunities
to selectively control the reactivity or achieve significant improvements by the tuning of
properties.[31] For example, the change of the excitation wavelength,[317] the solvent,[370] or
the light intensity,[68] can alter the reaction outcome of photocatalytic reactions. On the
other hand, a solid understanding of the processes in solution is crucial to obtain insights and
subsequently profit from these (potentially tunable) processes. While mechanistic analyses
can already be challenging with only one feasible pathway, the insights can become even
more tricky to obtain for systems with several competing pathways.[67,98,371–373] Against this
background, a rational optimisation is not always straightforward due to the interplay of
many components (Figure 1.22). This challenge becomes especially important with regard to
the growing complexity of the investigated systems with multi-photon excitation or multi-
component systems in general.[6,37,374,375] This point highlights the importance of mechanistic
investigations with multiple catalysts, because an educated guess towards the operating
mechanism might become more and more challenging and erroneous. For mechanisms with
monophotonic excitation the studies on selective tuning of the reactivity to achieve switchable
divergent transformations in photoredox catalysis were rapidly growing in recent years, while
for systems relying on multi-photon excitation this is significantly less explored.[51]

The combination of spectroscopic and synthetic approaches are promising to enable more
control in photoredox catalysis with biphotonic excitation strategies. Such comprehen-
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sive studies are expected to provide insights for the applications as well as the underlying
mechanism and pave the way towards a selective switching between the mechanisms and
consequently the reactivities of a system. While in early examples the synthetically ori-
ented investigations and spectroscopic measurements were often not performed in a joint
analysis,[88,91,92,96,98,123,240,376–379] there is a clear trend towards more collaborative efforts to
provide preparative-scale photoredox studies with spectroscopic insights on the possible
mechanism.[33,49,119,122,380–382] This endeavour to demonstrate a (proof-of-principle) application
together with mechanistic investigations serves as conceptual guideline of this thesis and
is investigated especially with respect to multi-photonic mechanisms. Overall, the topics
addressed within the different chapters try to enhance the understanding of multi-photonic
mechanisms and enable improved systems based on rational further developments.
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1.5 Thesis Outline

The mechanistic understanding of light-driven processes in combination with proof-of-principle
applications forms the core of this thesis. The aim is to gain further (mechanistic) insights
into new aspects of mono- and multi-photonic mechanisms in photoredox catalysis. Although
some of the projects are related, all of them have a different focus on specific aspects and try
to examine different core elements of light-driven catalysis. Overall this thesis covers four
different projects.
In the first part of this thesis (Chapter 2), an organic super-electron donor is explored
as photoreductant to investigate the achievable excited-state oxidation potentials with a
monophotonic excitation strategy. A very straightforward method has been studied to achieve
challenging dehalogenation reactions of aryl chlorides and aryl fluorides. The role of the solvent
on the reaction progress over time was analysed and different mechanisms depending on the
solvents are proposed. Spectroscopic measurements indicate an unknown solvent-mediated
pathway for substrate reduction in acetone, while in benzene a direct substrate reduction
occurs.
The second project (Chapter 3) presents a detailed investigation of a sensitization-initiated
electron transfer via triplet-triplet annihilation upconversion. Mechanistic insights with
an uncommonly high degree of detail, including the spectroscopic detection of all relevant
intermediates of the catalytic cycle together with selected light-driven reactions are the
main achievements within this project. The spectroscopic findings are supplemented with
applications for different reductive transformations in photoredox catalysis.
In the third project (Chapter 4) new multi-photon excitation strategies were studied. The
concept was inspired by the Z-scheme from natural photosynthesis driven by two individual
photocatalysts. This underexplored reactivity was used for dehalogenations of aryl halides as
well as detosylations of phenols and anilines under red-light irradiation with a copper-based
catalyst and 9,10-dicyanoanthracene as second photocatalyst. Mechanistic insights point
towards two different pathways for the formation of a radical anion as key species of the
overall catalysis. Depending on the solvent of the reaction, the relative contributions between
both change.
The last project of this thesis (Chapter 5) builds on the results for reductive transformations
with DCA and profits from the use of two (photo)catalysts. The change of the primary photo-
catalyst from a copper-based catalyst to an osmium-based sensitizer enables the generation of
1*DCA via sensitized triplet-triplet annihilation upconversion. Instead of reductive substrate
activation, a change to an oxidative substrate activation is achievable in the absence of a
sacrificial electron donor with this catalyst combination. Four different light-driven reactions
were investigated to demonstrate the usability of this new sensitizer-controlled mechanism.

45





Chapter 2

TDAE as Super-Photoreductant

2.1 Light-Driven Dechlorinations and Defluorinations

2.1.1 Concept and Design Principle

Although the field of photoredox chemistry has grown rapidly in the last decade,[1–4,15]

photoinduced dehalogenations and functionalizations of unactivated aryl chlorides or even aryl
fluorides have been scarce and only very recently examples for this reaction types have been
established (section 1.3.1). Within the last years, this emerging field has made substantial
progress,[37,62] pushing the limits in terms of achievable excited-state oxidation potentials.
A main strategy typically explored in the literature relies on the formation of the active
photoreductant in-situ under the reaction conditions (section 1.3.1). We were curious if a
simple and straightforward system can be used to perform challenging dehalogenations of
unactivated aryl chlorides or even aryl fluorides based on excitation with visible light through
a monophotonic mechanism. A strong ground-state electron donor – sometimes also called
super-electron donor – was successfully investigated for this purpose. Mechanistic analysis
revealed a solvent-mediated mechanism in acetone. The different mechanisms used to explain
the observed reactivity and the solvent dependence of the investigated reactions can have
further importance for reactivity control of highly reducing species in the future.

2.1.2 Super-Photoreductants Based on Super-Electron Donors

Taking the energy of a blue photon (450 nm, 2.75 eV) into consideration, ground state oxidation
potentials below 0V vs SCE are needed for the dehalogenation of chlorobenzenes (estimation
based on a positive driving force for electron transfer to the substrate, detailed calculation is
given in our publication).[100] A graphic representation of the required ground state potentials
for single photon excitations with different wavelengths for a hypothetical exergonic electron
transfer to chlorobenzene is shown in Figure 2.1.
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Figure 2.1: Overview of reduction potentials of bromo-, chloro- and fluorobenzene (red),[205,206]

acetone and benzene (violet),[383,384] and oxidation potentials of common sacrificial electron donors
(blue).[290,385] Different arrows indicate the maximum energy one photon can provide at different
wavelengths starting from the reduction potential of chlorobenzene. The arrows provide an indication
for the lowest ground-state oxidation potential needed for a strong photoreductant excited with the
respective wavelengths in a monophotonic mechanism for an exothermic electron transfer. It has to
be emphasised that in these cases relaxation e.g. trough internal conversion or – for photoreductants
populating a triplet state – energy loss due to intersystem crossing is not taken into account (section
1.2.1) and realistically even more negative values for the oxidation potential in the ground state
would be required.

While pushing the achievable excited-state oxidation potentials more and more towards the
(solvent-dependent) limits, two points become increasingly important: First of all, as the
achievable excited-state oxidation potentials become more and more negative the solvent
can itself have a crucial role and limit the achievable potential of the photoreductant, as it
is known for example with solvated electrons in water and some organic solvents.[37,386–388]

Figure 2.2: Overview of different structural motives of common electron donors and super-electron
donors (top) and selected examples for each class with their reduction potentials in specific solvents
(bottom).[290,385] All potentials converted to values vs SCE.
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Against this background, the solvent can play a crucial role on the observable reactivity.
Secondly, the reduction reactions of well established sacrificial electron donors like tertiary
alkyl amines are not sufficient to reoxidize a quenched catalyst in a monophotonic mechanism
from a practical viewpoint. Well-established organic or metal-based photocatalysts (for
example fac-[Irppy3], [Rubpy3]2+, EosinY, acridinium dyes) would fit for this purpose, but
they have very limited excited-state oxidation potentials and alternative catalysts or concepts
are needed.[204,231,325,389] Different approaches to circumvent this lack of available electron
donors have been investigated in the literature, such as generating strong electron donors
in-situ (section 1.3.1),[239,390,391] focusing on net redox-neutral reactions without the need of
sacrificial electron donors,[148,240] or using multi-photon excitation strategies (section 1.4).[37,62]

As it is apparent from the theoretical considerations discussed earlier in this section (Fig-
ure 2.1), strong excited-state reducing agents require a strong ground-state electron donor that
is excited. A group of molecules fulfilling this prerequisite are so-called super-electron donors
(SEDs, overview in Figure 2.2). Several strong organic reducing agents are reported in the
literature based on tetrathia- and tetraazafulvalenes as well as tetraaminoethylenes (Figure 2.2)
and a comprehensive review on their reactivities has been published by Broggi, Terme and
Vanelle in 2014.[385] Interestingly, photochemical activation seems to be underexplored for
this class of reductants,[395–397] and for quite some time a structural modification to achieve

Figure 2.3: a) Overview over the properties of TDAE that make it an attractive possible candidate
for challenging photoreductions. b) Reported examples for light-driven photoreductions using TDAE
with substrates that exhibit poor performances under unactivated conditions.[385,392–394]

49



Chapter 2. TDAE as Super-Photoreductant

stronger ground-state electron donors rather than alternative pathways for activation were
more in focus to further extend the possible applications.
In contrast to other photoreductants and photocatalysts relying on in-situ generated photoac-
tive species, we envisioned the use of strong neutral ground-state electron donors as super-
photoreductants in a monophotonic mechanism. For this purpose, tetrakis-(dimethylamino)-
ethylene (TDAE) as a well-known and commercially available super-electron donor has
attracted our attention (Figure 2.3a). The low ground state oxidation potential of -0.78V vs
SCE in acetonitrile,[398] as well as the reported chemoluminescence of the oxygen-sensitive
electron-rich molecule and emission under light irradiation indicate a possible use as strong
photoreductant.[399–401] Indeed, there are a few reports on light-driven substrate activation with
TDAE in the literature (Figure 2.3b).[392–394] However, these reactions mainly complemented
the ground state reactivity of TDAE for substrates that were found to be uncreative without
light activation and did not focus on the exploration of the achievable limits together with a
detailed analysis of the excited state reactivity.[385]

2.2 Results

In this study, dehalogenations of (unactivated) aryl chlorides or even aryl fluorides with
stoichiometric amounts of TDAE under visible-light irradiation were studied in different
solvents. In contrast to the main approach in the literature of in-situ generated strong
photoreductants and photocatalysts (section 1.3.1 in the general introduction), with TDAE a
direct excitation is possible, providing a simple and straightforward protocol for dehalogena-
tion reactions. Selected aryl halides with electron-withdrawing as well as electron-donating
groups are dehalogenated in good yields. The same holds true for tested alkyl bromides and
chlorides. With comparatively stable benzylic radicals or high concentrations of homobenzylic
radicals, effective carbon-carbon bond formation trough dimerization was achieved. Com-

Figure 2.4: Plausible mechanism for direct (left) and solvent-mediated electron transfer (right)
from photoexcited TDAE to the halogenated substrate in different solvents.
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parison between the different solvents indicated a solvent-mediated mechanism in acetone,
whilst in benzene direct electron transfer to the aryl halides is more plausible (Figure 2.4).
This mechanistic hypothesis is supported by Stern-Volmer emission-quenching studies with
different substrates and solvents as quencher in cyclohexane. Although most examples in
the literature provide concepts using catalytic rather than stoichiometric amounts of the
respective photocatalyst especially with in-situ generated photoactive species, this study
provides an important proof-of-concept that suitable commercially available electron donors
can provide strong photoreductants and that solvent can play a crucial role in photoreduction
reactions.
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Publication

A paper summarizing the main results of this project has been published: Photochem. Photo-
biol. Sci., 2020, 19, 1035 – 1041.
The main paper is included hereafter. Supporting information with further graphs and figures
is included as appendix of this thesis on page 136 and publicly accessible on the homepage of
the journal.

EPA PPS Award

Our publication in Photochemical and Photobiological Sciences was awarded with the "EPA
PPS Award" for the most cited paper in this journal over two consecutive years after publica-
tion. In the years after our publication, TDAE and other super electron donors have been
further investigated by other groups for light-driven reactions.[221,402–404]
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Aryl dechlorination and defluorination with an
organic super-photoreductant†

Felix Glaser, Christopher B. Larsen, Christoph Kerzig and Oliver S. Wenger *

Direct excitation of the commercially available super-electron donor tetrakis(dimethylamino)ethylene

(TDAE) with light-emitting diodes at 440 or 390 nm provides a stoichiometric reductant that is able to

reduce aryl chlorides and fluorides. The method is very simple and requires only TDAE, substrate, and

solvent at room temperature. The photoactive excited state of TDAE has a lifetime of 17.3 ns in cyclo-

hexane at room temperature and an oxidation potential of ca. −3.4 V vs. SCE. This makes TDAE one of the

strongest photoreductants able to operate on the basis of single excitation with visible photons. Direct

substrate activation occurs in benzene, but acetone is reduced by photoexcited TDAE and substrate

reduction takes place by a previously unexplored solvent radical anion mechanism. Our work shows that

solvent can have a leveling effect on the photochemically available redox power, reminiscent of the pH-

leveling effect that solvent has in acid–base chemistry.

Introduction

Photochemistry has become remarkably popular, and numer-
ous classes of chemical reactions can now be driven by visible
light.1,2 Recently, there has been significant interest in devel-
oping photosensitizers that are able to provide very high redu-
cing power,3–16 in order to perform ever more thermo-
dynamically challenging reactions.17–19 At the same time, new
multi-photon excitation concepts that rely on the pooling of
two visible photons to access highly reducing intermediates
have been developed.20–32 Whilst these and related concepts
are very elegant, the need for multiple excitations can lead to
complications due to counter-productive photoinduced side
reactions, especially when several electron transfer steps are
involved.33 Direct (single) photoexcitation remains the most
straightforward way to obtain highly reducing species. To cir-
cumvent the abovementioned challenges associated with
biphotonic excitation, the concept of electro-photocatalysis34

has been revitalized in order to achieve very high reducing
power upon monophotonic excitation of electrochemically gen-
erated radical anions.35,36 Specific examples include dicyano-
anthracene radical anion providing a potential of −3.2 V vs.
SCE in its excited-state,37 and an excited naphthalene monoi-
mide radical anion with a potential of −3.3 V vs. SCE.38 These
concepts are elegant, but many radical anions have very short
excited-state lifetimes,39 and catalyst-substrate preorganization

may be needed because bimolecular diffusion is slow com-
pared to excited-state deactivation.20,40 Therefore, it seemed
worthwhile to explore how far the limits of molecular photo-
reductants can be pushed in terms of redox power.

Reductive dehalogenations can be used to assess the redu-
cing power of a photoactive compound. The scope of early
investigations was limited to activated bromides or chlorides
such as benzylic or α-carbonyl halides,41–43 but now there is an
increasing body of literature on reductive dehalogenation of
unactivated aryl and alkyl bromides,44–48 as well as unactivated
aryl chlorides.6,49–55 Alkyl chlorides as well as aryl fluorides
have remained very challenging targets.53,56 With UVC exci-
tation aryl fluorides were dehalogenated successfully,57,58 but
longer wavelength excitation would be much preferable
because UVC radiation is usually very damaging, significantly
limiting functional group tolerance. Furthermore, visible LEDs
are safer and easier to handle than UV light sources.

We were curious whether the thermodynamically most chal-
lenging aryl chloride, alkyl chloride, and aryl fluoride
reductions would be possible using direct excitation with
visible instead of UV light, multi-photon processes, or electro-
photocatalytic settings. When taking the reduction potential of
chlorobenzene as a benchmark (−2.78 V vs. SCE in DMF)59

and assuming the availability of an excited state with an
energy (E00) of 2.82 eV (corresponding to a blue photon, λ =
440 nm), a redox potential of 0.04 V vs. SCE or more negative
is required for the photosensitizer in its ground state. Many
organic super electron donors fulfill that requirement,60 but
until very recently they could not be used catalytically.61

Therefore the compound tetrakis(dimethylamino)ethylene
(TDAE) struck our attention, because it is commercially avail-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0pp00127a

Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel,

Switzerland. E-mail: oliver.wenger@unibas.ch
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able. Whilst the photochemistry of TDAE has received some
prior attention,62–64 reductive dehalogenations were not con-
sidered and its potential as an excited-state reductant has
never been assessed quantitatively. Other, non-commercially
available organic super electron donors have already been
used for a variety of UVA-initiated reductions.50,65–67 Recently,
the in situ generation of an organic super-electron donor per-
mitted reductive dehalogenation of aryl chlorides and fluoro-
benzene with blue light, and this was exploited for borylation
reactions.53

Results and discussion

TDAE has long been known to exhibit chemi- and photo-
luminescence,68 manifesting in a broad emission band with
an onset at ca. 425 nm and a maximum at 490 nm in
n-decane.69,70 We have been able to reproduce the previously
reported emission spectrum using cyclohexane as solvent (ESI
page S5†), and we measured a luminescence lifetime of 17.3
ns at room temperature (ESI page S6†), in line with a prior
study.70 This excited-state lifetime is sufficiently long for bimo-
lecular diffusional encounters between photoexcited TDAE
and substrate molecules.

Dehalogenation of aryl chlorides

We started our photochemical studies with the reduction of
2-chloro-4-fluorobenzonitrile (1) to 4-fluorobenzonitrile, using
1.25 eq. of TDAE in acetone-d6. After 2 hours of irradiation at
440 nm in a sealed NMR-tube at room temperature, a product
yield of 50% (Table 1, entry 1) was obtained based on 19F-NMR
spectroscopy with 1-fluoropentane as internal standard.

Full conversion and improvement to 68% yield was possible
by lowering the substrate concentration from 150 to 100 mM
and extending the irradiation period from 2 to 6 hours (entry
2). Increasing the amount of TDAE from 1.25 to 2.5 eq. com-
bined with extending the irradiation time to 16 hours did not

further improve the yield of 4-fluorobenzonitrile (entry 3).
Reference experiments performed in the dark (entry 4) or
under photo-irradiation in absence of TDAE (entry 5) yielded
no product at all.

The change from acetone-d6 to CD3CN does not have a
strong influence on the product yield (entry 6), and in
benzene-d6 the reaction proceeds similarly well (entry 7). In
the latter case the substrate concentration had to be limited to
50 mM, as the photochemical oxidation of TDAE results in the
formation of an insoluble salt over time (see below), which can
render photo-irradiation ineffective. This precipitate forms
more readily in benzene than in acetone or acetonitrile, hence
the need for lower substrate concentrations in benzene.

Because of the air-sensitivity of TDAE, we prepared all reac-
tion mixtures in a glovebox, but this is not strictly necessary.
When instead keeping the TDAE bottle outside the glovebox
and preparing the reaction mixtures under an inert atmo-
sphere, similar yields and conversions were obtained by using
a quantity of TDAE which formally corresponds to 2 (rather
than 1.25) equivalents, to compensate for (partial) decompo-
sition of the TDAE.

With these optimized conditions, we began to explore
the scope of the reaction, always focusing on fluorinated
substrates to permit quantitative analysis by 19F-NMR spec-
troscopy in presence of 1-fluoropentane as internal standard
(Table 2). The photodriven hydrodechlorination of aryl chlor-
ides was studied on four substrates with different types of sub-
stituents ranging from electron withdrawing (1, 2) to electron
donating (4). Nearly all of these reactions proceed well and
give product yields about 70%. The only outlier is substrate 2
in benzene, which seems to undergo radical polymerization
under these conditions. A relatively clear trend concerning the
necessary reaction time to reach full conversion emerges from
Table 2: the photoreaction is slowest in acetone and fastest in
benzene.

Dehalogenation of alkyl chlorides and bromides

Given these encouraging results with aryl chlorides, it seemed
worthwhile to investigate whether the reductive dehalogena-
tion of an alkyl bromide (5) and an alkyl chloride (6) is also
feasible with the same method (Table 3). The chosen sub-
strates contain p-fluorobenzene units to lower volatility and to
allow for 19F-NMR spectroscopy, but their chloro- and bromo-
substitution is at an aliphatic position. With yields near 60%
in comparable reaction times, the reductive debromination of
5 in acetone and acetonitrile proceeds nearly equally well as
the reductive dehalogenation of the aryl chlorides 1–4.
In benzene, the dimerization product 8 forms preferentially
over the hydrodehalogenation product 7, and a change in
irradiation wavelength from 440 to 390 nm amplifies this
effect.

Furthermore, irradiation at 390 nm drastically shortens the
reaction time to full conversion in benzene, likely due to the
higher extinction coefficient of TDAE at 390 nm compared to
440 nm (ESI page S5†). The alkyl chloride 6 reacts considerably
less efficiently with hydrodechlorination yields of only 30–44%

Table 1 Identification and optimization of reaction conditionsa

Entry
Eq. of
TDAE Solvent [1]/mM Time/h

Yield
(conv.)/%

1 1.25 Acetone-d6 150 2 50 (66)
2 1.25 Acetone-d6 100 6 68 (99)
3 2.5 Acetone-d6 100 16 70 (100)
4 1.25 Acetone-d6 100 20 0b

5 0 Acetone-d6 100 20 0
6 1.25 Acetonitrile-d3 100 7 65 (93)
7 1.25 Benzene-d6 50 7 67 (100)

a Samples prepared in a glovebox and irradiated in sealed NMR tubes
with an LED light source at room temperature. Yields determined by
19F-NMR analysis using 1-fluoropentane as internal standard.
b Experiment performed in the dark.
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in acetone and acetonitrile (Table 3), and the conversion is
incomplete even after long irradiation times (20 hours). Full
conversion is achievable in benzene, particularly under
390 nm irradiation, but the dimerization product 8 again dom-
inates in that solvent. Higher radical concentrations reached
under these conditions likely gear the reaction towards dimeri-
zation.71 Several side products were detectable by 19F-NMR
spectroscopy (ESI page S31†), but their identification is beyond
our scope.

Dehalogenation of aryl fluorides

The dechlorination reaction performed with the trifluoro-
methylated substrate 2 provided some evidence for possible
C–F bond activation, resulting in the abovementioned polymer-
ization and lower hydrodechlorination yields in benzene
(Table 2). This observation motivated the investigation of
reductive defluorination of the aryl fluoride substrates 9 and
11 (Table 4). 1,2-Difluorobenzene 9 is converted to fluoroben-

Table 3 Aliphatic substrates used for light-driven dehalogenation
reactionsa

Substrate Solvent 7 8

Acetone 63 — (93)%, 6 h
Acetonitrile 60 — (97)%, 6 h
Benzene 23 36 (100)%, 2 h

16 62 (100)%, 0.5 hb

Acetone 30 — (34)%, 20 h
Acetonitrile 44 — (60)%, 20 h
Benzene 31 10 (97)%, 6 h

23 48 (98)%, 0.5 hb

a Reaction conditions: 1.25 eq. TDAE; in acetone and acetonitrile:
100 mM substrate; in benzene: 50 mM substrate. Samples prepared in
a glovebox and irradiated in sealed NMR tubes with an LED at room
temperature. Yields determined by 19F-NMR analysis using 1-fluoro-
pentane as internal standard. b 390 nm LED.

Table 4 Photoreduction of aryl fluoridesa

10

Acetoneb 65 (72)%, 44 h
Benzene 74 (93)%, 25 h

83 (96)%, 2.5 hc

12 10

Acetoned 39 6 (60)%, 44 h
54 10 (88)%, 44 hc

Benzene 37 20 (84)%, 45 h
18 40 (95)%, 12 hc

a Reaction conditions: TDAE; in acetone: 100 mM substrate; in
benzene: 50 mM substrate. Samples prepared in a glovebox and irra-
diated in sealed NMR tubes with an LED at room temperature. Yields
determined by 19F-NMR analysis using 1-fluoropentane as internal
standard. b 3.0 eq. TDAE used. c 390 nm LED. d 3.25 eq. TDAE used.

Table 2 Aromatic substrates explored for light-driven dechlorination reactionsa

1 2 3 4

Acetone 68 (99)%, 6 h 60 (100)%, 7.5 h 83 (96)%, 8 h 79 (89)%, 6 hb

Acetonitrile 65 (93)%, 7 h 64 (100)%, 5 h 67 (92)%, 8 h 83 (87)%, 6 hc

Benzene 70 (99)%, 2.5 h 53 (100)%, 1.5 h 77 (99)%, 1.5 h 69 (92)%, 2 h
Benzene, 390 nm 67 (100)%, 0.5 h 38 (100)%, 0.5 h 86 (99)%, 0.5 h 67 (100)%, 0.33 h

a Reaction conditions: 1.25 eq. TDAE; in acetone and acetonitrile: 100 mM substrate; in benzene: 50 mM substrate. Samples prepared in a glove-
box and irradiated in sealed NMR tubes with an LED at room temperature. Yields determined by 19F-NMR analysis using 1-fluoropentane as
internal standard. b 59 (64)%, 2 h. c 49 (54)%, 2 h.
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zene 10 in good yields (65–83%), and the reaction is consider-
ably faster in benzene than in acetone (44 h vs. 25 h), in line
with the observations made for the dehalogenation of sub-
strates 1–6. Optimal conditions involve the use of 390 nm
irradiation, leading to essentially complete conversion and
83% yield of 10 in 2.5 hours. Such efficient reductive defluori-
nation under photochemical conditions is exceptional.

1,3,5-Trifluorobenzene 11 converts to a mixture of 1,3-
difluorobenzene 12 and fluorobenzene 10. Expectedly, the
reaction is fastest in benzene under 390 nm irradiation, pro-
viding essentially complete conversion within 12 hours. The
combined yield of 12 and 10 amounts to 58%, and the for-
mation of significant amounts of benzene (resulting from
complete defluorination of 11) seems plausible but is unfortu-
nately not directly detectable when using benzene-d6 as
solvent. Fluoride anions escape detection because they precipi-
tate from benzene.

To extend the applicability of our new method beyond
hydrodehalogenation reactions, we investigated the dimeriza-
tion of substrate 13 on a 0.5 mmol reaction scale in benzene-
d6 (Scheme 1). The benzylic radical formed after reductive
dechlorination was expected to be particularly stable, and
indeed 79% of the dimer 14 were successfully isolated after
irradiation at 440 nm for 0.5 hours.

Mechanistic studies

With the exception of substrate 2 which seems to undergo
polymerization (see above), our substrate scope studies indi-
cate that full conversion and higher yields are consistently
achievable more rapidly in benzene than in acetone, particu-
larly when using 390 nm instead of 440 nm irradiation. TDAE
has an absorption band tailing more strongly into the blue
spectral range in acetone than in benzene (ESI page S5†), and
this is most likely the reason why excitation at shorter wave-
length is preferable in benzene. However, even when irradiat-
ing at 440 nm, the photoreactions are typically a factor of 2–3
faster in benzene even though at this wavelength TDAE
absorbs far more strongly in acetone, and the TDAE/substrate
concentrations were typically higher in acetone. Evidently,
benzene is inherently a far better solvent for these reactions
than acetone, and there is a simple explanation with important
consequences for this, as discussed in the following.

In its electronic ground state, TDAE has an oxidation poten-
tial (Eox) of −0.78 V vs. SCE in CH3CN.

72 Based on a lumine-
scence experiment in frozen 2-methyl-THF (2-MTHF) at 77 K
we determine an energy (E00) of 2.6 eV for the emissive excited

state (ESI page S6†). Consequently, a potential (*Eox) of ca.
−3.4 V vs. SCE can be estimated for the singlet excited state,
which is an exceptionally high value in comparison to most
known photoreductants.3–16 However, acetone is reduced at a
potential of −2.84 V vs. SCE,73 whereas benzene reduction
necessitates a potential of −3.42 V vs. SCE,74 hence photo-
excited TDAE is readily able to reduce acetone, whereas
benzene reduction should be much more challenging. Indeed,
the fluorescence of TDAE in cyclohexane is quenched by
acetone with essentially diffusion-limited kinetics (Fig. 1),
whilst benzene induces practically no detectable quenching of
the short-lived (τ0 = 17.3 ns) excited state of TDAE under iden-
tical conditions (inset in Fig. 1). This observation leads us to
the mechanistic proposal in Scheme 2, in which photoexcited
TDAE undergoes electron transfer to the acetone solvent (right
half ) to produce acetone radical anion, followed by onward
electron transfer to the substrate. By contrast, direct electron
transfer from photoexcited TDAE to the substrates occurs in
benzene (left half of Scheme 2), because that solvent cannot be
reduced efficiently by TDAE. Stern–Volmer experiments in
cyclohexane confirm that chloro- and fluoro-benzenes quench
the photoactive excited state of TDAE with essentially
diffusion-limited kinetics (Table 5). With 1-chlorohexane the
quenching rate constant is roughly an order of magnitude
lower, and the photoinduced electron transfer step to that sub-
strate now becomes rate-limiting. In principle, the direct
quenching pathway is also viable in acetone, but due to the
much higher concentration of the solvent (ca. 13.5 M) com-
pared to the substrate (0.1 M) direct substrate reduction is
unimportant in acetone. Consequently, acetone effectively
levels the available reducing power at −2.84 V vs. SCE, corres-
ponding to the oxidation potential of its ketyl radical anion
form, whereas the full reducing power of photoexcited TDAE
(Eox) of ca. −3.4 V vs. SCE (see above) is available in benzene.
This can explain why the photochemical reactions discussed
above proceed considerably more efficiently in benzene than

Scheme 1 Preparative-scale photo-dimerization mediated by TDAE.

Fig. 1 Emission decays of TDAE (10 mM) in neat de-aerated cyclo-
hexane (red trace) and in de-aerated cyclohexane with different concen-
trations of acetone (2.5, 5, 10, 15, 20 mM) detected at 470 nm (λexc =
405 nm). The inset displays the Stern–Volmer plots obtained from the
TDAE luminescence lifetime quenching by acetone (red trace) and
benzene (black trace) in cyclohexane.
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in acetone. After initial formation of the aryl halogenide
radical anions, C–X bond cleavage is expectable based on prior
studies of hydrodehalogenation reactions. For aryl chlorides
and aryl fluorides, this bond cleavage typically occurs in a sep-
arate step after the initial electron transfer.59,75 The irradiation
times needed for comparable conversions are considerably
shorter for aryl chlorides than for aryl fluorides (Tables 2 and
4), but the initial photoinduced electron transfer step is simi-
larly fast in both types of substrates (Table 5). Thus, it seems
that C–F bond cleavage becomes the rate-determining step for
the aryl fluorides, and furthermore it is possible that unpro-
ductive recombination between the aryl halogenide radical
anion and TDAE radical cation limits the progress of the reac-
tion with these substrates.59 Once an aryl radical has been lib-
erated through C–X bond cleavage, it is expected to be highly
reactive, and the necessary H-atom equivalent to access the
final hydrodehalogenation product is likely provided by
TDAE•+. Oxidation of tertiary amines commonly leads to
radical cations, which are potent donors of H-atom equivalents
either via direct H-atom transfer or via consecutive proton and
electron transfer steps.76,77 These onward oxidations of TDAE•+

are likely responsible for the formation of an insoluble salt
over the course of the reaction.

Conclusions

In summary, photoexcitation of an organic super-electron
donor provides extraordinarily high reducing power, enabling
efficient reductive dehalogenation of aryl chlorides and aryl
fluorides under irradiation with blue (440 nm) and violet/UVA
light (390 nm). The excited-state oxidation potential of TDAE
(−3.4 V vs. SCE) compares very favorably with the strongest
known photoreductants operating on the basis of single exci-
tation with visible photons (Fig. 2).3–16,78,79 Furthermore, the
reducing power of photoexcited TDAE is close to that achiev-
able via electrochemical generation of organic radical anions
and their subsequent photo-excitation (green arrows in
Fig. 2).37,38 Most of the currently known multi-photon exci-
tation-based processes do not provide competitive reducing
powers.20 Our method is not catalytic, but it is operationally

Scheme 2 Proposed mechanisms for the light-driven dehalogenation of aryl halides.

Table 5 Rate constants for bimolecular quenching of photoexcited
TDAE with different solvents and substrates determined from Stern–
Volmer experimentsa

Quencher kQ/10
10 M−1 s−1

Chlorobenzene 1.43
1-Chloro-2-fluorobenzene (3) 1.52
1,2-Difluorobenzene (9) 1.45
Fluorobenzene (10) 1.04
1-Chlorohexane 0.13
Acetone 1.42
Benzene <0.002
Toluene <0.002

aDetails given in ESI pages S6–S9.†
Fig. 2 Overview of some of the most potent excited-state photoreduc-
tants operating on the basis of single excitation with visible photons
known to date.3,5,7,78,79 See ref. 80 and 5, 12 for chemical structures of
the isocyanide ligands. Chloro- and fluorobenzene reduction potentials
from ref. 59 and 81, benzene reduction potential from ref. 74. *NpMI•− =
photoexcited naphthalene monoimide radical anion, *DCA•− = photo-
excited dicyanoanthracene radical anion (both generated with electro-
photocatalytic settings).37,38
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simple, merely requiring excitation of a commercial reagent
without additives, electrodes or high excitation densities. The
key point is the very low oxidation potential of the electronic
ground state of TDAE. In situ generation of an organic super
electron donor recently gave access to an excited-state oxi-
dation potential as low as −3.5 V vs. SCE,53 but for most other
(non-commercial) organic super electron donors the relevant
excited-state energies are unknown, hence their *Eox values
cannot be estimated. It might be interesting to explore this
substance class further from a more photophysical and photo-
chemical viewpoint, with particular focus on their excited-state
properties. The above-mentioned in situ generated super elec-
tron donor is ca. 0.1 V more reducing than photoexcited TDAE,
but the latter has an excited-state lifetime roughly 3 times as
long.53 Both donors are able to activate a similar substrate
scope. Unfortunately, common sacrificial electron donors are
unable to regenerate TDAE from TDAE•+, and therefore TDAE
cannot be used in catalytic fashion.

Herein we focused on hydrodehalogenation, but in prin-
ciple it should be possible to intercept the aryl radicals by pyr-
roles to form C–C bonds,26 or by other trapping reagents to
effect borylation,53 phosphorylation or sulfide formation.28

The dimerization experiment in Scheme 1 suggests that bimo-
lecular reactions are within reach.

Our mechanistic studies clearly point to different reaction
mechanisms in different solvents. Acetone is reduced by
photoexcited TDAE and mediates electron transfer to the sub-
strate via its radical anion form, whereas benzene is not
reduced and direct electron transfer to the substrate must
occur (Scheme 2). As the search for increasingly potent excited-
state reductants continues, the solvent-radical-anion-mediated
mechanism observed herein for acetone will likely become
increasingly important.
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Chapter 3

Sensitization-Initiated Electron Transfer

via Upconversion

3.1 Pyrenyl Radical Anion Formation via Sensitized Triplet-

Triplet Annihilation Upconversion

3.1.1 Concept and Design Principle

Sensitized triplet-triplet annihilation upconversion (sTTA-UC) has received considerable at-
tention from the photophyscial community in the past and possible applications e.g. towards
the enhancement of the efficiency of solar cells and solar energy applications have been investi-
gated for decades.[174,406–408] As briefly mentioned in section 1.4 of the main introduction, also
photoredox catalysis has been considered for applications using sTTA-UC and various different
systems for this purpose were developed in recent years.[63,409] While in most of these cases
the main focus is on the triplet-triplet annihilation upconversion process,[193,194] the substrate
activation and the steps with sacrificial reagents are typically less well explored.[45,193,329]

Inspired by the mechanistic discussion about a sensitized pyrene radical anion formation
(Py•−) with a proposed monophotonic mechanism (section 3.1.2),[91–93] we investigated a

Figure 3.1: Overview over the properties of the pyrenyl radical anion that make it an attractive
possible candidate for the implementation in a photocatalytic reaction scheme.[90,91,405]
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Chapter 3. Sensitization-Initiated Electron Transfer via Upconversion

catalyst combination that favours a clear-cut sensitization-initiated mechanism using triplet-
triplet annihilation upconversion followed by reductive quenching of the generated singlet
excited state based on thermodynamic considerations. This pathway should enable substrate
activation using a long-lived pyrene radical anion instead of the comparably short-lived singlet
state of pyrene (1*Py) for the substrate activation. The spectroscopic and physical properties
of Py•− make it an attractive intermediate for photocatalytic applications (Figure 3.1). The
study has a main focus on the spectroscopic investigation of the mechanism and the results
are presented in this chapter.

3.1.2 Mechanistic Controversy

Figure 3.2: Sensitization-initiated electron transfer with [Ru(bpy)3]2+ ([Ru]2+) and pyrene (Py) in
the initially proposed version by the group of König (a)[91] and an alternative mechanism including
energy and electron transfer from the photocatalyst found by the group of Moore (b).[98] ET =
electron transfer, EnT = energy transfer.

Organic photoredox catalysts have become more and more important for light-driven appli-
cations and various different structures have been investigated for light-driven applications
in recent years.[2,230] While most of these catalysts absorb visible light, in some cases also
excitation in the UV spectral range is needed and a direct use with visible light irradiation
is therefore not possible, for example for pyrene.[410] Hence, alternative pathways to access
excited states of these catalysts with visible-light irradiation are needed. Sensitized population
of (triplet) excited states instead of direct excitation was considered in the past. A first
example from Kerzig and Goez in 2016 revealed that [Ru(bpy)3]2+ enables the use of green
light in a sensitized population of 3*Py. Subsequent quenching by ascorbate and ionisation of
Py•− was exploited to generate solvated electrons in aqueous micellar environment with the
input of overall two green photons.[90] In the same year, the broad applicability of this catalyst
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Upconversion

combination of [Ru(bpy)3]2+ and pyrene for reductive transformations was investigated in
the presence of a different electron donor and an analogue first mechanistic step involving
reductive quenching of 3*Py by the electron donor was proposed by the group of König (Figure
3.2a).[91] However, the different sacrificial electron donors in the study of Goez and König
resulted in a thermodynamically highly endergonic and therefore unfavourable process for the
direct quenching of 3*Pyin the latter case. This was criticised in a comment on the publication
and a lively discussion about the actual mechanism started.[92,93] The groups of Balzani and
Ceroni suggested a triplet-triplet annihilation upconversion process to populate 1*Py and
enable a thermodynamically exergonic reductive quenching of the singlet instead of the triplet
state.[92] Further spectroscopic investigations by the group of Moore revealed an even more
complex mechanism, where [Ru(bpy)3]2+ is used as sensitizer for triplet-triplet energy transfer
(to pyrene as an energy acceptor) and as redox mediator via reductive quenching by the
sacrificial electron donor (Figure 3.2b). This catalyst combination did not allow the detection
of Py•− as postulated intermediate responsible for substrate activation.[98] Especially the
role of [Ru(bpy)3]2+ with two different pathways – together with small contributions from a
competing triplet-triplet annihilation upconversion mechanism – prevented even more detailed
insights with this catalyst combination. As it is evident from the considerations above, the
sacrificial electron donor plays a crucial role in the actual mechanism. But even with a more
potent sacrificial electron donor to directly reductively quench 3*Py a simultaneous electron
transfer to the [Ru(bpy)3]2+ photocatalyst would be thermodynamically feasible and a compe-
tition between triplet-triplet energy transfer and reductive quenching of 3*[Ru(bpy)3]2+ would
occur. In principle, the work of Kerzig and Goez show that micelles could separate energy and
electron transfer steps to slow down reductive quenching of 3*[Ru(bpy)3]2+,[90] but a change

Figure 3.3: Sensitization-initiated electron transfer via triplet-triplet annihilation upconversion with
fac-[Ir(ppy)3] ([Ir]) and a substituted pyrene (Py) similar to the theoretically proposed sequence of
Balzani and Ceroni with [Ru(bpy)3]2+ as sensitizer.[92] EnT = energy transfer, TTA = triplet-triplet
annihilation, ET = electron transfer, SED = sacrificial electron donor.
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of the sensitizer rather than a change of the sacrificial electron donor seemed more promising
to obtain a clear-cut mechanism with pyrene in organic solvents.
The group of Castellano already reported an initial study on sensitized triplet-triplet an-
nihilation upconversion with fac-[Ir(ppy)3] and (substituted) pyrene,[332] providing a good
starting point for an investigation to generate Py•− via triplet-triplet annihilation upconversion
followed by reductive quenching. The full proposed mechanism is summarized in Figure 3.3.

3.2 Results

In this study a system containing fac-[Ir(ppy)3]as light absorber, di-tert -butylpyrene (tBuPy) as
annihilator and N,N -dimethylaniline as sacrificial electron donor was investigated to generate
tBuPy•− as the active catalyst for a reductive substrate activation. Against the background
of mechanistic discussions on earlier investigated systems, where Py•− was proposed as key
intermediate (see subsection 3.1.2), a main focus of this project lies on the mechanistic analysis
of the system. By different spectroscopic techniques the rates of all relevant steps pro-

Figure 3.4: Overview of the type of analysis and characterisation of of the most important elementary
steps and intermediates for sensitization-initiated electron transfer mechanism via triplet-triplet
annihilation upconversion with fac-[Ir(ppy)3]and a substituted pyrene. Description of measurements
colour-coded to the elementary steps involved in the specific spectroscopic analysis. Grey annotations
refer to possible side pathways. EnT = energy transfer, TTA = triplet-triplet annihilation, ET =
electron transfer.
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posed in the sensitization-initiated electron transfer mechanism via triplet-triplet annihilation
upconversion were successfully determined and also possible unproductive pathways were
investigated. Remarkably, tBuPy•− could be generated in-situ by sensitized TTA-UC and
directly detected in transient laser experiments in the presence of sensitizer, annihilator and
sacrificial electron donor. This has not been achieved for previously investigated systems with
[Ru(bpy)3]2+ as sensitizer.[91] Finally, the detailed mechanistic analysis was complemented
by selected photocatalytic applications relying on reductive substrate activation like aryl
dehalogenations, a pinacol coupling and a detosylation reaction.
Overall, this detailed mechanistic study by different spectroscopic methods complements
a growing body of literature with an main focus on mechanistic investigations or detailed
supplemented investigations in addition to investigations of light-driven applications in pho-
toredox catalysis. This is not restricted to multi-photonic processes,[40,95,99,324,326] but becomes
more and more importance for photo(redox) catalysis in general.[30,32,35,38,48,49,123,270,411,412] The
main mechanistic investigations by spectroscopic measurements and the general techniques to
obtain insights into the mechanism are briefly summarized in Figure 3.4.

Publication

A paper summarizing the main results of this project has been published:Chem. Sci., 2021,
12, 9922 - 9933.
The main paper is included hereafter. Supporting information with further graphs and figures
is included as appendix of this thesis on page 177 and publicly accessible on the homepage of
the journal.

Author Contributions

— F. Glaser was involved in project design, performed all measurements and photophysical
and photochemical data collection as well as data analysis. He contributed equally to
data interpretation, as well as the supporting information.

— C. Kerzig was involved in project design, initiated further mechanistic measurements
and helped with their interpretation.

— O. S. Wenger was involved in the project design and contributed to the data analysis
and interpretation.

All authors contributed to the main manuscript.

65

https://pubs.rsc.org/en/content/articlelanding/2021/sc/d1sc02085d
https://pubs.rsc.org/en/content/articlelanding/2021/sc/d1sc02085d
https://www.rsc.org/suppdata/d1/sc/d1sc02085d/d1sc02085d1.pdf
https://www.rsc.org/suppdata/d1/sc/d1sc02085d/d1sc02085d1.pdf


Sensitization-initiated electron transfer via
upconversion: mechanism and photocatalytic
applications†

Felix Glaser, Christoph Kerzig ‡ and Oliver S. Wenger *

Sensitization-initiated electron transfer (SenI-ET) describes a recently discovered photoredox strategy that

relies on two consecutive light absorption events, triggering a sequence of energy and electron transfer

steps. The cumulative energy input from two visible photons gives access to thermodynamically

demanding reactions, which would be unattainable by single excitation with visible light. For this reason,

SenI-ET has become a very useful strategy in synthetic photochemistry, but the mechanism has been

difficult to clarify due to its complexity. We demonstrate that SenI-ET can operate via sensitized triplet–

triplet annihilation upconversion, and we provide the first direct spectroscopic evidence for the

catalytically active species. In our system comprised of fac-[Ir(ppy)3] as a light absorber, 2,7-di-tert-

butylpyrene as an annihilator, and N,N-dimethylaniline as a sacrificial reductant, all photochemical

reaction steps proceed with remarkable rates and efficiencies, and this system is furthermore suitable for

photocatalytic aryl dehalogenations, pinacol couplings and detosylation reactions. The insights presented

here are relevant for the further rational development of photoredox processes based on multi-photon

excitation, and they could have important implications in the greater contexts of synthetic

photochemistry and solar energy conversion.

1. Introduction

The consecutive excitation of a catalytic system with two (or
more) photons can lead to highly reactive intermediates that are
able to trigger chemical transformations, which would not be
feasible with the energy input from a single excitation.1–3 Over
the past seven years,4 such multi-photon excitation strategies
have become remarkably popular in photoredox catalysis, and
this enabled much progress in synthetic organic photochem-
istry. Mechanistic understanding has been elusive in many
cases due to the chemical complexity of the considered systems
and themultitude of possible reaction pathways associated with
consecutive multi-photon excitation. The involvement of short-
lived radical intermediates and the simultaneous presence of
different excited species can make the disentanglement of
competing mechanistic paths very challenging. However, to
make further rational progress in this thriving research
domain, a more thorough mechanistic understanding seems
highly desirable.

In a similar spirit as spectroscopic studies of the photo-
ionization of [Ru(bpy)3]

2+ via consecutive excitation with two
green photons,5,6 a synthetically oriented landmark paper
introduced the so-called “ConPET” mechanism to photoredox
catalysis.4 A perylene diimide (PDI) chromophore was excited
and converted to its one-electron reduced form via photoin-
duced electron transfer (PET) from a sacricial donor. The
resulting PDIc� species can absorb another photon to yield an
electronically excited radical anion (2*PDIc�), which is suffi-
ciently reactive for a broad range of reductive (aryl) dehaloge-
nations.7 One key advantage of this mechanism is the need for
only one single catalyst, but the excited radical anion is usually
a very short-lived species, limiting its kinetic reactivity.8–10

Alternative mechanisms to ConPET are therefore of interest.
Among multi-component systems for two-photon mecha-

nisms, sensitized triplet–triplet annihilation upconversion
(sTTA-UC) is currently one of the most intensively pursued
approaches,1 enabling photoreactions to proceed with NIR or
red light instead of UV or blue excitation.2,11–18 In sTTA-UC the
sensitizer is photo-excited, and then transfers its excitation
energy to a co-catalyst with an energetically lower lying triplet
excited state, the so-called annihilator.19–21 Subsequent triplet–
triplet annihilation leads to upconversion, populating the
uorescent singlet excited state of the annihilator. In photo-
catalysis, that highly energetic excited state is commonly used
for substrate activation through oxidative quenching with
a suitable electron acceptor, typically one of the substrates.22–26
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Another prominent strategy for photoredox catalysis via
multi-photon excitation relies on a combination of energy and
electron transfer steps to generate the catalytic key species.
Following closely related work with a spectroscopic focus,6 the
concept of “sensitization-initiated electron transfer” (SenI-ET)
was introduced to preparative-scale photoredox catalysis, in
particular to activate aryl halides.27 The authors proposed the
mechanism in Fig. 1A, which begins with triplet–triplet energy

transfer (TTET) from photo-excited [Ru(bpy)3]
2+ to the pyrene

co-catalyst, followed by reductive quenching of triplet-excited
pyrene (3*Py) by diisopropylethylamine (DIPEA) to result in the
(presumed) catalytic key species, the pyrenyl radical anion
(Pyc�). With a reducing power of �2.1 V vs. SCE,27 Pyc� is ther-
modynamically competent for reductive dehalogenation of aryl
bromides and chlorides, and this was exploited in a broad range
of photoredox reactions.7,27 The groups of Ceroni and Balzani
commented that the mechanism in Fig. 1A has several short-
comings,28 and they proposed the mechanism in Fig. 1B, in
which Pyc� is formed aer sensitized triplet–triplet annihilation
upconversion (sTTA-UC) and subsequent reductive quenching
of singlet-excited pyrene (1*Py) by DIPEA. The authors of the
initial study argued in reply that a multitude of mechanisms are
conceivable and furthermore they noted that mechanistic
studies oen occur under idealized conditions that are not
strictly identical to the conditions under which preparative
photoredox catalysis takes place.29 In 2020, Moore and
coworkers disclosed a mechanistic study based on laser spec-
troscopy and reached the conclusion that the mechanism in
Fig. 1C is dominant under the specic reaction conditions used
in the initial study.30 Specically, they found based on a kinetic
analysis that reductive quenching of photo-excited [Ru(bpy)3]

2+

by DIPEA competes with energy-transfer quenching by pyrene,
leading to the parallel formation of both [Ru(bpy)3]

+ and 3*Py,
which can react with one another to form Pyc�.

Three facts are particularly remarkable concerning the
studies illustrated in Fig. 1: (i) the concept of sensitization-
initiated electron transfer, and in particular the initial key
preparative study,27 has received considerable attention in
synthetic organic photochemistry; (ii) there is important
mechanistic controversy;28,29 and (iii) the presumed key catalytic
species, the pyrenyl radical anion (Pyc�), has escaped detection
until now.30

Here, we report a new photosensitizer-catalyst combination,
which operates via a clear-cut mechanism for which we are able
to detect all relevant reaction intermediates directly by transient
absorption and emission spectroscopy, leading to an unambig-
uous picture of how sensitization-initiated electron transfer
works for this system. Specically, we employed the well-known
fac-[Ir(ppy)3] complex (ppy ¼ 2-phenylpyridine) and 2,7-di-tert-
butylpyrene (tBuPy), along with N,N-dimethylaniline (DMA) as
sacricial reductant. With this particular sensitizer/co-catalyst/
reductant combination, the mechanism in Fig. 1B, postulated
initially by Ceroni and Balzani in their commentary but never
veried experimentally until now,28 is clearly dominant. Favor-
able lifetimes of singlet-excited pyrenes and the high cage-escape
yields reported for their reductive quenching by DMA make this
system ideal for the mechanism presented in Fig. 1B.31,32 We
report rate constants for all elementary processes up to the initial
substrate activation step and we demonstrate that the fac-
[Ir(ppy)3]/

tBuPy couple can be employed for preparative-scale
photoredox catalysis, analogously to the previously reported
[Ru(bpy)3]

2+/pyrene couple. Our work demonstrates that mecha-
nistic insight into complex reaction mixtures and multi-photon
excitation processes of SenI-ET is indeed accessible, at least for
careful sensitizer/co-catalyst choices. Our work complements

Fig. 1 Sensitization-initiated mechanism postulated by König and
coworkers (A);27 alternative mechanism proposed by a team around
Ceroni and Balzani (B);28 alternative mechanism found by Moore and
coworkers (C).30 [Ru]2+ ¼ [Ru(bpy)3]

2+, Py ¼ pyrene, EnT ¼ energy
transfer, ET ¼ electron transfer, TTA ¼ triplet–triplet annihilation.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9922–9933 | 9923
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recent mechanistic studies of biphotonic excitation in photo-
redox catalysis,2,6,8,18,28–30,33–42 and this seems important for the
further rational development of this thriving research area.

2. Results and discussion

The debate over how sensitization-initiated electron transfer
really works involved the proposal of a mechanism based on
sTTA-UC (Fig. 1B),28,29 but experimentally this very plausible
option has not been conrmed until now, as noted above. Since
the previously used [Ru(bpy)3]

2+/pyrene/DIPEA combination leads
to two concurrent initial photoreactions (energy transfer and
electron transfer, Fig. 1C), the mechanistic analysis is particularly
convoluted in this case.30 We anticipated that with the fac-
[Ir(ppy)3]/2,7-di-tert-butylpyrene/N,N-dimethylaniline combina-
tion, the initial electron transfer step could be suppressed, and
that this could greatly simplify the mechanistic investigation.
Specically, DMA is unable to quench photoexcited fac-[Ir(ppy)3]
reductively (see below), and the tert-butyl substitution on pyrene
improves its sTTA-UC properties.43–46 We therefore speculated
that the elusive mechanism in Fig. 2 could become dominant,
and we furthermore anticipated that this could allow us to
observe the pyrenyl radical anion (tBuPyc�), which seems quite
important, because this has been considered the key catalytic
species though it had not been observed until now.27–30

In the following we use Fig. 2 as a roadmap for our mecha-
nistic discussion. All spectroscopic experiments were performed
in de-aerated DMF, because this is the preferred solvent for the
photoredox catalysis applications demonstrated at the end.

2.1 Triplet–triplet energy transfer from fac-[Ir(ppy)3] to
tBuPy

The photophysical properties of fac-[Ir(ppy)3] are in principle
well known, but here it seemed meaningful to re-explore them

in de-aerated DMF, because this solvent is best suited for the
photoredox reactions in Section 2.6.27 The fac-[Ir(ppy)3] complex
can be excited selectively with blue light and exhibits a lumi-
nescence quantum yield of 0.88, and an excited-state lifetime
(s0) of 1590 ns in de-aerated DMF at 20 �C (Section 2.1.1 in the
ESI†).

Addition of excess tBuPy to a 10 mM solution of fac-[Ir(ppy)3]
leads to rapid emission quenching (Fig. S3†). The transient
absorption spectrum recorded on a mixture of 10 mM fac-
[Ir(ppy)3] and 5 mM tBuPy shows the diagnostic spectral signa-
ture of triplet-excited tBuPy (Fig. 3A), abbreviated henceforth as
3*tBuPy, with its most characteristic absorption bands featuring
maxima at 416 and 525 nm.46–48 Excited-state quenching of fac-
[Ir(ppy)3] by

tBuPy occurs with a rate constant of 2.1 � 109 M�1

s�1 (Table 1), according to a Stern–Volmer analysis (ESI† Section
2.2). Given the unambiguous spectral identication of 3*tBuPy in
Fig. 3A and the fact that the transient absorption kinetics at
416 nm (see Fig. S4†) match those of the fac-[Ir(ppy)3] excited-
state decays, this quenching constant can be unambiguously
assigned to the rate constant for triplet–triplet energy transfer
(kTTET) of step 1 in Fig. 2. This value is relatively close to the
diffusion limit for DMF at 20 �C (7.6 � 109 M�1 s�1).49 The
3*tBuPy photoproduct exhibits a natural (unquenched) lifetime
of 335 ms in de-aerated DMF at 20 �C (Fig. S7†).

When performing the same transient absorption experiment
containing 10 mM fac-[Ir(ppy)3] and 5 mM tBuPy (exactly as
above), but now in the presence of 10 mM DMA (Fig. 3B), the
dominant spectral features are still those of 3*tBuPy (absorption
bands at 416 nm and 525 nm). This indicates that TTET from
photo-excited fac-[Ir(ppy)3] to tBuPy remains the dominant
reaction pathway even in presence of excess sacricial electron
donor (DMA). Indeed, a separate experiment demonstrates that
DMA is unable to quench 3MLCT-excited fac-[Ir(ppy)3] (Fig. S5†);
the rate constant for that reductive quenching (step 1b in Fig. 2)

Fig. 2 Mechanism for sensitization-initiated electron transfer (SenI-ET) with the fac-[Ir(ppy)3]/2,7-di-tert-butylpyrene (tBuPy)/N,N-dimethyl-
aniline (DMA) combination. Colored circlesmark the four key elementary reaction steps of (1) triplet–triplet energy transfer (TTET, Section 2.1), (2)
triplet–triplet annihilation upconversion (TTA-UC, Section 2.2), (3) pyrenyl radical anion formation (Section 2.3), and (4) substrate activation
(Section 2.4). Grey circles mark possible side reactions.
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is 1.1 � 104 M�1 s�1. This is a key difference to the previously
investigated [Ru(bpy)3]

2+/pyrene combination, in which
substantial concentrations of [Ru(bpy)3]

+ are formed, compli-
cating mechanistic analysis and ultimately leading to another
dominant mechanism for SenI-ET.30

Going back to the transient absorption spectra in Fig. 3A and
B, we note that an additional transient absorption band at
495 nm appears in the presence of DMA (Fig. 3B), which is not
observable in the absence of DMA (Fig. 3A). This additional
band becomes particularly prominent at long delay times (100
ms rather than 10 ms, dotted traces in Fig. 3A and B). In Fig. 3C
we show a subtraction of the 100 ms delay spectra from Fig. 3A
and B; this difference of difference spectrummatches the UV-vis
spectrum of pyrene radical anion (tBuPyc�) generated electro-
chemically (Fig. 3D) and will be discussed further in Section 2.3.
The concentration of tBuPyc� formed in the experiments leading
to Fig. 3C is discussed briey in Section 2.9 of the ESI.† Exci-
mers are not detectable in Fig. 3, due to their comparatively
short lifetimes (�50 ns), their much slower formation and the
long detection delay times used to record these spectra.

2.2 Triplet–triplet annihilation upconversion of tBuPy and
formation of singlet-excited tBuPy

The initial mechanistic proposal for SenI-ET with the
[Ru(bpy)3]

2+/pyrene couple implied reductive quenching of
triplet-excited pyrene by the sacricial electron donor diiso-
propylethylamine.27 This is clearly not occurring in the fac-
[Ir(ppy)3]/

tBuPy/DMA system, as demonstrated by a transient
absorption experiment in which the 3*tBuPy decay is unaffected
by addition of large excess (up to 125 mM) of DMA to a solution
containing 10 mM fac-[Ir(ppy)3] and 5 mM tBuPy (Fig. S6†).
Consequently, step 2b in Fig. 2 (gray circle) is unimportant in
our case, in analogy to what was proposed by others for the
[Ru(bpy)3]

2+/pyrene couple.28

Triplet–triplet annihilation upconversion (TTA-UC) is instead
the dominant next step on the way to productive sensitization-
initiated electron transfer (step 2 in Fig. 2, blue circle). Using
a solution containing 10 mM fac-[Ir(ppy)3] and 5 mM tBuPy, we
excited fac-[Ir(ppy)3] selectively at 450 nm with pulses of different
powers between 4.0 and 16.0 mJ. Thereby we generated different
initial concentrations of 3*tBuPy, which we quantied by using the
known extinction coefficient of 37 700 M�1 cm�1 at 415 nm for
triplet-excited pyrene.50 Fits of the different experimental 3*tBuPy
decay curves (see ESI page S10† for details) provided a rate
constant for triplet–triplet annihilation (kTTA) of (1.1� 0.2)� 1010

M�1 s�1 in DMF at 20 �C (Fig. S7†).

Fig. 3 fac-[Ir(ppy)3] (10 mM) in de-aerated DMF at 20 �C was excited at
450 nm in the presence of tBuPy (5 mM) and the transient signals were
monitored in the absence (A) and in the presence of 10 mM DMA (B)
using delay times of 10 ms (solid lines) and 100 ms (dotted lines). The red
trace (C) is the difference obtained by direct subtraction of the dotted
blue trace from the dotted green trace. For comparison, the difference
absorption spectrum corresponding to the tBuPy radical anion (tBuPyc�)
in DMF formed upon electrochemical reduction at �2.25 V vs. SCE in
the presence of 0.1 M tetra-n-butylammonium hexafluorophosphate
(TBAPF6) is shown in (D). Further details are in the ESI.†

Table 1 Rate constants (k) and efficiencies (h) for the individual elementary processes illustrated in Fig. 2; abbreviations as defined in the text. All
values for de-aerated DMF at 20 �C

Step no. Description of step k/M�1 s�1 ha

1 TTET from fac-[Ir(ppy)3] to
tBuPy 2.1 � 109 0.91

1b Reductive quenching of fac-[Ir(ppy)3] by DMA 1.1 � 104 0.003
1c Oxidative quenching of fac-[Ir(ppy)3] by substrate 1 9.8 � 105 0.05
2 TTA-UC of tBuPy 1.1 � 1010 0.99b

2b Reductive quenching of 3*tBuPy by DMA <1.0 � 103 <0.05
3 Reductive quenching of 1*tBuPy by DMA 4.8 � 109 0.99
3b Oxidative quenching of 1*tBuPy by substrate 1 6.4 � 107 0.31
4 Electron transfer from tBuPyc� to substrate 1 1.1 � 109 0.99

a Efficiencies estimated based on the initial concentrations of fac-[Ir(ppy)3],
tBuPy, DMA and substrate 1 in the photocatalytic reactions of Section 2.6.

b A concentration of 0.027 mM is assumed for 3*tBuPy on the basis of 10% photoexcited fac-[Ir(ppy)3] and TTET with 90% efficiency. Further details
are given in Section 2.11 of the ESI.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9922–9933 | 9925
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To determine the quantum yield of sTTA-UC, the delayed
uorescence emitted by 1*tBuPy (Fig. 4A) following excitation of
fac-[Ir(ppy)3] at 447 nm and the prompt 3MLCT luminescence of
fac-[Ir(ppy)3] (Fig. 4B) were measured under strictly identical
conditions as a function of excitation power density. Using
a solution containing 30 mM fac-[Ir(ppy)3] and 5 mM tBuPy
(Fig. 4A) and a solution of 30 mM fac-[Ir(ppy)3] without

tBuPy
(Fig. 4B), the integrated emission intensities IsTTA-UC and Iref
were determined. Taking into account that both solutions had
identical absorbance at the excitation wavelength (AsTTA-UC ¼
Aref ¼ 0.106) and given a 3MLCT luminescence quantum yield
(fref) of 0.88 in de-aerated DMF at 20 �C (see above), eqn (1)
yields the data set in Fig. 4C.19,20 The upconversion efficiency
increases strongly up to an excitation power density of ca. 0.7 W
cm�2, then increases less steeply and nally seems to approach
a plateau at ca. 2.5 W cm�2. At this point, the quantum yield for
sTTA-UC reaches a value of 0.048, whereby fsTTA-UC is dened
such that a maximum value of 0.5 is theoretically attainable.20,51

This compares favorably to many previously investigated cases
of sTTA-UC,19 and furthermore is in line with prior studies of

sTTA-UC with cyclometalated iridium/tBuPy systems performed
in other contexts.44,45

fsTTA-UC ¼ fref � (Aref/AsTTA-UC) � (IsTTA-UC/Iref) (1)

As expected, the delayed 1*tBuPy uorescence exhibits
quadratic excitation power dependence (blue trace in Fig. 4D),
whilst the prompt 3MLCT luminescence of fac-[Ir(ppy)3] (green
trace in Fig. 4D) is linearly dependent on excitation power
density. For the measurements in Fig. 4D, the excitation beam
of a luminescence spectrometer was employed in order to
access considerably lower excitation power densities than those
associated with cw-laser irradiation (Fig. 4A–C). This is impor-
tant because the strong annihilation limit seems easily reach-
able with our system, leading to signicant deviation from
quadratic excitation power dependence when using the cw-
laser.52

2.3 Reductive quenching of singlet-excited tBuPy to form the
pyrenyl radical anion

Spectro-electrochemistry of a solution containing 1mM tBuPy and
100 mM TBAPF6 under an applied potential of �2.25 V vs. SCE
yields the absorption spectrum of the pyrenyl radical anion
(tBuPyc�) in Fig. 3D, featuring a maximum at 496 nm and a side
band at 456 nm, which matches the published reference spec-
trum of the (unsubstituted) pyrenyl radical anion.53 This spec-
trum is furthermore in excellent agreement with the double
difference spectrum in Fig. 3C, which was obtained by subtract-
ing the dotted green trace in Fig. 3B from the dotted blue trace in
Fig. 3A. As noted in Section 2.1, the respective transient absorp-
tion spectra in Fig. 3A and B were recorded aer excitation of 10
mM fac-[Ir(ppy)3] in de-aerated DMF solutions containing 5 mM
tBuPy and 10 mM DMA (Fig. 3B) or no DMA at all (Fig. 3A). This
subtraction serves to eliminate spectral contributions from
triplet-excited pyrene (3*tBuPy) and leaves behind a spectral
contribution (Fig. 3C) that is readily attributable to the pyrenyl
radical anion (tBuPyc�) on the basis of the comparison with
Fig. 3D. Thus, it seems very plausible that following sTTA-UC,
tBuPyc� is formed via reductive quenching of 1*tBuPy by DMA.
The redox properties of our selected sensitizer (fac-[Ir(ppy)3]) –
photoredox catalyst (tBuPy) couple lay the grounds for the accu-
mulation of signicant tBuPyc� concentrations. The latter is lower
in energy than reduced fac-[Ir(ppy)3] (see ESI† Section 2.13 for the
reduction potentials) and, therefore, does not react rapidly with
the sensitizer in its ground state. By contrast, in the previously
investigated [Ru(bpy)3]

2+-containing systems,6,27,30 the metal
complex reduction by the pyrene radical anion is diffusion-
controlled. Owing to this undesired side reaction, detectable
concentrations of Pyc� could not be obtained, as the production
of this key species was always (even under optimized conditions)
faster than its decay.27,30 Our system is designed such that this
side reaction cannot occur, and this should be benecial for its
performance in photoredox applications.

The hypothesis of reductive quenching of 1*tBuPy by DMA is
veried by an experiment in which 50 mM tBuPy in de-aerated
DMF at 20 �C was excited directly at 355 nm (Fig. S10†). The

Fig. 4 (A) Upconverted tBuPy fluorescence sensitized by fac-[Ir(ppy)3]
(30 mM) in de-aerated DMF at 20 �C. Excitation occurred with a 447 nm
cw-laser at various excitation densities in the presence of tBuPy (5 mM).
Excitation powers ranged from 2 mW to 338 mW. (B) Emission spectra
of fac-[Ir(ppy)3] recorded under identical conditions as for (A) but in the
absence of tBuPy. (C) Upconversion quantum yield (fsTTA-IC) as
a function of excitation power density as determined from eqn (1) and
the data in (A) and (B), using a luminescence quantum yield (fref) of
0.88 for fac-[Ir(ppy)3]. (D) Relative integrated intensities of upcon-
verted tBuPy (1 mM) fluorescence (blue circles) sensitized by fac-
[Ir(ppy)3] (10 mM) upon excitation at 450 nm as a function of the relative
excitation density. The solid blue line represents the best fit with
a power function (f(x) ¼ a � xb + y) to the experimental data, yielding
b ¼ 1.96 as indicated by the inset. The green circles result from an
analogous experiment in which fac-[Ir(ppy)3] was excited in the
absence of tBuPy under otherwise identical conditions, and the prompt
luminescence emitted by fac-[Ir(ppy)3] was monitored (Section 2.5.2
of the ESI†). In this case, a fit to the same power function (green solid
line) yields an exponent of 1.00. Measurements in C occurred with the
abovementioned cw-laser source, whilst measurements in D were
performed using the excitation beam of the luminescence
spectrometer.
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prompt uorescence of 1*tBuPy is quenched by DMA with a rate
constant of 4.8 � 109 M�1 s�1 (Table 1), attributable to electron
transfer from DMA to 1*tBuPy (step 3 in Fig. 2). Thus, it is clear
that in the fac-[Ir(ppy)3]/2,7-di-tert-butylpyrene/DMA system, the
tBuPyc� species forms via the sequence of reactions proposed for
the [Ru(bpy)3]

2+/pyrene/DIPEA system by Ceroni, Balzani, and
coworkers (Fig. 1B).28,29 Furthermore, there is no reductive
quenching of fac-[Ir(ppy)3] by DMA (step 1b in Fig. 2 and Table
1), and consequently the mechanism postulated by Moore and
colleagues for the [Ru(bpy)3]

2+/pyrene/DIPEA combination
(Fig. 1C)30 is unimportant in our system.

We furthermore explored the possibility of oxidative
quenching of 1*tBuPy by a typical aryl halide compound,
substrate 1 (2-chloro-4-uorobenzonitrile), and found that this
process occurs with a rate constant of 6.4 � 107 M�1 s�1 (Table
1) in de-aerated DMF at 20 �C (Fig. S11,† step 3b in Fig. 2).
Consequently, when both DMA and substrate 1 are simulta-
neously present at similar concentrations, reductive quenching
of 1*tBuPy by DMA (step 3) clearly outcompetes oxidative
quenching of 1*tBuPy by substrate 1 (step 3b). In the photoredox
experiments presented below, typically more DMA than
substrate is present. The predicted efficiency calculations of
Table 1 (see Section 2.5 for details) give a clear picture for one of
those reactions in isolation (99 vs. 31% quenching efficiency),
but a more sophisticated analysis has to be carried out for
competing reactions with known kinetics. Comparing the
respective products of the second order rate constants and the
respective quencher concentration for both step 3 and step 3b
(see Table S5† for details) reveals that (desired) reductive
quenching is faster by a factor of �400 than oxidative quench-
ing starting from 1*tBuPy in our complete system.

2.4 Substrate activation by pyrenyl radical anion

Except for the control experiment at the end of the preceding
section, spectroscopic results presented until here did not
involve any substrates, but only the fac-[Ir(ppy)3]/2,7-di-tert-
butylpyrene/DMA components. In the now following elemen-
tary step, the onward reaction of tBuPyc� with substrates
becomes of central interest. Aryl chlorides are suitable and
common substrates for sensitization-initiated electron transfer;
photochemical dechlorination is typically observed.27,36,54 We
chose the activated aryl chloride 1 (2-chloro-4-
uorobenzonitrile) as model substrate for mechanistic investi-
gations of the substrate activation step.

First, we note that substrate 1 quenches the 3MLCT-excited
state of fac-[Ir(ppy)3] inefficiently (step 1c in Fig. 2), as
a Stern–Volmer analysis (Fig. S16†) yields a rate constant of only
9.8 � 105 M�1 s�1 for photoinduced electron transfer from fac-
[Ir(ppy)3] to substrate 1 (Table 1). The same holds true for all
other substrates reported below (ESI,† Section 2.8). The
comparatively low rate constant for step 1c in Fig. 2 is unsur-
prising, because 3MLCT-excited fac-[Ir(ppy)3] is oxidized at
a potential of �1.7 V vs. SCE,55 whereas substrate 1 requires
a potential of �2.0 V vs. SCE for one-electron reduction (Table
S6†) hence step 1c is thermodynamically disfavored by ca.
0.3 eV. Consequently, efficient reduction of substrate 1 (and of

all other substrates considered below) is only possible with
tBuPyc� as reductant, as discussed in the following.

To obtain direct spectroscopic insight into electron transfer
from tBuPyc� to substrate 1, we excited 50 mM tBuPy directly at
355 nm in the presence of excess (10 mM) DMA to form tBuPyc�

(via reductive quenching of 1*tBuPy). Then we performed
comparative transient absorption measurements in the absence

Fig. 5 Transient absorption spectra obtained after direct 355 nm
excitation of tBuPy (50 mM) in de-aerated DMF in the presence of DMA
(10 mM) (A), recorded at different delay times as indicated in the inset.
Same experiment series performed on a solution containing substrate
1 (200 mM) in addition to 50 mM tBuPy and 10 mM DMA (B). Corre-
sponding kinetic traces monitoring the decay of the tBuPyc� signal at
495 nm over 180 ms in the respective solutions without and with
substrate 1 are given in the insets of (A) and (B). tBuPyc� disappears
considerably more rapidly in the presence of substrate 1 (B) than in its
absence (A). For clarity the most prominent spectroscopic feature of
tBuPyc� is marked by an arrow in (A). Kinetic traces at 495 nm (C) were
monitored in the absence (bright green) and in the presence of
different concentrations of 1 (0.1, 0.2, 0.3, 0.4, 0.5 mM). The Stern–
Volmer plot for the shorter lifetime components obtained from biex-
ponential fits to this data set is given in the inset of (C). A quenching
constant of ca. 1.1 � 109 M�1 s�1 is estimated for the electron transfer
from tBuPyc� to substrate 1, based on an unquenched decay constant
of 1.07 ms for tBuPyc�. A 385 nm long-pass cut-off filter was installed
between the sample and the flashlamp to prevent direct UV flashlamp
excitation. Further details are in the main text and the ESI.†

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9922–9933 | 9927
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(Fig. 5A) and in the presence of 200 mM substrate 1 (Fig. 5B).
Under these conditions, tBuPyc� (with its diagnostic absorption
band at 495 nm as discussed above in Fig. 3C and D) is formed in
both cases. Unsurprisingly, the kinetics of the tBuPyc� signal at
495 nm do not follow single-exponential decay kinetics regardless
of whether substrate 1 is present (inset of Fig. 5B) or not (inset of
Fig. 5A), yet it is clear that the presence of 200 mM substrate 1
accelerates the disappearance of tBuPyc� markedly. In the pres-
ence of such low concentrations of substrate 1, the consumption
of substrate over time (as a function of spectral data acquisition
over a series of laser excitation pulses) and ensuing changes of
concentrations can start to play a non-negligible role. Therefore,
careful data acquisition with only a few laser pulses for each
measurement is needed to obtain reliable transient spectra, and
tomake estimation of the rate for electron transfer from tBuPyc� to
substrate 1 (step 4 in Fig. 2) in a Stern–Volmer type analysis
possible (for more details see ESI,† Section 2.10). A biexponential
t to the data in the absence of substrate 1 yields time constants
of 1.07ms (44%) and 54.7 ms (56%). In the corresponding series of
spectra of Fig. 5A, the characteristic band at 495 nm persists even
aer a delay time of 1ms, and thus it seems that both of these two
time constants are associated with tBuPyc�, but reect its disap-
pearance by two different decay paths. Analogous analysis of the
decay in Fig. 5B leads to time constants of 3.1 ms (79%) and 28.9 ms
(21%), but the corresponding spectra in Fig. 5B indicate that in
this case only the shorter of the two decay constants is associated
with tBuPyc�, because the prominent band at 495 nm has essen-
tially disappeared aer 40 ms. Thus, the decay time of tBuPyc�

shortens from 1.07 ms/54.7 ms to 3.1 ms upon addition of 200 mM
substrate 1. Performing the same analysis with different
concentrations of substrate 1, a rate constant of roughly 1.1� 109

M�1 s�1 is estimated in a Stern–Volmer type analysis based on the
faster decay components of the kinetic ts in the presence of
substrate 1 (Fig. 5C, see also Section 2.10 in the ESI†).

Though this crude analysis of the substrate activation kinetics
seems reasonable, it is evident from the spectra in Fig. 5A and B

that other species than tBuPyc� contribute to the transient spectra,
particularly aer longer delay times (>10 ms).47 In addition to the
DMA radical cation, which has a comparably low extinction
coefficient in the spectral range below 550 nm and is presumably
challenging to clearly identify with respect to the high absorbance
of tBuPyc�,56–58 one possible complication is that exciplex interac-
tion (formation of electron donor–acceptor (EDA) complexes)
between tBuPy and DMA can lead to the formation of 3*tBuPy over
time (see ESI† Section 2.10 for further details),59–61 and this can
affect the transients recorded at 495 nm. Further complications
may arise for example through protonation of tBuPyc�.47,53,62

2.5 Holistic picture and efficiencies of individual elementary
steps

The main reaction pathway of the mechanism in Fig. 2 can be
summarized in the Jablonski-type diagram presented in Fig. 6.
For each elementary step of the mechanism in Fig. 2 and 6, one
can estimate an efficiency (h) based on the expression h ¼ 1 � s/
s0. s0 is the natural excited-state lifetime of the reactant for a given
step (or its pseudo-rst order decay time in case of tBuPyc�), and s
is the observable lifetime (or pseudo-rst order decay time) in
presence of a given concentration of reaction partner. For
instance, for TTET between 3MLCT-excited fac-[Ir(ppy)3] to

tBuPy
(step 1 in Fig. 2 and 6) we found kTTET ¼ 2.1� 109 M�1 s�1 (Table
1), and consequently, for a tBuPy concentration of 3 mM (corre-
sponding to 10 mol% present under catalytic conditions, see
below), one obtains s ¼ 144 ns (see Section 2.11 of the ESI† for
further details). Given s0 ¼ 1590 ns for fac-[Ir(ppy)3] in de-aerated
DMF at 20 �C (Fig. S3†), one obtains h ¼ 0.91 for this particular
elementary step (last column in Table 1).

For the calculation of all other h values in Table 1 we proceeded
in analogous manner, meaning that we employed the rate
constants (k) resulting from the laser spectroscopicmeasurements
in the prior sections and then determined the respective s values
using the synthetically relevant concentrations. This somewhat

Fig. 6 Jablonski-type diagram summarizing triplet–triplet annihilation upconversion (left) and photoredox catalysis (right) as the two main
mechanistic parts. In analogy to Fig. 2, the colored circles mark the four key elementary reaction steps of (1) triplet–triplet energy transfer (TTET,
Section 2.1), (2) triplet–triplet annihilation upconversion (TTA-UC, Section 2.2), (3) pyrenyl radical anion formation (Section 2.3), and (4) substrate
activation (Section 2.4). Rate constants and efficiencies for these steps are summarized in Table 1. Unproductive pathways are omitted for clarity.
ISC ¼ intersystem crossing, IC ¼ internal conversion.
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crude approach implies that one can simply extrapolate from
spectroscopic measurements performed with photosensitizers at
10–50 mM to considerably more concentrated reaction solutions.
The synthetically relevant conditions (as discussed further below)
typically involved 1 mol% fac-[Ir(ppy)3], 10 mol% tBuPy, 5 equiva-
lents of DMA, and substrate concentrations of 30 mM.

For the productive elementary steps 1–4 of Fig. 2 and 6, the
efficiencies h range from 0.91 to 0.99 (Table 1, see ESI Table S5†
for details). It should be noted that h for sTTA-UC adopts a value
of 0.99 in Table 1, whereas the quantum yield for upconversion
(fsTTA-UC in eqn (1)) only reaches a value of 0.048 under opti-
mized conditions (Fig. 4C). The h values in Table 1 describe the
efficiency of an onward reaction step for a given intermediate
once it has been formed, whereas fsTTA-UC is an absolute
(overall) quantum yield taking into account several reaction
steps (including unproductive or counterproductive events).

Among all considered side reactions (1b, c, 2b, 3b in Fig. 2),
oxidative quenching of 1*tBuPy by substrate 1 is the most effi-
cient (h ¼ 0.31), whilst all others have considerably lower h

values (#0.05) and therefore seem negligible. Thus, depending
on what substrate is considered, 1*tBuPy should be kept in mind
as a possible photoreductant, yet the dominant mechanism is
clearly the one highlighted in Fig. 2 and 6, particularly for
substrates with more negative reduction potentials than �1.9 V
vs. SCE (corresponding to the excited state oxidation potential
of 1*tBuPy). tBuPyc� (�2.1 V vs. SCE, see above) is not only more
reducing than 1*tBuPy, but it is also considerably longer-lived,
making the radical anion both a thermodynamically and
kinetically preferred reactant.

Deactivation pathways such as the recombination between
substrate radical anion (1c�) and DMA oxidation products
cannot be tracked spectroscopically, and the h value for step 4
does not take into account the possibility of in-cage charge
recombination. Our choice of DMA was partly motivated by the
fact that (alkylated) anilines as sacricial electron donors seem
to provide higher cage-escape yields than other (tertiary)
amines.31,63 Onward reactions of substrates were not possible to
follow in our system.

The choice of fac-[Ir(ppy)3] (instead of [Ru(bpy)3]
2+) has been

essential for achieving the remarkably high rate constants and
efficiencies of all productive elementary steps in Fig. 2 and
Table 1. The key point here is that reductive excited-state
quenching of fac-[Ir(ppy)3] ðE*

red ¼ 0:31 V vs: SCEÞ is consid-
erably more difficult than for [Ru(bpy)3]

2+

ðE*
red ¼ 0:77 V vs: SCEÞ.55 This opens the possibility to select

a sacricial electron donor, which is able to reductively quench
only 1*tBuPy (but not the photosensitizer), and consequently
leads to a reaction mechanism with one clearly dened
sequence of thermodynamically and kinetically preferred
elementary steps. In our case, DMA was a good choice (Eox ¼
0.81 V vs. SCE in MeCN).64

2.6 Application of the fac-[Ir(ppy)3]/
tBuPy/DMA system to

photoredox catalysis

The prior seminal studies of sensitization-initiated electron
transfer already established the broad synthetic scope of this

photochemical reaction type for the [Ru(bpy)3]
2+/pyrene/DIPEA

combination.27 Whilst a similarly detailed exploration of reac-
tion scope for the fac-[Ir(ppy)3]/

tBuPy/DMA system seems
superuous, it nevertheless is desirable to demonstrate its
applicability to photoredox catalysis on a few carefully selected
examples.

Hydrodehalogenation reactions of substrates 1, 2, and 3were
rst explored under 447 nm cw-laser excitation conditions,
because this excitation source is particularly powerful and
resembles most closely that used in the spectroscopic studies
presented above. All three substrates contain uoro-
substituents as 19F-NMR markers, and the reactions were per-
formed in the presence of 4-uorotoluene as internal standard.
This permits convenient determination of yields and conver-
sions by 19F-NMR spectroscopy.65,66

The reaction conditions were optimized with substrate 1
present at 30 mM concentration in de-aerated DMF at room
temperature (Table 2). When using 1 mol% fac-[Ir(ppy)3],
5 mol% of tBuPy, and 5 equivalents of DMA, a hydro-
dechlorination product (1-P) yield of 79% was determined aer
16 hours of irradiation (with a conversion of 96%, entry 1 in
Table 2). Increasing the tBuPy annihilator concentration from 5
to 10 mol% leads to very similar yield and conversion (entry 2),
but already aer an irradiation time of 7 instead of 16 hours.
When replacing DMA by DIPEA whilst keeping all other
parameters unchanged, both the yield and the conversion drop
substantially (entry 3), demonstrating that DMA is important as
sacricial reductant. Control experiments without tBuPy (entry
4), fac-[Ir(ppy)3] (entry 5) or light (entry 6) do not yield any
signicant conversion, demonstrating that all three compo-
nents are vital.

With the optimized reaction conditions identied, complete
conversions and hydrodehalogenation yields of ca. 80% were
obtainable for substrates 1 to 3 (Fig. 7) over reaction times of 4

Table 2 Optimization of reaction conditionsa

Entry fac-[Ir(ppy)3]/mol% tBuPyrene/mol% Time/h Yield (conv.)b/%

1 1 5 16 79 (96)
2 1 10 7 79 (97)
3c 1 10 7 53 (67)
4 1 — 7 2 (2)
5 — 10 7 0 (0)
6d 1 10 7 0 (0)

a Reaction conditions: 30 mM substrate 1 in 3 mL de-aerated DMF.
Sample irradiated in a quartz cuvette under an Argon atmosphere at
room temperature. b Yields and conversions (in parentheses) were
determined by quantitative 19F-NMR analysis using 4-uorotoluene as
internal standard. c DIPEA (5 eq.) instead of DMA used as sacricial
electron donor. d Sample not irradiated.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9922–9933 | 9929
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to 7 hours. Fig. 8 illustrates the typical reaction progress as
a function of irradiation time for substrate 1. The initial 19F-
NMR spectrum (top trace in Fig. 8A) contains resonances at
�101.50 ppm due to the substrate and at �119.15 ppm attrib-
utable to the internal standard, 4-uorotoluene. The nal

spectrum recorded aer 7 hours (bottom trace in Fig. 8A)
exhibits essentially only the hydrodechlorination product (1-P)
resonance at �104.05 ppm in addition to that of the internal
standard, whilst the spectra recorded at intermediate times are
essentially linear combinations of the top and bottom traces.
This data set results in the expectable kinetics (Fig. 8B), with the
rate of product formation decreasing with increasing reaction
progress, due to consumption of the starting material (minor
resonances appearing in Fig. 8 at �104.85 ppm and
�104.93 ppm are unidentied side products, most likely based
on side reactions with DMA-related degradation intermediates).

As noted in Fig. 7, the conversion of substrate 3 requires only
4 hours, whereas the full conversion of substrates 1 and 2
necessitates 7 hours. This suggests that substrate activation
(step 4 in (Fig. 2 and 6)) is decisive for the rate of product
formation, because bromo-substrate 3 is easier to reduce (Ered
z �1.8 V vs. SCE) than chloro-substrate 1 and bromo-substrate
2 (Ered z �2.0 V vs. SCE) (Fig. S25 and Table S6†). Reductive
debromination is typically thermodynamically less demanding
than reductive dechlorination.36,67–74

Lastly, we explored the possibility of using a high-power LED
(440 nm, 40 W) as irradiation source, because this is more
widely available than cw-lasers, and we investigated

Fig. 7 Hydrodehalogenation of selected aryl halide substrates through
SenI-ET with a 447 nm cw-laser. Reaction conditions: 30 mM
substrate, fac-[Ir(ppy)3] (1 mol%), tBuPy (10 mol%) and DMA (5 eq.) in
3 mL DMF under Argon at 20 �C. Yields and conversions (in paren-
theses) are reported for the complete reaction system (upper lines
below substrate numbers) and for the reaction system without tBuPy
annihilator (lower lines in italic font). Conversions and yields were
determined by quantitative 19F-NMR analysis using 4-fluorotoluene as
internal standard.

Fig. 8 19F-NMR signals (1 at �101.50 ppm; 1-P at �104.05 ppm; 4-
fluorotoluene (IS) at �119.15 ppm) (A) and corresponding conversion
(dots) and yield (crosses) of substrate 1 as a function of irradiation time
with a 447 nm cw-laser (B). Conditions were identical to those given in
Table 2. Further details are in Section 4.3 of the ESI.†

Fig. 9 Selected examples for light-driven reduction reactions per-
formed with an LED (440 nm, 40 W). Reactions were performed with
30 mM substrate in presence of 5 eq. DMA, fac-[Ir(ppy)3] (0.25–
1 mol%), and tBuPy (10 mol%) in 3 mL de-aerated DMF in a Schlenk tube
under Argon at room temperature. Yields and conversions (in paren-
theses) are reported for the complete reaction system (upper lines
below substrate numbers) and for the reaction system without tBuPy
annihilator (lower lines in italic font). Conversions and yields were
determined by 19F-NMR analysis using 4-fluorotoluene as internal
standard and averaged over two independent measurements. (a)
dl : meso ratio of 1.05 : 1. (b) dl : meso ratio of 1.06 : 1. Electro-
chemical potentials for one-electron reduction are indicated below
each substrate (see ESI† Section 2.13).

9930 | Chem. Sci., 2021, 12, 9922–9933 © 2021 The Author(s). Published by the Royal Society of Chemistry
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detosylation and pinacol coupling reactions in addition to
hydrodehalogenations (Fig. 9). Gratifyingly, the dechlorination
of substrate 1 does also proceed well under LED-irradiation,
although the reaction is slightly slower than when using the
cw-laser. The pinacol coupling reaction of 40-uo-
roacetophenone 4 demonstrates that carbon–carbon bond
formation is possible. Although the one-electron reduction
potential of compound 4 is ca. 0.2 V more negative than that of
substrate 1, the pinacol coupling reaction of 4 proceeded much
faster (0.5 h) than the dechlorination reactions (7 h), even with
less catalyst. The pinacol coupling reaction was furthermore
performed on a 0.5 mmol scale and 54 mg of product 4 were
isolated, corresponding to a yield of 68% (see ESI† Section
4.2.2). Considering that the established mechanism in Fig. 2 is
bi-photonic (i.e., requires two photo-excitations of the iridium
sensitizer per substrate molecule), a turnover number (TON) of
ca. 600 for fac-[Ir(ppy)3] is achieved in this case. This compares
favourably to a recent study in which a water-soluble variant of
the same photosensitizer was employed in a bi-photonic pho-
toredox dechlorination, and where a TON of 203 was found.75

The multi-photonic nature of this photoredox reaction
furthermore manifests in its dependence on LED excitation
power (Fig. S27†). Specically, when increasing the LED power
from 50% to 100%, the rate of substrate conversion increases by
a factor of 3.3, in line with a process requiring more than one
photon per turnover. For reference, an ordinary mono-photonic
process would lead to a doubling of the product formation rate
when the irradiation power is doubled, at least under idealized
conditions. The deviation from the theoretically expected factor
of 4.0 observed here for the bi-photonic reaction might have its
origin in the fact that under the catalytic conditions with rather
elevated photosensitizer and annihilator concentrations, the
overall system operates near the so-called strong annihilation
limit, in which the power-dependence is no longer strictly
quadratic.52 Furthermore, catalyst inhibition and lowered
substrate concentrations might start to play a non-negligible
role with increasing irradiation time and substrate turnover
(see ESI† Sections 2.1.2 and 4.4).

Lastly, the photochemical detosylation of the protected u-
oroaniline 5 was explored (Fig. 9, bottom). Thermodynamically,
this is a rather challenging reaction because it requires
a reduction potential of �2.4 V vs. SCE for the initial substrate
activation step, compared to “only” �2.0 V vs. SCE for
compound 1. Thus, it is not surprising that this detosylation
reaction is considerably slower than the previous examples,
requiring 20 h instead of 7 h. Nevertheless, a conversion of 60%
of substrate 5 was achievable, but several unidentied side-
products were detectable. This example therefore illustrates
the performance limit of our system with tBuPyc� as reactive
species.

3. Summary and conclusions

Photoredox catalysis frequently relies on multi-component
systems comprised of a sensitizer and a (co-)catalyst in addi-
tion to a sacricial redox reagent.76–78 Over the past few years the
level of complexity has been further increased by the

exploration of bi-photonic reactions, which function on the
basis of two consecutive photo-excitations per substrate turn-
over.1,2,4,7,18,23,27,39,79–83 This is an attractive strategy because it
gives access to reactions requiring more energy input than that
of a single visible photon. Suchmulti-component, multi-photon
excitation systems allowed remarkable advances in synthetic
organic photochemistry, but mechanistic insight was very tricky
to obtain due to the high level of complexity.28,30,34 To the best of
our knowledge, our work represents the rst complete mecha-
nistic investigation of sensitization-initiated electron transfer
(SenI-ET) with clear-cut spectroscopic characterization of all
relevant reaction intermediates up to the substrate activation
step, which includes the elusive key catalytic species, the pyr-
enyl radical anion. Our study demonstrates that SenI-ET can
indeed operate through a mechanism based on sensitized
triplet–triplet annihilation upconversion (sTTA-UC), as sus-
pected earlier (but never conrmed experimentally).28

Furthermore, we demonstrate here that a change of one
component in a multi-photon excitation system can lead to
a complete change of the mechanism. The design of our fac-
[Ir(ppy)3]/

tBuPy/DMA combination is geared at favoring the
sTTA-UC mechanism, particularly because reductive quenching
of fac-[Ir(ppy)3] is thermodynamically uphill, thereby favoring
energy transfer to the pyrene annihilator.

Triplet–triplet annihilation upconversion recently gained
increasing attention in the context of photoredox catal-
ysis,2,11,18,22,23 yet in most cases investigated to date, the upcon-
verted singlet excited state of the annihilator acted as electron
donor to substrates or co-catalysts.1 Our study provides a rare
example in which the upconverted annihilator is quenched
reductively by a sacricial electron donor, and where the one-
electron reduced form of the annihilator becomes the key
species leading to substrate activation. This is associated with
signicant kinetic advantages, because the annihilator radical
anion is considerably longer-lived (typically tens of microsec-
onds) than the annihilator singlet excited state (typically a few
nanoseconds).

Due to their quadratic power-dependence, bi-photonic
reactions need higher photon uxes than more traditional
photoreactions functioning on the basis of single excitations.52

This in turn increases the likelihood for photodegradation of
the catalytic system. In this respect, fac-[Ir(ppy)3] and related
homoleptic tris(cyclometalated) iridium(III) complexes are
particularly advantageous,75 as they seem more photorobust in
presence of large excess of sacricial reductant than
[Ru(bpy)3]

2+ (and its congeners)84 and heteroleptic iridium(III)
complexes comprised of cyclometalating and a-diimine
ligands.39

Multi-component photoredox systems and bi-photonic exci-
tation schemes will likely continue to attract considerable
attention in the future, and our study contributes to under-
standing them at the most fundamental mechanistic level. This
seems essential for future rational progress development in this
thriving research area and could have important implications
for organic synthetic photochemistry and solar energy
conversion.85–87
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Chapter 4

Red-Light Driven Dual Photoredox

Catalysis

4.1 Dual Photoredox Catalysis with Red Light

4.1.1 Concept and Design Principle

Analysing the different mechanisms postulated within multi-photonic processes, it becomes
apparent that a combination of one photocatalyst with two photoactive redox states – as
discussed in section 1.4.1 – or two catalysts utilizing a sensitized pathway with a light-
absorbing sensitizer and an annihilator as co-catalyst – as discussed in section 1.4.2 – are
most frequently used. In contrast, a combination of two "individual" photocatalysts is rarely
explored and the few examples reported up to now are summarized in section 1.4.3.[37] From
a conceptual viewpoint the use of two individual catalysts rather than structural related
catalysts can be beneficial. The main differences for systems with one and two photocatalysts
are summarized in Figure 4.1. First of all, in principle two unrelated (photo)catalysts offer the

Figure 4.1: a) Comparison between a concept for photoredox catalysis with one catalyst (left) and
two individual catalysts with multi-photonic excitation strategies.

79
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possibility to tune the features of each individual catalyst more selectively without changing
the (photophysical) properties of the second (photoactive) compound.[356,413] This approach
might enable new reactivities and extend the scope of both individual catalysts. Secondly, the
combination of two (photo)catalysts can enable the use of different mechanisms to achieve a
variety of chemical transformations. This can for example be illustrated by the various different
reactions that have been reported for metallaphotoredox catalysis where photoredox and
transition metal catalysis are merged.[6] In these reactions diverse mechanisms were considered
and especially for nickel catalysts different pathways have been discussed.[29] Similarly, a
change in the mechanisms inducing a change in the overall reactivity might be feasible with
two individual photocatalysts that can be tuned independently.
In the first part of the project, a new catalyst combination for a dual photoredox catalysis
approach was investigated by combining a copper-based metal complex together with a small
organic dye. With the envisioned new catalyst combination even the use of red light seems
possible to combine the input of two comparably low energy photons to tackle challenging
photoreductions. The concept of this mechanistic approach resembles the Z-scheme known
from nature. With our special catalyst combination, using a copper-based metal complex and
a small organic dye, the light-driven reactions achievable with each individual catalyst can be
extended and a new concept to tackle the energetic limitations of red light in monophotonic
mechanisms is presented.

4.1.2 Photoredox Catalysis using DCA and DCA•–

9,10-Dicyanoanthracene (DCA) is a typical organic molecule that is mentioned as example
for an organic photocatalyst.[2,139,414,415] First spectroscopic investigations of DCA and its
singly reduced form (DCA•−) were reported over fifty years ago.[416] In the following decades
especially spectroscopic measurements to analyse the properties of DCA and DCA•− were
in focus. These investigations included studies on substrate interactions and quenching
pathways (e.g. intersystem crossing and exciplex formation),[417–425] temperature effects,[426]

as well as stability or light-induced reactivity analyses with different reagents.[427–431] In later
studies, measurements of excited-state electron transfer quenching of 1*DCA with different
electron donors (e.g. substituted hydrocarbons), the determination of respective quenching
rate constants, investigations of cage escape yields as well as charge recombination rates after
successful electron transfer were more in focus from a spectroscopic perspective.[432–443] For
DCA many different studies were published and this section provides an overview over some of
the spectroscopic as well as photocatalytic investigations with DCA and DCA•−. In the first
part the main focus lies on oxidative quenching of its singlet state (1*DCA). The reactivity of
the radical anion (DCA•−) is summarized in the second part of this section.
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1*DCA as Photocatalyst for Substrate Oxidation

Upon excitation with blue or UV light, DCA typically exhibits a structured fluorescence in
the blue to green spectral range, a high fluorescence quantum yield in polar solvents like
acetonitrile (the exact values can differ depending on the solvent) and nanosecond excited
state lifetimes (Figure 4.2a).[444] These properties make DCA an attractive candidate for
photoredox applications with visible light irradiation.
Within the last forty years, several new reactions with DCA as photocatalyst were developed.
As a class of very well investigated reactions, light-driven isomerisations and reactions of
stilbenes and cyclopropanes with DCA as photocatalyst have been analysed in detail in the past

Figure 4.2: a) Photophysical properties of 1*DCA.[2,356,444] b) Selected examples for overall redox-
neutral light-driven reactions with DCA as photoredox catalyst.[445–453] A more extensive review on
the reactivity of DCA including further examples has been published by Nicewicz and coworkers.[2]

Reduction potential is given in V vs SCE.
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by various different groups.[445–447,450,454–457] Representative reactions are given in Figure 4.2b.
In both reactions the stereoisomers transform from a cis- to a trans-isomer via substrate
oxidation and the formation of a radical cation intermediate.[447,448,458] For both reactions the
influence of radical ion cage escape,[446,447] effects of salts and redox mediators,[448–451,457,459]

and possible propagation pathways as well as solvent effects[445,458] have been analysed in
various studies for these reversible transformations. Also overall redox-neutral intermolecular
reactions – for instance [4+2]-cycloadditions of dienes or oxidative ring-opening reactions
of oxetans with radical cation intermediates – were investigated as further examples for
light-driven catalysis with DCA as photocatalyst (Figure 4.2b).[452,453] Newer investigations
extended the applicability to the ring-opening of cyclopropyl silyl ethers and epoxides,[460,461]

Diels-Alder reactions,[462] dehydrogenative couplings,[463] decarboxylations,[464–467] as well as
transformations of phosphanes and phospates,[468,469] Further examples for applications of
DCA as a photocatalyst have been collected in an overview article by the Nicewicz group.[2] It
is readily apparent from the collection of different reactions that DCA is frequently considered
as organic catalyst for photoredox reactions. Interestingly, all of these applications with
initial substrate oxidation use blue or UV light activation to populate the singlet excited
state (1*DCA) to benefit from the excited-state reduction potential of +1.99 V vs SCE.[2]

Depending on the substrate of the reaction, the cage escape yields after excited-state quenching
by the substrate are very poor and in many cases a strategy with a co-sensitizer enables or
significantly improves the light-driven transformations.[450,458,459,466] Here the synthetically
oriented community directly benefits from earlier spectroscopic investigations.[436,437]

DCA•– as Photocatalyst for Substrate Reduction

DCA is often considered as suitable catalyst for substrate oxidation and frequently tested as
part of reaction screenings by the synthetically oriented community. As highlighted in the
subsection before, successful transformations were investigated over a long time and many

Figure 4.3: Summarized properties of the 9,10-dicyanoanthracene radical anion (DCA•–) that make
it a possible candidate for the implementation in a photocatalytic reaction scheme.
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different successful reactions catalysed by DCA under visible light irradiation are known to
date.[2] A reactivity of photexcited DCA•− was also discussed in the literature,[316,470–472] but
photocatalytic applications are less explored. Controversial spectroscopic findings towards
the end of the last century declared very different observations. In some measurements a
luminescence has been attributed to DCA•− as well as other radical anions,[470,471] and different
lifetimes in the nanosecond time range were postulated based on emission,[470] and transient
absorption spectroscopy.[472] Other investigations especially questioned the emission (and
the corresponding lifetime) and an anthrolate decomposition product, which forms in the
presence of oxygen, was proposed as alternative to explain the observed luminescence.[473]

Very recent investigations by the group of Vauthey indicate a much shorter lifetime in the
picosecond time range, where a diffusion-controlled reactivity would be hardly possible.[316]

Similarly inconsistent literature by contributions from different groups has been presented for
the stability of DCA and DCA•−. The observations seem to differ significantly depending on
the actual conditions and for the radical anion a very long stability was found in some cases
including reactions under air,[429,474] while a (reasonably fast) decomposition via reaction with
the solvent, oxygen or added bases have been reported in other investigations.[427,428,473,475]

Unfortunately, not in all of these cases a detailed description of the exact conditions is provided
and a comparison between the different publications is hardly possible and the influence from
possible decomposition products remain unclear based on the recent literature.

Figure 4.4: a) Proposed general reaction mechanism with DCA and DCA•– under reductive
conditions. b) Reductive transformations with DCA under visible light irradiation with a proposed
dichromatic dual photocatalysis mechanism.[309,474]

For a long time, the research on DCA•− has therefore mainly focused on analysing its
stability and possible reactivity, on the identification of possible decomposition products
as well as spectroscopic investigations of the radical anion rather than on photocatalytic
applications for reductive substrate activation. In 2018, the group of Jacobi von Wangelin
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considered DCA as catalyst for a conPET reactivity.[309] The proposed mechanism and
selected transformations induced by initial substrate reduction are provided in Figure 4.4.
With suitable trapping reagents, carbon-carbon bond formations after dehalogenation of
an (activated) aryl halides were successful with DCA as photocatalyst in the presence of
N,N -diisopropylethylamine (DiPEA) a sacrificial electron donor (Figure 4.4b).[309] In line with
a small spectroscopic overlap between the ground state absorption of DCA – with maxima
in the blue spectral range – and DCA•− – with maxima in the in the green and red spectral
range – white light rather than blue or green light was found to be crucial for successful
product formation. A substrate scope including various different aryl halides and selected
examples for functionalization with suitable trapping reagents to achieve carbon-carbon and
carbon-heteroatom bond formation was investigated.[309] In a subsequent study, the group of
Pérez-Ruiz investigated this conPET reactivity with DCA as photocatalyst in a polymer matrix
to synthesize heteroarene phosphonates (Figure 4.4b).[474] Interestingly, in this report the
reaction was even possible under aerobic conditions. Following a different mechanistic approach,
the use of electricity – to formally substitute one photon of the biphotonic mechanism – has
been increasingly taken into consideration within the last years.[8,256,258] The groups of Lambert
and Lin followed this approach with DCA to generate the radical anion electrochemically
and achieve light-driven dehalogenation reactions.[223] Interestingly, when using DCA in an
electrophotocatalytical setup, blue rather than white light could be employed for reductive
functionalisation of aryl halides and substrates approaching reduction potentials of -3V vs
SCE were successfully functionalized.[223] In line with the divergent results on the stability
of DCA and DCA•− discussed earlier,these findings indicate that the actual conditions for
catalysis are not negligible and can have a significant impact on the achievable transformations.
More details on the electrophotocatalysis approach have been discussed in section 1.3 of the
main introduction in chapter 1.

4.1.3 Copper Catalysts in Photoredox Catalysis

Copper complexes are unarguably the first-row transition metal complexes with the the most
widespread applications in photoredox catalysis. Several reviews on light-driven catalysis with
different copper complexes have been published within the last years.[60,61,137,480–483] Also as
(non-photoactive) transition metal for cross-coupling reactions in metallaphotoredox catalysis
applications were reported.[6,252] With respect to these more comprehensive reviews in the
literature, the brief summary here will focus on selected examples with photoactive copper
complexes bearing phenanthroline ligands, for example the famous 2,9-bis(4-methoxyphenyl)-
1,10-phenanthroline (dap) ligand. This complex has a broad absorption band between 450 nm
and 650 nm and a solvent-dependent excited-state lifetime between 130 ns (in acetonitrile)[476]
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and 270 ns (in dichloromethane).[477] Hence, excitation with visible light with [Cu(dap)2]+ make
it a suitable candidate for possible applications in photoredox catalysis (Figure 4.5).[484,485]

The first homoleptic copper complexes with two phenanthroline ligands have been reported
in the second half of the last century.[486–489] As one of the early examples of photoredox
catalysis with [Cu(dap)2]+ , the dimerisation of (activated) benzylic bromide in the presence
of triethylamine as sacrificial electron donor was investigated.[477] In 2012, the interest in
copper complexes for applications in photoredox catalysis was renewed by the group of Reiser
and different transformations of atom transfer radical addition (ATRA) reactions of alkyl
halides to alkenes were successfully achieved under green light irradiation.[144] While the scope
of these ATRA reactions and closely related reactions increased over the years,[44,60,490–495]

also other reactions catalysed by copper phenanthroline photocatalysts were considered and
selected examples are summarized in Figure 4.5).[478,479,496]

Next to photocatalytic applications copper complexes were also investigated with respect to
their photophysical properties. Especially the development of heteroleptic copper complexes

Figure 4.5: a) Main properties of [Cu(dap)2]+.[476,477] b) Selected examples for light-driven reactions
with copper phenantholine complexes.[144,478,479] Redox potentials are given in V vs SCE. dpp =
2,9-diphenyl-1,10-phenanthroline.
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with only one phenanthroline ligand was in focus within the last years.[480] For MLCT
excited states in tetrahedral complexes particularly sterically demanding, bulky ligands were
considered to prevent a distortion towards a square planar geometry in the excited state.[69,480]

This strategy turned out to be promising approach to extend the lifetimes and quantum
yields of luminescent copper complexes.[497–499] Also more detailed mechanistic studies on
inner-sphere mechanisms involving a visible-light-induced homolysis step after ligand exchange
with labile ligands (e.g. on a CuII intermediate) have attained attention to explain some of
the observed unusual reactivities with copper complexes.[43,494,500–503]

4.2 Results

From the main introduction and the previous sections of this chapter, it becomes apparent that
multi-photonic approaches might be a possibility to achieve new applications with red light
irradiation. This approach potentially allows transformations that would not be possible with
a single photon per catalytic turnover. Different molecular scaffolds inspired by nature have
already been used as photocatalysts (Figure 1.10). To the best of our knowledge, a strategy
resembling the Z-scheme of natural photosynthesis with red light has not been considered
for photoredox catalysis up to now. Our proposed system consists of two very well known
photocatalysts that have been used for various applications in the past (section 4.1.3 and
4.1.2). Our envisioned reaction mechanism for the combination of [Cu(dap)2]+ and DCA is
based a direct electron transfer pathway to form DCA•− as key intermediate of the overall
mechanism (Figure 4.6a). The synthetic strategy enabled with our new catalyst combination
is successfully applied for red-light driven dehalogenation of aryl iodides, aryl bromides
and aryl chlorides. In addition, detosylation reactions of various protected phenoles and
anilines as well as other other amines are possible. In the presence of suitable trapping
reagent also carbon-carbon bond formation is achievable under red light irradiation. The
substrate scope of almost 50 substrates indicates a broad possible application for our "proof-
of-principle" system. Detailed spectroscopic investigations indicated that in addition to the
electron transfer pathway also a sensitized triplet-triplet energy transfer pathway is possible to
generate DCA•−. An overview summarizing the direct photoinduced electron transfer pathway
and the sensitized triplet-triplet energy transfer pathway is presented in Figure 4.6a+b. The
relative contributions of both proposed mechanisms differ depending on the applied reaction
conditions (e.g. the solvent) of the photoredox catalysis. Our spectroscopic insights illustrate
that for multi-component systems not always only one mechanistic pathway is present and this
might not be restricted to multi-photonic mechanisms or systems with several (photo)catalysts
in particular, but is likely also the case for other systems with several catalysts.[6,95,280]
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Figure 4.6: Summary of the main reaction mechanisms proposed in this study for the photocatalysis
with red light. a) Photoinduced electron transfer mechanism with a redox-active copper catalyst
([CuI]) and direct electron transfer from the primary photocatalyst to the co-catalyst DCA. b)
Sensitized triplet-triplet energy transfer pathway with a redox-inactive sensitizer and a triplet state
quenching pathway. Spectroscopic methods and different analyses for the individual elementary steps
and intermediates are annotated. Description of measurements colour-coded to the elementary steps
involved in the specific spectroscopic analysis. Grey annotations refer to possible side pathways.
Dashed lines indicate possible further measurements that were not part of this study. ET = electron
transfer, EnT = energy transfer.
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ABSTRACT: Photoredox catalysis typically relies on the use of single
chromophores, whereas strategies, in which two different light absorbers are
combined, are rare. In photosystems I and II of green plants, the two separate
chromophores P680 and P700 both absorb light independently of one another, and
then their excitation energy is combined in the so-called Z-scheme, to drive an
overall reaction that is thermodynamically very demanding. Here, we adapt this
concept to perform photoredox reactions on organic substrates with the combined
energy input of two red photons instead of blue or UV light. Specifically, a CuI

bis(α-diimine) complex in combination with in situ formed 9,10-dicyanoan-
thracenyl radical anion in the presence of excess diisopropylethylamine catalyzes ca. 50 dehalogenation and detosylation reactions.
This dual photoredox approach seems useful because red light is less damaging and has a greater penetration depth than blue or UV
radiation. UV−vis transient absorption spectroscopy reveals that the subtle change in solvent from acetonitrile to acetone induces a
changeover in the reaction mechanism, involving either a dominant photoinduced electron transfer or a dominant triplet−triplet
energy transfer pathway. Our study illustrates the mechanistic complexity in systems operating under multiphotonic excitation
conditions, and it provides insights into how the competition between desirable and unwanted reaction steps can become more
controllable.
KEYWORDS: photocatalysis, spectroscopy, mechanistic analysis, electron transfer, energy transfer

■ INTRODUCTION
Merging photoredox catalysis with other fields of chemistry has
become increasingly popular over the past decade, including
combinations with transition-metal catalysis,1−7 organocatal-
ysis,8−10 biocatalysis,11−14 electrochemistry,15−19 or asymmet-
ric catalysis.20,21 While an increasing number of photoredox
strategies rely on biphotonic excitation involving the
consecutive absorption of two (visible) photons, combinations
of two independent photoactive catalysts are underex-
plored.22,23 In natural photosynthesis, two separate chlorophyll
molecules called P680 and P700 absorb light with maxima in the
red spectral range at 680 and 700 nm (Figure 1a), and their
combined excitation energy is used to drive an overall reaction
that would be unattainable based on the absorption of a single
visible light quantum.24 The electron transfer chain and the
photoexcitation events in photosystems I and II as drawn in
Figure 1a resemble the letter Z, and consequently have been
termed Z-scheme. In the context of artificial photosynthesis
and photochemical water splitting, many researchers have
made use of the Z-scheme strategy,25,26 but in synthetic
organic photoredox catalysis, this approach seems underex-
plored yet. In the work presented herein, we have sought to
apply the Z-scheme concept to an artificial photoredox system,
operating based on low-energy input radiation (red light) to
catalyze chemical reactions of organic molecules that would
normally require blue or UV illumination. Our principal

motivation was to explore to what extent the mimicry of a
natural photoredox strategy can be applied in a useful manner
to modern photocatalysis. From a more practical viewpoint,
the use of a single photocatalyst absorbing blue or UV photons
looks most straightforward at first glance, yet the consecutive
absorption of two lower-energy photons can be advantageous
because red or near-infrared light causes substantially less
photodamage and has typically much greater penetration depth
into colored solutions in reaction vessels.27−29 Red light
furthermore provides an opportunity to excite photocatalysts
more selectively, to prevent undesirable side reactions.27−30

On the other hand, red photons provide a significantly smaller
amount of energy per photon than blue or UV photons: for
instance, a blue photon with a wavelength (λ) of 410 nm
carries an energy of 3.0 eV, while a red photon with a
wavelength (λ) of 620 nm bears only 2.0 eV. Consequently,
the synthetic opportunities for monophotonic applications
with red light are considerably more limited than with blue
light, due to the lower photonic energy.
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Dual organic photoredox catalysis with two independent
photocatalysts is very rare yet.31,32 Somewhat more common is
the use of systems in which two closely related photocatalysts
collaborate,33,34 including several examples where one of the
two catalysts converts to the other under light irradiation.35−39

In those approaches, however, the photophysical and photo-
chemical properties of the two catalysts cannot be optimized
independently of each other, and a rational method develop-
ment is only possible with limited degrees of freedom. When
using biphotonic excitation strategies, typically a multitude of
(productive and unproductive) mechanistic steps are via-
ble,40,41 making the deliberate tuning of electron transfer,
energy transfer, or triplet−triplet annihilation steps all the
more desirable,22 and this is best possible in a system with two
mutually independent photocatalysts. The exploration of this
strategy seems relevant not only to accomplish new reactions
that were so far unattainable with monophotonic excitation,
but furthermore to perform known reactions that are
thermodynamically demanding with lower-energy input light
than previously possible.22,31

This latter aspect attracted our interest for the present study,
in particular against the background of the recent surge of
interest in red light-driven photocatalysis. As noted above, red
and near-infrared photons have comparatively low energy
content, and therefore monophotonic excitation strategies as
used in the majority of studies performed with red light until
now typically only permit the turnover of activated
substrates.27−30,42−50

For instance, this includes α-brominated ketones (Figure
2a),27,42 the trifluoromethylation of alkenes based on CF3I
(Figure 2b),43,51 the transition-metal co-catalyzed cross-
coupling based on aryl diazonium salts (Figure 2c),28 an
atom transfer radical addition (ATRA) reaction with benzyl
bromide (Figure 2d),52 and the fluoroalkylation of aniline on
the basis of C4F9I (Figure 2e).45 The examples in Figure 2
collectively illustrate the point that until now, red light has
been mostly employed for activated substrates including α-
functionalized ketones, polyfluorinated alkyl iodides, diazo-
nium salts, and benzyl halides. Thus, the development of a
biphotonic excitation strategy to push the limits of what is
thermodynamically possible with red light seemed a worthy
goal to us, in addition to demonstrating a new concept in
photoredox catalysis.
Blue or green light-absorbing photocatalysts are wide-

spread,53−55 whereas alternatives that feature sizeable
extinction coefficients in the red spectral range are less
common.28,42−45,47−49,52 Osmium polypyridyls are a well-
known option,28,56−62 but in the spirit of our research program
geared at the development of new photocatalysts based on
Earth-abundant transition metals,63−65 CuI complexes at-
tracted our attention. Many tetrahedral complexes of this
type have long been known but received much attention for
photoredox catalysis only recently.10,66−74 Most of them
absorb predominantly in the blue or green,72,75−81 whereas
the [Cu(dap)2]+ compound (dap = 2,9-dianisyl-1,10-phenan-
throline, Figure 2f) stands out in its capacity to absorb up to
ca. 650 nm.70,82−84 With its photoactive excited state storing
2.05 eV and an excited-state oxidation potential of −1.4 V vs
SCE,70,83,84 [Cu(dap)2]+ looked like an attractive alternative to
precious OsII polypyridyls and was therefore chosen as the
primary photocatalyst (Figure 1b).
The choice of the secondary photocatalyst was inspired by

recent photoredox studies, in which radical anions (or their
derivatives) were invoked as catalytically active spe-
cies,35,36,85−89 including biphotonic as well as monophotonic
(photoelectrochemical) excitation strategies.16,17,19,90−95 The
radical anion of 9,10-dicyanoanthracene (DCA•−, Figure 1b)
absorbs not only in the blue and green spectral ranges as
exploited previously,35 but furthermore features prominent
bands at 642 and 706 nm.96 Thus, we anticipated that a steady
concentration of DCA•− could be formed upon continuous red
irradiation of [Cu(dap)2]+ in the presence of excess
diisopropylethylamine, and that furthermore DCA•− could be
excited with the same light to reach a highly reactive excited
state (Figure 1b). The respective doublet excited-state lifetimes
of such anion radicals are usually in the subnanosecond time
range and do not permit diffusion-controlled reactions.97−102

We speculated that photoreaction could nevertheless occur
upon long-term irradiation, for example on the basis of
preaggregated DCA•− and substrates.93,103−105

Our study shows that this expectation is fulfilled for ca. 50
examples of dehalogenation and detosylation reactions, which
typically require blue light as energy input. Transient

Figure 1. (a) Z-scheme of bacterial photosynthesis with the two key
chromophores P680 of photosystem II (PS II) and P700 of photosystem
I (PS I). Redox cofactors between P680 and P700 are not shown for
simplicity. P700 is excited in its charge-neutral form and only accepts
an electron from PS II once the photoexcited P700 (*P700) has been
quenched oxidatively by the primary electron acceptor of PS I. (b)
Combination of chromophores used herein for red light-driven
photocatalysis. In a key mechanistic pathway, 9,10-dicyanoanthracene
(DCA) is reduced by the photoexcited CuI complex (dap = 2,9-
dianisyl-1,10-phenanthroline) and is then itself photoexcited.
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absorption studies reveal an unanticipated complexity of the
overall reaction mechanism, yet support the view of the Z-
scheme-like process in Figure 1b as a key contributor.

■ RESULTS AND DISCUSSION
We started our investigation with fluorinated bromobenzoni-
trile (1) as substrate and initially employed a continuous-wave
(cw) laser with an output wavelength of 635 nm and a power
of 500 mW for the photoexcitation. Using 1 mol % of
[Cu(dap)2]Cl along with 10 mol % of DCA (Table 1, entry 1),
we determined a yield of 91% for product 1-P in MeCN-d3
after illumination over 16 h. After 6 h of irradiation under these
conditions, 79% of the starting material 1 was already
consumed (entry 2). Since the cw laser irradiates a
comparatively small area with high excitation density (due to
its collimated beam), a high-power light-emitting diode (LED,
3.8 W) with output wavelengths centered at 623 nm was used

to achieve a more homogeneous irradiation of the reaction
vessel. This resulted in a yield of 86% for 1-P after 6 h (entry
3), and therefore we continued our investigations with this
light source. Analysis of the reaction progress over time
(Supporting Information, Figure S1) revealed that the reaction
dramatically slows once a conversion near 80−85% is reached.
Screening of different additives (see the Supporting
Information, Section 2.3.2) indicated that the addition of 0.5
equiv of cesium carbonate enables essentially complete
conversion of the starting material 1 within 5 h (entry 4).
This added salt can have diverse possible effects (see further
discussion in Section 2.3.3 in the Supporting Information), but
this was not investigated in detail. Control experiments in the
absence of copper catalyst, DCA, sacrificial electron donor, or
light resulted in no conversion of substrate 1 (entries 5−8).
With these optimized conditions, we then investigated

different types of light-driven reactions. Dehalogenations of

Figure 2. (a−e) Previously reported examples of red light-driven transformations.28,42,43,45,52 (f) Photocatalytic system used herein.
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(activated) aryl halides (as a class of frequently used substrates
for reductive transformations)35,36,106,107 served as first bench-
mark reactions. Reductive debrominations of aromatic
substrates (Figure 3) such as benzonitriles (1 and 2),
acetophenone (3), trifluormethylbenzene (4), benzoic ester
(5), and benzothiazole (6) are readily possible in excellent

yields. Furthermore, benzylic debromination (7) as well as
deiodination of aryl substrates without (8) and with electron-
donating substituents (9) are achievable with good to excellent
yields. Unsurprisingly, for the more challenging dechlorina-
tion108 of activated aryl chloride (10) and the debromination
of unactivated naphthyl bromide (11) only comparatively low

Table 1. Optimization of a Photocatalytic Debromination Reaction with Red Light at 20 °Ca

entry [Cu(dap)2]Cl/mol % DCA/mol % solvent additive time/h light source yield (conv.)/%b

1 1 10 MeCN-d3 none 16 635 nm cw laser 91 (91)
2 1 10 MeCN-d3 none 6 635 nm cw laser 79 (79)
3 1 10 MeCN-d3 none 6 623 nm LED 86 (87)
4 1 10 MeCN-d3 0.5 equiv Cs2CO3 5 623 nm LED 95 (99)c

5 0 10 MeCN-d3 0.5 equiv Cs2CO3 5 623 nm LED 0 (0)
6 1 0 MeCN-d3 0.5 equiv Cs2CO3 6 623 nm LED 2 (2)
7 1 10 MeCN-d3 0.5 equiv Cs2CO3 6 623 nm LED 0 (0)d

8 1 10 MeCN-d3 0.5 equiv Cs2CO3 16 no light 0 (0)
aReaction conditions: 25 mM substrate 1 and 20 equiv DiPEA (diisopropylethylamine) in 2 mL of deaerated MeCN-d3. Sample irradiated in a
quartz cuvette under an argon atmosphere at 20 °C. bYields and conversions (in parentheses) were determined by quantitative 19F{1H}-NMR
analysis using 4-fluorotoluene as the internal standard. cAnalysis of solutions under identical conditions in nondeuterated solvent on an analytical
high-performance liquid chromatography (HPLC) setup as a complementary method gave a yield (conversion) of 95% (95%). dReaction
performed in the absence of DiPEA.

Figure 3. Hydrodehalogenation of selected aryl halides by red light-driven photoredox catalysis. Reaction conditions: 25 mM substrate, 1 mol %
[Cu(dap)2]Cl, 10 mol % DCA, 0.5 equiv Cs2CO3, and 20 equiv DiPEA in 2 mL of MeCN-d3 irradiated with a 623 nm high-power LED (Thorlabs
Solis-623C, 3.8 W) under argon at 20 °C. Yields and conversions (in parentheses) were determined by quantitative 19F{1H}-NMR or 1H-NMR
analysis using 4-fluorotoluene or mesitylene as internal standards. aSubstrate concentration lowered to 20 mM.
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conversions and yields were observed. Investigation of a
substrate with an aliphatic iodide (12) furthermore demon-
strated the limitation of our system with respect to reductive
dehalogenation reactions. The lower yield despite longer

irradiation times for aryl chlorides is in line with the reactivity
observed in a previous study that used DCA and white light for
carbon−carbon bond formation reactions between aryl radicals
and suitable radical interceptors.35 For the light-induced

Figure 4. Red light-driven photoredox detosylation of protected phenolic (a) and nitrogen-containing substrates (b). Reaction conditions: 25 mM
substrate, 1 mol % [Cu(dap)2]Cl, 10 mol % DCA and 20 equiv DiPEA in 2 mL of MeCN-d3 irradiated with a 623 nm high-power LED (Thorlabs
Solis-623C, 3.8 W) under argon at 20 °C. Yields and conversions (in parentheses) were determined by quantitative 19F{1H}-NMR or 1H-NMR
analyses using 4-fluorotoluene or mesitylene as internal standards. The experiment with substrate 20 and product isolation was performed on a 220
μmol scale. Further details are in the Supporting Information. aConditions changed to 10 mM substrate, 2 mol % [Cu(dap)2]Cl and 15 mol %
DCA. bSubstrate concentration lowered to 20 mM. cOnly mono-detosylation observed. d5 equiv of DiPEA used.
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Figure 5. Investigations of carbon−carbon bond formation reactions (a); carbon−sulfur (b) and carbon−oxygen (c) bond cleavage reactions as
well as an attempted demesylation reaction (d) using red light-driven photoredox catalysis. Reaction conditions: 25 mM substrate, 1 mol %
[Cu(dap)2]Cl, 10 mol % DCA and 20 equiv DiPEA in 2 mL of MeCN-d3 irradiated with a 623 nm high-power LED (Thorlabs Solis-623C, 3.8 W)
under argon at 20 °C. Yields and conversions (in parentheses) were determined by quantitative 19F{1H}-NMR or 1H-NMR analyses using 4-
fluorotoluene or mesitylene as internal standards. The reactions, in which 44-P and 45-P were isolated, were performed on a 250 μmol scale.
Further details are in the Supporting Information, Section 2.2. aSubstrate concentration lowered to 15 mM.
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reductive dehalogenation, that previous study reported similar
performance as we observe for our [Cu(dap)2]Cl/DCA
system. For example, the previous study reported a yield of
85% for 4-bromobenzonitrile in 5 h with white light,35 whereas
we observe a yield of 95% with red light (Figure 3, substrate
1). Based on this comparison, we expect a comparable
substrate scope of aryl halides for carbon−carbon bond
formation reactions with our catalytic system as in the previous
study.
As a next class of reactions, we investigated detosylations of

phenol substrates. Detosylations have recently been inves-
tigated with other photocatalytic systems, but typically blue
light is needed for these reactions.38,109−112 All detosylation
reactions of phenols with different electron-donating as well as
electron-withdrawing substituents (13−17) resulted in very
high conversions, and NMR yields above 95% within 5 h
(Figure 4a). The double detosylation of naphthalene-diol 18
was possible in 84% yield, although a longer irradiation time of
16 h was needed. For the detosylation reactions explored here,
full conversion was achievable without the addition of Cs2CO3,
contrasting our findings above in the hydrodehalogenation
reactions. This observation suggests that halide anions as
leaving groups interfere with our catalytic system, whereas
byproducts related to tosylates as leaving groups seem to be
less problematic. Indeed, titration of bromide ions to
[Cu(dap)2]Cl without irradiation suggested decreasing stabil-
ity of this complex with increasing bromide concentration (see
the Supporting Information, Section 4.3.5). Furthermore,
anion-induced quenching of the excited state can have a
significant impact on (unproductive) static excited-state
deactivation of [Cu(dap)2]+ and could serve as a reasonable
explanation for the observable reactivity depending on the
leaving group and additive of the reaction.113−116 Due to the
complexity of the overall system, further investigations
regarding this aspect were not performed. A previous study
of reductive dehalogenation with copper(I) photocatalysts did
not observe a reactivity dependence on halide anions resulting
from the dehalogenation reaction.117

In addition to protected phenols, tosylated nitrogen-
containing groups furthermore attracted our attention118 as
an additional class of compounds that might be suitable as
substrates for energy-demanding red light-driven reduction
reactions (Figure 4b). Experiments with unsubstituted (19)
and tert-butyl-substituted carbazoles (20) resulted in excellent
yields, and a carbazole with electron-withdrawing acetyl
substituents (21) also worked very well. Furthermore,
diarylamines with cyano (22), trifluormethyl (23), and
bromo substituents (24) were successfully detosylated with
excellent conversions and yields within 5 h, while a chlorinated
analogue (25) needed an extended irradiation time of 12 h to
achieve similar conversion and yield. Phenoxazine (26) and
di(p-anisyl)amine (27) required significantly longer reaction
times and only comparatively modest product yields were
obtained even after 16 h of irradiation. Aromatic heterocycles
such as imidazoles (28), benzimidazoles (29), and indoles (30
and 31) gave excellent yields, whereas tosylated pyrrole (32)
was deprotected with a considerably lower yield of 67% within
12 h. The red light-driven detosylation reaction was
furthermore extendable to substrates with nonaromatic
substituents attached to the protected nitrogen atom. The
direct comparison of benzyl anilines with a trifluoromethyl
(33) and a methyl group (34) reveals that the electron-
withdrawing trifluoromethyl-substituent is beneficial. A similar

effect is seen for a tosylated acetamide (35), which reacts much
better than more electron-rich methylated (36), butylated (37)
analogues, or the primary aniline 38. A twofold tosyl-protected
aniline (39) reacted selectively to the mono-detosylated
product with very good yields (in line with the observed
poor reactivity of the mono-tosylated substrate 38, which is the
product of this reaction). Moving onward to nonaromatic ring
structures further underscored that electron-withdrawing
ketone functional groups, as in protected lactames (40) or
oxazolidone (41), are beneficial for substrate activation. With
purely aliphatic substrates such as pyrrolidone (42), no
reaction occurred. Protected melatonin (43) was chosen as a
representative example for a substrate bearing several func-
tional groups, and excellent conversion and yield were achieved
within 5 h in this case.
A preparative scale reaction was performed with substrate 20

on a 220 μmol scale (details in the Supporting Information,
Section 2.2) and resulted in 79% of isolated product. Whilst
the focus of our dehalogenations and detosylations was on the
replacement of a functional or protective group by a hydrogen
atom, the involved radical intermediates can in principle also
be trapped by suitable radical interceptors.35,119,120 For
example, N-methylpyrrole 44 and 1,3,5-trimethoxybenzene
45 were used successfully as aryl radical trapping reagents for
substrate 1 with 84% yield of product 44-P and 69% yield of
product 45-P (Figure 5a). Both of these reactions were
furthermore performed on a 250 μmol scale, resulting in
isolated product yields of 77 and 43%, respectively.
Finally, we concentrated on substrates with carbon−sulfur or

carbon−oxygen bonds and explored the possibility of reductive
C−S and C−O bond cleavage reactions (Figure 5b/c). While
substrate 46 reacted smoothly within 5 h, the cleavage of an
anhydride (47) needed prolonged irradiation times of 14 h.
For protected benzoins, tosylates (48) as well as acetates (49)
are both suitable leaving groups in our catalytic system (Figure
5c).121 It is worth mentioning that for substrates 48 and 49 a
cleavage of the C−O bond is observed, unlike in the
detosylation reactions of Figure 4, in which the O−S bonds
are cleaved. In contrast to successful detosylations with
carbazoles, a demesylation reaction (50) is not possible
(Figure 5d).

■ MECHANISTIC INVESTIGATIONS
In catalytic systems relying on biphotonic excitation, the
elucidation of the reaction mechanism is often very challenging
because a multitude of light-induced elementary steps are
usually conceivable. This is the case for example in catalytic
systems operating on the basis of triplet−triplet annihilation
upconversion,122,123 consecutive photoinduced electron trans-
fer mechanisms,123 or two-photon absorption pathways.124

Complete mechanistic study of catalytic systems with two
photoactive species or with two (competing) reaction
pathways is even more challenging.125,126 In exceptional
cases tailor-made systems can give valuable insights into the
biphotonic mechanisms,32,127,128 but this is not (readily)
possible, or not investigated in studies with more synthetically
oriented focus.27,129 In our catalytic system, [Cu(dap)2]+

absorbs up to 650 nm hence transient UV−vis absorption
studies are only viable at longer wavelengths. The copper
catalyst and DCA•− absorb in the same range of the visible
spectrum (see the Supporting Information, Section 4.1), and
therefore selective excitation of either one of these two species
in the presence of the other is not possible, thereby further
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complicating mechanistic studies by time-resolved laser
spectroscopy. This imposes clear limits regarding the level of
detail at which mechanistic investigations can be performed
with our catalytic system.
The mechanistic proposal in Figure 1b involves photo-

induced electron transfer (PET) from [Cu(dap)2]+ to DCA,
and the DCA radical anion as photoexcitable species leading to
substrate activation.35,90,130 However, when considering the
photophysical and photochemical characteristics of the overall
catalytic system, this is not a priori the only possible
mechanistic interpretation of its observable photoreactivity.
In the following, we discuss two different plausible
mechanisms, one based on the above-mentioned initial
photoinduced electron transfer step (PET mechanism in
Figure 6a), and the other based on an initial triplet−triplet
energy transfer (TTET) step between 3MLCT-excited [Cu-
(dap)2]

+ and DCA (TTET mechanism in Figure 6b).
In both mechanisms, initially only [Cu(dap)2]Cl is excited

because this is initially the only species absorbing the red cw
laser or LED light (Figure S5). PET from 3*[Cu(dap)2]Cl to
DCA (step 1 in Figure 6a) is exergonic by 0.5 eV (see the
Supporting Information, Section 4.2.1); hence, DCA•− should
indeed be accessed directly. DiPEA could then reduce the
oxidized copper complex ([CuII]) back to its initial CuI form
(step 2 in Figure 6a), to close the catalytic copper cycle.
An alternative pathway that could lead to the formation

DCA•− is a so-called sensitization-initiated electron transfer as
presented in Figure 6b. This pathway must be considered
because the initial TTET step from 3*[Cu(dap)2]Cl to DCA
to yield 3*DCA (step I in Figure 6b) is exergonic by 0.25
eV.83,84,131 Depending on exact conditions (solvent, ionic
strength), the initial (exergonic) PET and TTET elementary
steps in Figure 6a/b will therefore compete directly with one
another. Based on the triplet energy of DCA (1.8 eV) and its
ground state reduction potential (−0.93 V vs SCE), an excited-
state reduction potential of roughly 0.87 V vs SCE can be
estimated,132,133 which should be sufficient to oxidize DiPEA
(step II in Figure 6b).134 Consequently, if 3*DCA is formed,

then onward reaction to DCA•− via spontaneous electron
transfer from DiPEA seems plausible.
Regardless of whether DCA•− is formed directly via PET

(Figure 6a) or via a sequence of TTET and electron donation
from DiPEA (Figure 6b), the next productive step of the
overall catalytic mechanism must excite DCA•−, ultimately
leading to substrate activation (step 3 in Figure 6a and step III
in Figure 6b) and completion of one catalytic turnover.
Pulsed excitation of an acetonitrile solution of [Cu(dap)2]Cl

(100 μM) at 532 nm in the presence of 500 μM of DCA
(corresponding to the solubility limit) results initially in a
dominant transient absorption band around 590 nm,
corresponding to 3*[Cu(dap)2]+ (green trace in Figure 7a).
At the same time, the characteristic spectroscopic features of
the DCA radical anion with absorption maxima at 642 and 705
nm (the latter wavelength is marked by a vertical green line in
Figure 7a) are already detectable. The same two absorption
bands are observable in the UV−vis spectrum of electro-
chemically generated DCA•− (top trace in Figure 7e). After
longer time delays following the laser pulse (500 ns delay
shown as a brown trace in Figure 7a), a (weak) new absorption
band around 440 nm appears. Based on comparison to the
literature and a reference experiment with sensitized TTET
from [Ru(bpy)3]2+ (bottom trace in Figure S7e), the transient
absorption band at 440 nm in Figure 7a/e is unambiguously
attributable to the lowest triplet excited state of DCA
(3*DCA).135 Evidently, both the PET (Figure 6a) and
TTET (Figure 6b) mechanisms operate in acetonitrile, as
suspected from the outset (see above).
To gain some semiquantitative insight into the relative

importance of these PET and TTET mechanisms, it is useful
to consider the kinetic traces in Figure 7c. Following excitation
of [Cu(dap)2]+ at 532 nm and a time delay of 500 ns,
3*[Cu(dap)2]+ has largely disappeared and the remaining
signals are predominantly due to DCA•− (mΔOD = 23.5 at
705 nm) and 3*DCA (mΔOD = 10.1 at 440 nm). Assuming
that the molar extinction coefficient of DCA•− at 705 nm
(ε705) is 8400 M−1 cm−1 (as reported previously),96 and

Figure 6. (a) Reaction mechanism based on an initial photoinduced electron transfer (PET) step between 3MLCT-excited [Cu(dap)2]Cl and 9,10-
dicyanoanthracene (DCA). Gray circles mark the elementary reaction steps of (1) oxidative quenching of 3*[Cu(dap)2]+ (abbreviated as 3*[CuI])
by DCA, (2) spontaneous reduction of the oxidized copper photocatalyst ([CuII]) by DiPEA, and (3) substrate activation after excitation of the
DCA radical anion. (b) Reaction mechanism based on an initial triplet−triplet energy transfer (TTET) step between 3MLCT-excited [Cu(dap)2]
Cl and DCA. Gray circles mark the elementary reaction steps of (I) TTET, (II) reductive quenching of 3*DCA by DiPEA, and (III) substrate
activation after excitation of DCA•−. The doublet excited state of that radical anion is extremely short-lived,101 and therefore, 2*DCA•− is set in
quotation marks, to emphasize the possibility that the photoreaction could in fact predominantly occur from preaggregated DCA•−/substrate
encounter complexes, or could even involve some DCA photodegradation products.
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further assuming that the molar extinction coefficient of
3*DCA at 440 nm (ε440) is 9000 M−1 cm−1,135 one estimates
maximum concentrations of 2.80 μM for DCA•− and 1.12 μM
for 3*DCA. The simple comparison of these two concen-
trations suggests that the PET mechanism of Figure 6a
contributes to roughly 70%, whereas the TTET mechanism of
Figure 6b contributes to approximately 30% under these
conditions in acetonitrile. This crude estimation is associated
with considerable uncertainty, given the experimental limi-
tations of the catalytic system and considering certain
simplifications implicit to the above analysis (see the
Supporting Information, Section 4.3 for details). However,
the key point is that the PET mechanism (Figure 6a) is
dominant, whereas the TTET is less relevant in acetonitrile.
Analogous experiments performed under the same con-

ditions in acetone yielded the opposite result (Figure 7b/d). In
this solvent, the maximum transient absorbance and
consequently the concentration of DCA•− (green trace
detected at 705 nm) is clearly lower than that of 3*DCA

(violet trace detected at 440 nm). A direct comparison to
reference spectra is provided in Figure 7e, indicating a
dominant energy transfer pathway and less contribution from
direct electron transfer. Using the same analysis as described
above, we estimate that the TTET mechanism now dominates
with about 70% over the PET mechanism, which contributes
with roughly 30% to the photoreaction of the excited copper
complex. Thus, the data in Figure 7 illustrate that even subtle
changes in the reaction conditions (here a change in solvent
from acetonitrile to acetone) can lead to a change in the
dominant mechanistic pathway.136 This does not lead to a
drastic change in the observed overall chemical reactivity in
our system (for dehalogenation reactions in acetone, see the
Supporting Information, Table S1), presumably because both
mechanisms of Figure 6 are similarly productive, as they both
ultimately lead to DCA•− as key species.
Based on steady-state and time-resolved luminescence

quenching experiments (Figures S18−S20), the rate constant
for the initial reaction step leading to deactivation of the

Figure 7. [Cu(dap)2]Cl (100 μM) in deaerated acetonitrile (a) and in deaerated acetone (b) was excited at 532 nm (30 mJ) in the presence of
DCA (500 μM), and transient UV−vis absorption spectra were recorded with different time delays after the laser pulse (see insets), time-integrated
over 200 ns. Kinetic traces over the first 9 μs after the laser pulse monitoring the transient absorption signals at 440 nm (main contribution from
3*DCA, violet traces) and 705 nm (main contribution from DCA•−, green traces) for the same solutions as in (a) and (b) are presented in (c) for
acetonitrile and in (d) for acetone. A comparison of the spectral traces recorded with a delay of 500 ns from (a) and (b) in both solvents (red
traces, middle) to the electrochemically generated DCA•− reference in acetonitrile (top) and the transient signals of 3*DCA reference generated by
energy transfer from [Ru(bpy)3]2+ in acetonitrile are presented in (e). Further details are provided in the text and in Section 4.1 in the Supporting
Information.
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3MLCT-excited state of [Cu(dap)2]+ is on the order of ∼(6−
7) × 109 M−1 s−1 in both acetone and acetonitrile (details in
the Supporting Information, Section 4). This rate constant is
roughly a factor of 2 below the diffusion limit for bimolecular
quenching in acetonitrile (2 × 1010 M−1 s−1) at 20 °C.131 Our
luminescence quenching experiments with [Cu(dap)2]+ and
DCA revealed a static component in addition to the dynamic
quenching, suggesting that the PET and TTET elementary
steps can also occur in preaggregated [Cu(dap)2]+/DCA
adducts (see the Supporting Information, Section 4.3.2).137 A
more detailed analysis of the rate for formation of DCA•− and
3*DCA tentatively points toward a static quenching mecha-
nism for the initial PET step, while for the TTET step a
dynamic quenching step is detectable (Supporting Informa-
tion, Section 4). Control experiments with substrate 1 or
DiPEA as a quencher for excited [Cu(dap)2]+ result in rate
constants of 7 × 106 M−1 s−1 or even below 106 M−1 s−1,
respectively. For the synthetically relevant DiPEA (0.5 M) and
substrate concentrations (25 mM), this results in pseudo-first-
order rate constants of 5 × 105 and ∼2 × 105 s−1, both being
substantially below the pseudo-first-order rate constant for the
reaction of 3*[Cu(dap)2]+ with 0.5 mM DCA (∼(6−7) × 109

M−1 s−1 × 0.0005 M = ∼(3−4) × 106 s−1). This short analysis
confirms that direct oxidative quenching by the substrate and
reductive quenching by the sacrificial donor are not kinetically
competitive with the PET and TTET steps in Figure 6.
In the PET mechanism, the copper catalyst is recovered with

the sacrificial electron donor (step 2 in Figure 6a) while in the
sensitized TTET mechanism [Cu(dap)2]+ is not redox-active
and 3*DCA is quenched by DiPEA (step II in Figure 6b). In
the following, we focus on these reactions with the sacrificial
electron donor. By monitoring the kinetics of the UV−vis
transient absorption signal associated with [Cu(dap)2]

2+ at 380
nm (Supporting Information, Figure S26 and Section 4.3.3) as
a function of DiPEA concentration in acetonitrile, a rate
constant of ∼1 × 107 M−1 s−1 is determined for electron
transfer from DiPEA to [Cu(dap)2]2+. An analogous experi-
ment monitoring the reduction of 3*DCA by DiPEA in
acetone provided a rate constant of 2.5 × 106 M−1 s−1 (Figure
S25). Evidently, both of these rate constants are substantially

below the diffusion limit, which likely reflects the fact they
both occur with only small driving forces.
The last step of our proposed catalytic cycle is the substrate

activation by 2*DCA•− (step 3 in Figure 6a, and step III in
Figure 6b). While earlier studies reported a lifetime in the
range of several nanoseconds for 2*DCA•−,138,139 this was
questioned later, and in particular the luminescence of
2*DCA•− was doubted. Lifetimes on the picosecond timescale
seem more realistic for 2*DCA•−,101,140−142 in line with the
excited-state lifetimes reported for other radical
anions.97,102,143−145 Furthermore, concerning the reactivity
and stability of DCA•−, a variety of very different observations
were reported in the literature, including claims of reasonably
good stability of DCA•−,146 as well as observations of
comparatively rapid degradation reactions with the solvent,
reaction intermediates or oxygen.140,147−149 Overall, the
stability and reactivity of DCA•− seem to be highly dependent
on the actual conditions in solution, and it seems that these
aspects are sometimes overlooked. In our catalytic system, it
seems plausible that DCA•− accumulates over time as a result
of [Cu(dap)2]Cl irradiation in the presence of excess DiPEA.
Consequently, after some time, the two proposed catalytic
cycles in Figure 2f are effectively decoupled. Given the very
short lifetime of 2*DCA•− it seems furthermore plausible that
preassociation between DCA•− and substrate might play an
important role in successful product formation,103,150,151 and
we cannot rigorously exclude the possibility that some of its
photodegradation products interfere in the overall mecha-
nism.99,102,141,149,152 Under cw laser irradiation of [Cu(dap)2]+

at 635 nm with a power of 500 mW, our photocatalytic system
exhibits reasonably good stability (Supporting Information,
Section 4.3.5). Indirect analysis of the substrate activation step
in our photocatalytic system revealed conversions of over 80%
for substrates with reduction potentials below −2.3 V vs SCE
and a notable decrease for substrates with more negative
reduction potentials. This observation seems in good agree-
ment with the estimated excited-state reduction potential of
−2.6 V vs SCE for 2*DCA•− (see the Supporting Information,
Section 4.3.4 for details).101

Figure 8. On a timeline, different multiphotonic mechanistic strategies for photoredox catalysis with visible light are assigned to the year within the
last decade, in which they became popular (top) and when these were adapted to systems with red or near-IR light excitation (bottom).22 In the
years 2014,36 2015,122 2016,31 2017,153 2018,32 and 2019,33,126 different mechanisms were reported with blue and green excitation light
(background color classifies the excitation light color), while in 2019, an example with red to near-IR irradiation was reported.27
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In summary, the two mechanisms in Figure 6 contribute to
different extents in different solvents, and furthermore, other
photoactive species related to the copper complex or DCA
could contribute to the overall reaction.147−149 One specific
possibility not discussed here is for example triplet−triplet
annihilation upconversion of 3*DCA•− to yield 1*DCA•−,
followed by reduction of the latter with DiPEA. The PET
versus TTET competition illustrated in Figure 6 captures
however the main essence of the [Cu(dap)2]Cl/DPA dual
photoredox system.

■ SUMMARY AND CONCLUSIONS
The concept of dual photocatalysis (Figure 1b), in which two
different photoredox catalysts are combined, allows the use of
red light for thermodynamically demanding reduction
reactions. Roughly 50 examples of chemical transformations
including dehalogenations of aryl halides, detosylations, as well
as carbon−carbon bond formations illustrate the good catalytic
performance of the [Cu(dap)2]Cl/DCA couple. Our approach
of mimicking the Z-scheme of natural photosynthesis (Figure
1) pools the energy of two red photons, and consequently the
scope of chemical transformations that can be driven by red
light is considerably broadened beyond the current state of the
art (Figure 2). Multiphoton excitation-based mechanisms that
rely on red light are yet very rare (lower part of Figure 8),27

and most studies performed in this context until now relied on
blue or green light (upper part of Figure 8).22

Mechanistic studies of the different reaction types in Figure
6 are particularly tricky because several different (competing)
reaction pathways are usually opened up by multiphoton
excitation.111,120,154−156 Our study illustrates this aspect quite
clearly. In the initial photoinduced elementary step, electron
transfer and triplet−triplet energy transfer compete with one
another as seen unambiguously in transient absorption
spectroscopy (Figure 7), and while the electron transfer
process dominates in acetonitrile, triplet−triplet energy
transfer becomes dominant in acetone. Since both of these
elementary reaction steps ultimately lead to the formation of
the key catalytic species (DCA•−), this does not affect the
overall catalytic performance. For other photocatalytic systems,
it is however conceivable that a subtle change of conditions
activates unproductive or counterproductive reaction steps,
and this could then drastically affect the reaction outcome and
yield. Our study furthermore illustrates the point that a
photoredox reaction does not necessarily follow a single
mechanism, but that in fact multiple mechanisms can run in
parallel and all contribute to product formation. The more
complex the photocatalytic systems become, the more likely
this probably gets.136,157,158

The combination of [Cu(dap)2]+ and DCA complements
and expands the known photochemical applications of these
two ind i v i dua l componen t s when u s ed s epa -
rately.68,77,83,89,117,159−167 Red light-driven applications play
important roles in other important contexts, for example,
hydrogen production,47 ,48 ,168 ,169 medical applica-
tions,158,169−173 and polymerizations.174−178 Now, red light
as well as multiphoton excitation-based mechanisms seem to
become of increasing interest for synthetic organic photoredox
chemistry,50,126,179−181 and we hope the insights gained from
our work will be useful in that greater context.
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Chapter 5

Sensitizer-Controlled Photochemical

Reactivity

5.1 Oxidative Substrate Activation via Upconversion

5.1.1 Concept and Design Principle

On the basis of our results with [Cu(dap)2]+ and DCA for reductive substrate activation in the
presence of a sacrificial electron donor with red light irradiation (Chapter 4),[504] the second
part of this project focuses on a change of the reaction mechanism towards oxidative substrate
activation. In the previous study, we intended to use the highly reducing excited state of
DCA•−, with an estimated excited-state oxidation potential lower than -2V vs SCE. On the
other hand, for the population of its singlet excited state (1*DCA) a reduction potential
of almost +2V vs SCE is accessible.[2] Indeed, the mechanistic analysis with the copper
complex revealed contributions from photoinduced electron transfer as well as sensitized
triplet-triplet energy transfer for the excited-state quenching with DCA as quencher.[504] In
the presence of N,N -diisopropylamine (DiPEA) a direct quenching of the triplet state also
leads to DCA•−, but in absence of a sacrificial electron donor (weak) upconverted emission of
1*DCA has been detected.[504] The phenomenon itself is not very surprising for a substituted
anthracene derivative,[174,407] although this has never been investigated with DCA to the
best of our knowledge. Conceptually interesting, this observation implies that sensitization-
initiated triplet-triplet annihilation upconversion to (ineffectively) populate 1*DCA is in
principle possible using the same conditions as for the reduction reactions in the absence of
the sacrificial electron donor. The photoinduced reactivity from the singlet excited state of
DCA has been investigated for various applications under blue light irradiation and several
examples are discussed in section 4.1.2 of Chapter 4.[2] Hence, with a suitable sensitizer
– in the absence of a sacrificial electron donor – a sTTA-UC pathway would change the
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substrate-activating intermediate and enable an oxidative substrate activation step instead of
a reductive substrate activation step, while returning from two photocatalysts to a combination
of a photocatalyst (sensitizer) and a co-catalyst (annihilator). Furthermore, these findings
imply that this mechanistic pathway might also be accessible with red light irradiation.
Obviously, contributions of excited-state energy transfer as well as electron transfer for the
quenching of 3*[Cu(dap)2]+ by DCA are not ideal to effectively and selectively generate
1*DCA. Two different approaches to favour the formation of 3*DCA (and subsequently
populate 1*DCA via triplet-triplet annihilation upconversion) are considerable: First of
all, building on the spectroscopic results with [Cu(dap)2]+– where a change of the solvent
changes the relative contributions of both quenching pathways – under suitable conditions the
desired energy transfer pathway might become dominant and essentially the only quenching
pathway. Secondly, a thoughtful change of the primary photocatalyst could potentially
thermodynamically disfavour an energy transfer to DCA and result in a clean energy transfer
to selectively populate 3*DCA. The latter reactivity would lead to a sensitizer-controlled
change of the mechanism and this new approach seemed interesting for further investigations.
In this part of the project, an upconversion system with an osmium-based sensitizer has been
investigated to achieve an oxidative substrate activation in overall redox-neutral reactions
under red light irradiation. The results are discussed hereafter.

5.1.2 Oxidative Substrate Activation in Multi-Photonic Mechanisms

The envisioned reaction mechanism of sTTA-UC explained in the previous subsection results
in formation of 1*DCA as possible reactive intermediate for substrate oxidation in a reductive
quenching step. Interestingly, oxidation reactions or redox-neutral reactions that start with a
substrate oxidation have been hardly considered within the mechanistic community and mainly
received attention in very recent studies.[312,313] Based on the huge variety of light-driven

Figure 5.1: Conceptual overview of substrate activation steps with monophotonic excitation (top)
and biphotonic excitation in photoredox catalysis. Reductive substrate activation and substrate
oxidation with one photon per catalytic turnover are well-established procedures,[2,6,37,505] while
biphotonic excitation for substrate oxidation is less explored.[312–314]
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reactions with monophotonic mechanisms, it appears indeed surprising that the main focus
for applications with multi-photon excitation has been on reductive transformations and
especially dehalogenation reactions (Figure 5.1). There seem to be several possible reasons
relevant for this: First of all, many oxidation reactions are performed in the presence of
air or oxygen as sacrificial electron acceptor, offering a possible triplet state deactivation
pathway and the formation of singlet oxygen. Furthermore, oxygen might react with catalyst
intermediates and prevent the multi-photonic pathways.[314] Secondly, while for photocatalytic
reductions dehalogenations have been found as good benchmark reactions with readily available
substrates over a large range of different reduction potentials, there is no similar substrate
class for oxidation reactions. As a third point, especially the catalyst classes of acridinium and
pyrylium structures offer modular scaffolds that can be excited with blue or green light and
reach excited-state oxidation potentials above +2 V vs SCE.[72,506] Hence, improvements are
typically tackled with new catalyst designs rather than the development of new mechanistic
pathways.[461]

Our new catalyst combination intends to show that with a suitable system also substrate
oxidation is possible and applications apart from well-investigated reduction reactions (e.g.
dehalogenations) can be achieved with multi-photonic mechanisms.

5.1.3 Osmium Complexes in Photoredox Catalysis

In contrast to the well-known [Ru(bpy)3]2+-complex[107,509,510] – as the structural archetype of
a broader class of octahedral RuII complexes with a 4d6 electron configuration and modified
polypyridine ligand-structures[103,511,512] – its analogue 5d metal complexes with OsII have
been much less explored for photoredox catalysis up to now.[22,139,513] In fact, the quantum
yield (Φem) around 1 %, the triplet energy of 1.8 eV and excited-state lifetimes (τ) for the
emissive 3*MLCT state below 100 ns of [Os(bpy)3]2+ (Figure 5.2a)[507,508] seem comparably
low compared to the properties of [Ru(bpy)3]2+ (Φem = 9.5%, τ em = 1.1 µs and ∼2.1 eV of
energy stored in the excited state in acetonitrile).[1,107,200] However, with modified ligands
(e.g. terpyridines) significantly longer lifetimes of several hundred nanoseconds (e.g. 281 ns
for [Os(tpy)3]2+ in acetonitrile) with similar quantum yields (0.95%) as for [Os(bpy)3]2+ (see
Figure 5.2) have been reported.[514,515] Interestingly, for this particular tridentate polypyridine
ligand the corresponding RuII complex exhibits a fast excited-state deactivation with a
picosecond lifetime of its practically not luminescent 3*MLCT state.[516,517] Recently the
group of Rovis investigated (substituted) [Os(tpy)2]2+ complexes for NIR photoredox catalysis
(Figure 5.2b).[115] Next to polymerisations and photoredox catalysis also metallaphotoredox
catalysis was successfully investigated with these complexes (Figure 5.2b).[115] Apart from
this recent publication osmium complexes seem underexplored as photo(redox) catalysts up
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Figure 5.2: a) Main photophysical properties of [Os(bpy)3]2+.[507,508] b) Selected examples for
light-driven reactions with osmium polypyridine complexes.[115] Redox potentials are given in V vs
SCE. Exact structures of the photocatalysts are specified in the corresponding publications. tpy =
terpyridine.

to now, presumably due to the typically slightly lower energy in the excited state compared
to [Ru(bpy)3]2+ as well as the huge reputation of the ruthenium complexes.

5.2 Results

Anthracene derivatives are well known as annihilator for sTTA-UC to the blue to green
spectral range.[168,169,177,197,407,518–521] In many systems with yellow to near-infrared light
sources porphyrine and phtalocyanine structures or osmium complexes have been chosen as
sensitizer.[183,193–195,330,515,522,523] For our system we envisioned the use of sensitized triplet-
triplet annihilation upconversion by combining [Os(bpy)3]2+ and DCA to perform transforma-
tions using 1*DCA for an oxidative substrate activation step with a biphotonic mechanism.
This combination allows the use of two red photons for transformations that would normally
require blue photons. In a first step the upconversion system was characterized and sTTA-UC
quantum yields and the rate constants of all relevant steps were determined. In a second
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Figure 5.3: Summary of the reaction mechanism proposed in this study. The sensitization-initiated
electron transfer mechanism via triplet-triplet annihilation upconversion with [Os(bpy)3]2+ ([Os])
as sensitizer and DCA as annihilator is shown for the isomerisation of cis-stilbene. Description of
measurements colour-coded to the elementary steps involved in the specific spectroscopic analysis.
Grey annotations refer to possible side pathways. Dashed lines indicate measurements that were not
investigated in detail within this study. ET = electron transfer, EnT = energy transfer.

part, four different transformations were analysed, namely the isomerisation of a stilbene, a
[2+2]-cycloaddition, a Newman-Kwart rearrangement as well as an ether-to-ester rearrange-
ment. The effects of salt and redox mediators were investigated for the individual reactions
to improve the overall performance of the system. Furthermore, spectroscopic measurements
provide new insights into possible deactivation pathways that might be helpful for new designs
in the future. Our investigations here together with the results from chapter 4 provide an
example of how a change of catalysts in a combined system of two photocatalysts can be tuned
to use different mechanisms and perform different reactions in a multi-photonic excitation
approach. Furthermore, it highlights a possible pathway to use underexplored catalysts like
luminescent osmium-based metal complexes, with limited energy stored in the excited state,
to extend the achievable applications with multi-photonic reaction pathways.
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Publication

A paper summarizing the main results of this project has been published: Chem. Sci., 2023,
14, 149 – 161.
The main paper is included hereafter. Supporting information with further graphs and figures
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Sensitizer-controlled photochemical reactivity via
upconversion of red light†

Felix Glaser and Oliver S. Wenger *

By combining the energy input from two red photons, chemical reactions that would normally require blue

or ultraviolet irradiation become accessible. Key advantages of this biphotonic excitation strategy are that

red light usually penetrates deeper into complex reaction mixtures and causes less photo-damage than

direct illumination in the blue or ultraviolet. Here, we demonstrate that the primary light-absorber of

a dual photocatalytic system comprised of a transition metal-based photosensitizer and an organic co-

catalyst can completely alter the reaction outcome. Photochemical reductions are achieved with

a copper(I) complex in the presence of a sacrificial electron donor, whereas oxidative substrate activation

occurs with an osmium(II) photosensitizer. Based on time-resolved laser spectroscopy, this changeover

in photochemical reactivity is due to different underlying biphotonic mechanisms. Following triplet

energy transfer from the osmium(II) photosensitizer to 9,10-dicyanoanthracene (DCA) and subsequent

triplet–triplet annihilation upconversion, the fluorescent singlet excited state of DCA triggers oxidative

substrate activation, which initiates the cis to trans isomerization of an olefin, a [2 + 2] cycloaddition, an

aryl ether to ester rearrangement, and a Newman–Kwart rearrangement. This oxidative substrate

activation stands in contrast to the reactivity with a copper(I) photosensitizer, where photoinduced

electron transfer generates the DCA radical anion, which upon further excitation triggers reductive

dehalogenations and detosylations. Our study provides the proof-of-concept for controlling the

outcome of a red-light driven biphotonic reaction by altering the photosensitizer, and this seems

relevant in the greater context of tailoring photochemical reactivities.

Introduction

Conventional photoreactions typically aim at one catalytic
turnover per absorbed photon, but recently many new applica-
tions of multi-photon excitation strategies in photoredox
catalysis were developed.1 In these cases, two (or more) photons
are required per catalytic turnover, but thermodynamically
unusually challenging reactions become accessible as a result of
the combined energy input from multiple photons. Most
systems investigated in this context operate on the basis of
a single photocatalyst, for example involving consecutive
photoinduced electron transfer (conPET),2–10 photoionization
processes,11,12 structural in situ catalyst modications,13–15 or
light-driven catalyst recovery.16,17 The combination of a photo-
redox catalyst with a co-catalyst is less common,18,19 and
combinations of two photoactive catalysts are yet very
scarce.20,21,22,39

Sensitized triplet–triplet annihilation upconversion (sTTA-
UC) is an attractive approach to combining the energy input

of multiple photons.1,23–25 In this case, the co-catalyst (the so-
called annihilator) is not directly excited, but instead its
lowest triplet excited state is formed via triplet–triplet energy
transfer (TTET) from the primary photosensitizer and then the
annihilator's uorescent singlet excited state is populated by
triplet–triplet annihilation. That singlet excited state can either
activate the substrate directly, or it can be quenched by sacri-
cial electron donors to yield a radical anion, which subse-
quently engages with the substrate.24 Direct photo-excitation of
the respective singlet excited state of the annihilator would
typically require ultraviolet excitation, and consequently the
main advantage of the sTTA-UC strategy is that much lower-
energy input radiation can be employed. In the recent past,
different upconversion systems relying on blue,24,26,27 green,28–30

red,31 or near-infrared excitation sources32–35 were developed for
applications in photo(redox) catalysis. With rare exceptions,33

mainly reductive dehalogenations have been reported until
now, typically in the presence of a sacricial amine donor,
sometimes complemented by a radical trapping reagent. This
limited reaction scope stands in contrast to the very large
diversity of light-driven reactions relying on monophotonic
mechanisms.36 It seems surprising that almost exclusively
reductive substrate activations have been investigated so far by
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multi-photonic excitation mechanisms, whereas only few
oxidative transformations have been targeted.37,38

Recently, we reported a new strategy for reductive dehalo-
genations and detosylations based on red light irradiation
(Fig. 1h) by combining [Cu(dap)2]

+ (dap = 2,9-dianisyl-1,10-
phenanthroline) together with 9,10-dicyanoanthracene
(DCA).39 The involved mechanism resembled the Z-scheme of
natural photosynthesis, and this represents a potentially widely
applicable concept for multi-photonic catalysis. In this previous
study, photoinduced electron transfer from [Cu(dap)2]

+ gener-
ated DCA radical anions (DCAc−), which engaged in reductive
substrate activation upon further excitation. In the present
study, we targeted oxidative substrate activations from the
uorescent singlet excited state of DCA (1*DCA), which has
a very high oxidation potential of +1.99 V vs. SCE.40 There have
been many previous reports on photocatalytic applications of
DCA41–49 and related cyanoarenes,40 though usually involving
direct ultraviolet or blue excitation. Here, we targeted the
formation of 1*DCA via upconversion of red light, to accomplish
chemical transformations requiring high oxidative potentials,
contrasting our recent studies, in which excitation of DCAc− led
to thermodynamically challenging reductions under red irra-
diation.39 In other words, the goal was to completely reverse the
photoredox reactivity of a biphotonic reaction system with DCA
a key catalytic component.

The idea of controlling and switching the reaction outcome
by changing the conditions in photo(redox) catalysis has ob-
tained attention mostly for monophotonic mechanisms until
now.50 For example, the change of the photocatalyst from
[Ru(bpy)3]

2+ to fac-[Ir(ppy)3] led to different products for the
reaction of triuoromethyl iodide with an alkyne (Fig. 1a).51 In
other studies, the reaction conditions rather than the catalyst
played a key role in controlling the change of the formed
photoproducts, for example the reaction time (Figure 1b),52 the
temperature (Figure 1c),53 the use of additives (Figure 1d),54 or
co-catalysts (Fig. 1e).55 Furthermore, a change of the excitation
wavelength (Fig. 1f)5 and the irradiation light intensity
(Fig. 1g)56 have been found to alter the achievable photoreac-
tions by switching between monophotonic and biphotonic
excitation. However, apart from these two latter examples,
divergent photochemical reactivities of biphotonic systems
have been less in focus,12 presumably due to their inherently
high overall complexity.

Against this background, we were curious whether we could
revert the reactivity of the photosensitizer/DCA combination
from the previously observed highly reducing behaviour
(involving DCAc−), to strong oxidizing reactivity (based on
1*DCA) as noted above, while keeping red light as a low-energy
irradiation source. We envisioned that sTTA-UC would give
access to the strongly oxidizing 1*DCA, which should be readily
possible with red light given the low triplet energy of ∼1.8 eV of
3*DCA.57 Thus, instead of the previously exploited photoinduced
electron transfer (PET) from [Cu(dap)2]

+ to DCA,39 we targeted
TTET as an initial elementary reaction step, and this required
a different primary photosensitizer which replaces [Cu(dap)2]

+.
In other words, we aimed to actively change the mechanism of
a biphotonic reaction by altering the photosensitizer (Fig. 1h).

Detailed mechanistic insight into all light-driven reaction steps
is the key to understanding observable photochemical
reactivities,24,58–68 and here such understanding provides the
basis for the targeted active reaction control.

Fig. 1 (a–g) Previously reported examples of light-driven reactions
with changes of reaction conditions to achieve different photo-
chemical reaction outcomes, mostly relying on monophotonic (blue
or green) excitation.5,51–56 (h) Our work on reductive substrate activa-
tion39 and oxidative substrate activation with red light (this work).
Depending on whether the primary photosensitizer is a CuI or an OsII

polypyridine complex, different biphotonic reaction mechanisms are
operative, and either very negative reduction potentials (left) or very
positive oxidation potentials are accessible (right).

150 | Chem. Sci., 2023, 14, 149–161 © 2023 The Author(s). Published by the Royal Society of Chemistry
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The number of photocatalysts with suitable absorption
properties in the red spectral range is somewhat limited,31,69–72

and we chose a well-known polypyridyl complex of osmium(II)
from as class of robust sensitizers that have been used
successfully for triplet–triplet annihilation previously.73–79 In
combination with DCA, the change from [Cu(dap)2]

+ to
[Os(bpy)3]

2+ as a primary light absorber completely alters the
photochemical reactivity of the system. With the copper(I)
sensitizer in the presence of a sacricial electron donor, we
observed the reductive activation of substrates requiring
potentials below −2.0 V vs. SCE, whereas with the osmium(II)
sensitizer the oxidative activation of substrates requiring
potentials close to +2.0 V vs. SCE is achievable. The specic
reactions explored herein are four different overall redox-
neutral reactions that all rely on an initial light-induced
substrate oxidation step initiated by 1*DCA (Fig. 1h).

Results and discussion
Triplet–triplet annihilation upconversion

In a rst set of experiments we explored whether the combi-
nation of DCA and [Os(bpy)3]

2+ is indeed suitable for our
purposes. In principle, sTTA-UC is well established for many
anthracene derivatives,76,80–83 and TTET from [Os(bpy)3]

2+ to
DCA is expected to be thermodynamically viable based on the
relevant triplet energies.39,57 On the other hand, a more thor-
ough analysis suggests that photoinduced electron transfer
could in principle compete (detailed discussion in Section 4.2.2
of the ESI†), hence the anticipated TTET (and ensuing upcon-
version) reactivity cannot be taken for granted. Transient UV-vis
absorption spectroscopy provides unambiguous evidence for
3*DCA as the only detectable photoproduct formed directly
upon quenching of [Os(bpy)3]

2+, hence TTET is clearly the
dominant reaction pathway of excited 3*[Os(bpy)3]

2+. In the
following, the TTA upconversion properties were investigated in
acetonitrile, acetone and dichloromethane. Less polar solvents
were not considered due to anticipated challenges associated
with photoinduced charge separation and enhanced exciplex
formation (see below).84–91

The choice of solvent can play an important role for the
performance of an upconversion system,92–94 and in our case
solubility issues had to be considered. In very polar solvents, the

solubility of DCA decreases, while in more apolar solvents the
charged osmium(II) complex becomes less soluble. The solu-
bility of the DCA annihilator is the more important factor, due
to the higher concentrations needed of this component in
comparison to the sensitizer.

The rate constants for energy transfer from 3*[Os(bpy)3]
2+ to

DCA (kTTET) and for the triplet–triplet annihilation (kTTA) are
both largely independent on the solvent (Table 1). Due to the
abovementioned differences in solubility and different excited
state properties of the osmium(II) sensitizer (e.g. the lifetime s0
change from 94 ns in dichloromethane to 61 ns in acetonitrile),
a direct comparison of the determined upconversion quantum
yield (FsTTA-UC) in different solvents is not straightforward.
However, a clear trend to better upconversion quantum yields in
less polar solvents is found. Specically, the respective quantum
yield is∼1.5% in dichloromethane (with respect to a theoretical
maximum of 50%, Fig. 2a and b) whereas in acetone and
acetonitrile values of ∼0.13% and ∼0.22%, respectively, are
achievable (Table 1). The main reason for these discrepant
FsTTA-UC values is most likely the substantially higher solubility
of DCA in dichloromethane, leading to more efficient excited-
state quenching of the osmium(II) sensitizer by TTET. Even in
the case of dichloromethane with 3 mM of dissolved DCA (used
for the determination of FsTTA-UC in Table 1), less than 50% of
3*[Os(bpy)3]

2+ is quenched (kTTET$[DCA]/(kTTET$[DCA] + s0
−1) =

(3 × 109 M−1 s−1 × 3 mM)/(3 × 109 M−1 s−1 × 3 mM + (94 ns)−1)
z 46%). Thus, the solubility of DCA limits the overall achiev-
able upconversion quantum yield (further discussion in Section
4.3.3 of the ESI†). In the other investigated solvents, the DCA
solubility is only ∼0.5 mM (Table 1), and consequently the
resulting TTET efficiency is further diminished.

As expected for a biphotonic process, a quadratic depen-
dence of the DCA upconversion uorescence intensity on the
excitation power density is found (Fig. 2c, blue). At elevated
excitation power densities, the change towards an approxi-
mately linear regime with a slope of 1.35 on a double loga-
rithmic scale (Fig. 2c, red) indicates that the so-called strong
annihilation limit is reached. From the intersection between
the (approximately) quadratic and linear ts, a threshold of
∼1.65 W cm−2 can be estimated. A reference experiment
without annihilator revealed almost perfectly linear power

Table 1 Summary of different photophysical properties of the sTTA-UC system comprised of [Os(bpy)3]
2+ and DCA in different solventsa

Solvent kTTET/M
−1 s−1 kTTA/M

−1 s−1 [DCA]/mM lex/nm FsTTA-UC
b/% DEb/eV

Acetonitrile 4 × 109 6.9 × 109 0.5 635 ∼0.22 0.88
705 ∼0.10 1.06

Acetone 4 × 109 6.4 × 109 0.5 635 ∼0.13 0.88
705 ∼0.15 1.08

Dichloromethane 3 × 109 6.7 × 109 3 635 ∼1.5 0.73
705 ∼1.4 0.92

a The data were recorded in de-aerated solvents. Details for the determination of the triplet–triplet energy transfer rate constant kTTET, the triplet–
triplet annihilation rate constant kTTA, the sensitized triplet–triplet annihilation upconversion quantum yield FsTTA-UC and the apparent pseudo
anti-Stokes shis DE are in the ESI in Sections 4.2 and 4.3. b The pseudo anti-Stokes shi and the upconversion quantum yield were
determined using the concentrations of DCA indicated in the table. The concentration of [Os(bpy)3](PF6)2 was different for excitation with a 635
nm cw laser (20 mM) and a 705 nm cw laser excitation (50 mM).

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 149–161 | 151
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dependence of the prompt osmium(II) photoluminescence with
a slope of 0.97 (Section 4.3.2 in the ESI†).

In all three investigated solvents (weak) excimer emission is
detectable under upconversion conditions, manifesting in an
emission band extending up to ∼650 nm (ESI, Section 4.3.2†).
In acetonitrile and acetone the highest-energy DCA uorescence
peak around 440 nm (corresponding to the 0–0 transition) is
clearly detectable under upconversion conditions, whereas in
dichloromethane this band is not detectable anymore due to
inner lter effects caused by the higher concentration in this
solvent (Fig. 2a).95 Thus, the delayed uorescence band
maximum in dichloromethane corresponds to the rst vibra-
tional progression member of the prompt DCA uorescence
and consequently, the apparent pseudo anti-Stokes shi for
dichloromethane is 0.73 eV, while in acetone and acetonitrile
the emission maximum is 0.88 eV higher in energy than the
excitation wavelength (Table 1, see ESI Section 4.3.2† for
details). Using excitation at 705 nm instead of 635 nm, similar
upconversion quantum yields FsTTA-UC remain achievable
(Table 1),34 but now pseudo anti-Stokes shis over 1 eV result
(Table 1). While systems with signicantly better upconversion
quantum yields are known,80,96–102 our apparent pseudo anti-
Stokes shis are close to current state of the art.31,76,94,98,101,103,104

Since the highest upconversion quantum yield was obtained
in dichloromethane, the long-term photostability was studied
in this specic solvent (Fig. 2d). Irradiation over 5 hours
revealed that our photosensitizer/annihilator combination is
very robust and essentially no loss in the upconversion intensity
is detectable (blue trace). Unsurprisingly, the reference without
annihilator revealed that the osmium(II)-based sensitizer is also

very photostable (red trace). Even aer 14 days of irradiating
a reaction mixture with a red cw laser, the characteristic signals
of the sensitizer as well as the annihilator remain easily
detectable by 1H-NMR spectroscopy (ESI Section 4.8.5†). These
measurements indicate a good photostability of our sensitizer/
catalyst combination under long-term red irradiation. Overall,
these properties seem useful for the application of the
[Os(bpy)3]

2+/DCA combination for photoredox catalysis via
upconversion.

Cis–trans photo-isomerisation of stilbene

Isomerisation reactions of stilbenes sensitized by direct blue or
UV excitation of DCA have long been known to proceed through
a mechanism involving stilbene radical cations.87,105,109–114 The
prototypical example is the photo-isomerisation of cis-stilbene
(1) to trans-stilbene (1-P),105,109,111 and this reaction seemed
promising for our proof-of-concept study involving upconver-
sion of red light, particularly because this is a simple reaction
for which comparatively fast substrate conversion can be
anticipated on the basis of the previous UV irradiation
studies.109 First reactions with 5 mol% of DCA under blue LED
irradiation (440 nm, 40 W) in acetonitrile and dichloromethane
resulted in conversions of over 75% within 1 hour (see ESI Table
S1 and Fig. S1†). In dichloromethane∼85% of 1-P are present in
the photostationary state,107 while in acetonitrile the reactant is
essentially completely converted to product.109

For initial tests with red light irradiation in the presence of
1 mol% of [Os(bpy)3]

2+, a collimated high-power 623 nm LED
(min. 3.8 W) was used to drive the reaction on an NMR scale
(Fig. 3, ESI Section 2.3†). In contrast to what is observed under

Fig. 2 Triplet–triplet annihilation upconversion analysis. (a) Steady-state emission spectra of [Os(bpy)3](PF6)2 (20 mM) in de-aerated dichloro-
methane at 20 °C excited at 635 nm with a cw laser using different excitation densities in the absence of DCA (red, reference system) and
upconverted delayed fluorescence spectra in the presence of DCA (3 mM) under otherwise identical conditions. (b) Upconversion quantum yield
(FsTTA-IC) determination based on the data in (a) using the emission quantum yield of [Os(bpy)3](PF6)2 (2.7%, determined against [Ru(bpy)3]

2+ in
a separate experiment) as reference system. (c) Determination of the threshold for the changeover from the quadratic excitation power
dependence to a nearly linear regime, based on the integrated upconversion fluorescence intensity of DCA (3 mM) sensitized by [Os(bpy)3](PF6)2
(20 mM) in de-aerated dichloromethane (ESI Section 4.3.2†). (d) Photostability of [Os(bpy)3](PF6)2 (50 mM) (red trace) and of the [Os(bpy)3](PF6)2
(50 mM)/DCA (3 mM) upconversion system (blue trace) under 635 nm cw laser excitation (450 mW). The upconverted emission was detected at
460 nm while the prompt sensitizer emission was detected at 720 nm (ESI Section 4.3.5†). The upper part of this panel contains the emission
spectra of both solutions before and after 5 hours of irradiation.
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blue irradiation above, the reaction progress depended strongly
on the solvents. In acetonitrile-d3, only 18% product formation
was observed aer 2 hours while in dichloromethane-d2 61% of
1-P were detected aer the same irradiation time (ESI, Fig. S1†).
This nding is in line with the signicantly higher triplet–triplet
annihilation upconversion quantum yield in dichloromethane
compared to acetonitrile. In the latter solvent, 96% formation of
trans-stilbene required a much longer irradiation time of 40
hours (ESI, Table S2†).

As our spectroscopic investigations indicated a threshold
intensity around 1.65 W cm−2 (Fig. 2c) for the changeover from
quadratic to linear dependence of the upconversion process,
excitation with a cw laser rather than a LEDwas tested in the next
step. The cw laser power is lower (∼400 mW) compared to the
LED (min. 3.8 W, further discussion in ESI Section 2.3.1†), yet
the laser source gave a slightly better product yield (80% of 1-P)
compared to 73% aer 3 h of irradiation with the collimated LED
for NMR-scale reactions (Fig. 3). Thus, the laser irradiation
setup, which provides a higher power density, due to the more
collimated nature of the laser beam, was used for further
investigations. With prolonged irradiation times of 16 h, the
loading of [Os(bpy)3]

2+ could be lowered to 0.1 mol% (Fig. 3),

resulting in a turnover number of over 1500 with respect to the
photosensitizer.

Contrary to previous studies,109 following direct excitation of
DCA at 405 nm in the absence of sensitizer and under otherwise
identical conditions as for the sensitized catalysis, no clear
evidence for a propagation pathway was found neither in
acetonitrile (photochemical quantum yield FPC ∼0.13) nor in
dichloromethane (FPC ∼0.03, ESI Section 4.8.3†) under the
conditions used herein. An experiment with our upconversion
system under red-light irradiation results in an only slightly
smaller value for the quantum yield of cis- to trans-stilbene
isomerization in dichloromethane (FPC ∼0.015), which is close
to the triplet–triplet annihilation upconversion quantum yield
in that solvent (Table 1). It does not seem plausible that every
successful upconversion event leads to product, and therefore
contributions from a radical chain mechanism under upcon-
version conditions seem likely (ESI Section 4.8.3†). When using
a comparatively low-power 705 nm cw laser (∼45 mW), 50% of
the substrate was converted to the trans-isomer aer 18 hours of
irradiation (Fig. 1). As for all other investigated light-driven
transformations reported herein, no product formation was
observed in the absence of light or any of the catalysts (ESI
Tables S3–S8†).

Mechanistic investigations reveal that photoinduced elec-
tron transfer from cis-stilbene 1 to 1*DCA (1.46 × 1010 M−1 s−1

in dichloromethane) as well as from the trans-stilbene product
1-P to 1*DCA (1.54 × 1010 M−1 s−1) are both essentially
diffusion-limited (the diffusion limit in dichloromethane at 20 °
C is 1.5 × 1010 M−1 s−1).57,109 Direct substrate activation by
triplet energy transfer from 3*[Os(bpy)3]

2+, by reductive
quenching of 3*[Os(bpy)3]

2+ or by quenching of 3*DCA are not
important for the observed reactivity in our system (ESI Section
4.4†). Consequently, the mechanism involving triplet–triplet
annihilation upconversion presented in Fig. 3 (including direct
oxidation of 1 as well as contributions from a radical chain
propagation pathway) is suggested as the main contributor for
product formation in this red-light driven isomerisation
reaction.

Carbon–carbon bond formation via [2 + 2] cycloaddition

Functionalization of radical cations and [2 + 2] cycloaddition
reactions catalysed by pyrylium salts or DCA as photocatalysts
have been reported previously.42,87,116–119 One of the challenges
associated with [2 + 2] cycloadditions of alkenes is the revers-
ibility of the overall process, due to a possible (unwanted) ring-
opening reaction of the formed product.116 Therefore, the use of
a redox mediator can be advantageous to selectively activate the
substrate whilst preventing the undesirable backward reaction
of the cycloaddition product.116,120 9-Vinylcarbazole (2) has been
found to undergo successful [2 + 2] cycloaddition sensitized by
an organic dye in the absence of a redox mediator, and therefore
this specic substrate was selected as model compound for our
proof-of-principle studies.116

Starting with direct blue excitation (440 nm LED, 40 W) of
1*DCA in acetone, 80% of product 2-P were formed in 0.5 hours
(ESI Fig. S2 and Table S3†), whereas only 19% of 2-P (Table S3†)

Fig. 3 Light-driven isomerisation of cis-stilbene (1) under red-light
irradiation along with a plausible mechanism involving triplet–triplet
energy transfer (1), triplet–triplet annihilation upconversion (2),
substrate activation (3), and catalyst recovery (4). Main steps of
substrate activation adapted from a known monophotonic mecha-
nism.105 A radical chain propagation pathway is plausible for this
reaction (details in text and ESI Section 4.8.3†),106 and further inter-
mediates (for example a transient dimer radical cation) can be
involved.107–109 All yields were determined by 1H-NMR spectroscopy
using 1,4-dioxane as internal standard. Further information is in
Section 4.4 of the ESI.†

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 149–161 | 153
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formed in dichloromethane under identical conditions.
Consequently, acetone was used for the reaction under red cw
laser irradiation, despite the markedly lower upconversion yield
in this solvent (Table 1). Under 635 nm laser irradiation the
reaction becomes signicantly slower and 90 hours are needed
to achieve 71% product formation (Fig. 4), presumably due to
the low upconversion quantum yield in acetone. Based on the
comparison of the quantum yield for the photochemical [2 + 2]
cycloaddition reaction and FsTTA-UC, a radical chain propaga-
tion pathway is likely to contribute under red light irradiation
(ESI Section 4.8.3†).106

Unwanted quenching of triplet-excited DCA or direct 3MLCT
quenching of the osmium(II) sensitizer by the substrate are
inefficient based on spectroscopic investigations (ESI Section
4.5†). The proposedmechanism for the formation of product 2-P
(Fig. 4) is similar to the stilbene isomerisation discussed above,
except of course for the cycloaddition step between the radical
cation and one equivalent of unreacted substrate (step 3B in
Fig. 4).116,121

When using a 623 nm LED (min. 3.8 W) instead of the
635 nm cw laser, a larger volume can be irradiated, and the
reaction can be performed better on somewhat enlarged scale

(ESI Section 4.3†).120 Using 0.5 mol% sensitizer and 2.5 mol% of
DCA in acetone, the reaction was performed on a 400 mmol scale
and 2-P was isolated with a yield of 65% aer 90 hours of irra-
diation. This example demonstrates that in principle upcon-
version with red light is useable for (small-scale) preparative
reactions with (collimated) LED irradiation – a light source that
is typically more available in synthetic laboratories than cw
lasers.

Newman–Kwart rearrangement

Newman–Kwart rearrangements have previously been investi-
gated by chemical,125 photochemical122,124 and electrochemical123

approaches involving single-electron substrate oxidation. This
represents an attractive alternative way for this reaction to occur
under mild conditions compared to thermal activation, which
typically requires temperatures between 200 °C and 300 °C.126

Fast substrate oxidation with pyrylium salts and detailed
mechanistic studies have been reported previously, providing
a helpful basis for our investigations of red light driven New-
man–Kwart rearrangement.122,124

Initial experiments focusing on the direct formation of
1*DCA with blue light revealed that both naphthalene and
TBAPF6 (tetra-n-butylammonium hexauorophosphate) are
necessary additives in dichloromethane to accomplish the
Newman–Kwart rearrangement of substrate 3 in acceptable
yields (see ESI Table S5† for details). Under [Os(bpy)3]

2+ sensi-
tized conditions with 635 nm laser irradiation the reaction
became markedly slower, and aer 20 hours a yield of 10% for
the rearrangement product 3-P was found for a reaction on
NMR scale. Essentially linear product formation as a function
time was observed (ESI Fig. S3†), and aer 14 days of irradiation
88% of rearranged product 3-P was obtained (Fig. 5). This
indicates a very good long-term stability of our upconversion
system, in line with the short-term investigations in Fig. 2d. A
more potent irradiation source in combination with a ow
setup would be desirable to accelerate this reaction,127 but the
proof of principle is now made.

Pulsed laser experiments and UV-vis transient absorption
spectroscopy under upconversion conditions in the presence of
naphthalene provide no clear evidence for oxidized naphtha-
lene and reduced DCA, most likely because the overall process is
inefficient and because there are spectrally overlapping signals
with 3*DCA. However, an unexpected ground-state absorption
bleach appears between 450 and 700 nm in the presence of
naphthalene. A comparison to spectro-electrochemical data
indicates that this bleach signals the interim formation of
[Os(bpy)3]

3+ (ESI Section 4.8.4†), suggesting a cascade reactivity
to form DCAc− and Napc+ aer TTA-UC, followed by subsequent
electron transfer from [Os(bpy)3]

2+ to Napc+. This latter step
represents an unwanted deactivation pathway, which can serve
as a plausible explanation for the slow reaction progress
observed under red light driven upconversion conditions, in
addition to the low sTTA-UC quantum yield. Based on the
mechanistic insights gained here, it seems reasonable to
assume that this deactivation pathway involving sensitizer
oxidation generally contributes to the observable signicantly

Fig. 4 [2 + 2] Cycloaddition of vinylcarbazole (2) under red-light
irradiation and a plausible mechanism involving triplet–triplet energy
transfer (1), triplet–triplet annihilation upconversion (2), substrate
activation (3), cycloaddition (3B), and catalyst recovery (4). Main steps
of substrate activation adapted from a previously reported mono-
photonic mechanism.106,115,116 A radical chain propagation pathway is
likely for this reaction (details in text and ESI Section 4.8.3†).106 The
yield (conversion in parenthesis) was determined by 1H-NMR spec-
troscopy using 1,4-dioxane as internal standard. Further information is
in Section 4.5 of the ESI.† aProduct isolation was performed on
a 400 mmol scale of 2 under 623 nm LED irradiation.

154 | Chem. Sci., 2023, 14, 149–161 © 2023 The Author(s). Published by the Royal Society of Chemistry
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prolonged reaction times when using upconversion from the
red instead of direct blue DCA excitation.

Based on the abovementioned previous Newman–Kwart
rearrangement studies involving single electron transfer,122–124

a simplied mechanism for our upconversion system including
a naphthalene-mediated pathway is proposed in Fig. 5. Previous
studies of related reactions in acetonitrile furthermore
proposed a radical chain propagation pathway as well as off-
cycle intermediates, which are not considered here for
simplicity.122–124

Ether-to-ester rearrangement

As a nal reaction example, the rearrangement of the aryl ether
4 to aryl ester 4-P via aryl migration was explored. This reaction
has been previously reported with perylene diimide or acridi-
nium salts as photocatalysts under blue irradiation in the
presence of a sub-stoichiometric amount of base.128–130 The base
is necessary to facilitate substrate oxidation, which in this case
occurs from the deprotonated carboxylate (4—). Similar to what
was found above for the Newman–Kwart rearrangement reac-
tion, TBAPF6 helps accelerate product formation in dichloro-
methane upon direct excitation of DCA with blue light (Table
S7†), and several different bases provided good results.
However, with aliphatic amines such as 1,8-diazabicyclo(5.4.0)
undec-7-ene (DBU, +1.24 V vs. SCE)131 or triethylamine
(+0.69 V vs. SCE)132 unwanted reductive quenching of 1*DCA

(+1.99 V vs. SCE),3,133 or even reductive quenching of 3*DCA can
potentially occur.39 Consequently, 2,4,6-trimethylpyridine
(tMePy, 2.25 V vs. SCE, ESI Section 4.1.4†) was chosen. Expect-
edly, the quenching of 1*DCA by tMePy is two orders below the
diffusion limit (108 M−1 s−1), and our reaction optimisation
experiments under blue irradiation (440 nm LED, 40 W) indi-
cated that a stoichiometric amount of tMePy is benecial (ESI
Table S7†).

Under irradiation with a 635 nm cw laser, the NMR scale
rearrangement of ether 4 to 64% of ester 4-P required 140 h,
while 81% of starting material was consumed. Isolation of the
product on a slightly larger scale with a 623 nm LED resulted in
a yield of 75% aer the same reaction time.

Time-resolved experiments indicate that 1*DCA is quenched
by 4— with a rate constant of 5 × 109 M−1 s−1, whereas no DCA
uorescence quenching is detectable without substrate depro-
tonation (ESI Section 4.7†). Control experiments monitoring the
photoluminescence of [Os(bpy)3]

2+ provide evidence for static
quenching, manifesting in a shortened decay time independent
of the concentration of 4—. This suggests that [Os(bpy)3]

2+ and
4— aggregate, which possibly opens an unwanted deactivation
pathway that could lead to diminished product formation
under upconversion conditions compared to direct excitation of
DCA with blue light. However, the addition of salt seems to
counteract this deactivation by diminishing unwanted aggre-
gation (ESI Section 4.7.2†). Control experiments conrm that
DCA is an indispensable component for the red light driven

Fig. 5 Light-driven Newman–Kwart rearrangement of substrate 3 under red-light irradiation, along with a plausible mechanism including
triplet–triplet energy transfer (1), triplet–triplet annihilation upconversion (2), excited state quenching by naphthalene mediator (3), substrate
activation (3B), and catalyst recovery (4). The main steps of substrate activation are analogous those postulated previously for a monophotonic
mechanism.122,123 A possible radical chain propagation pathway and previously proposed off-cycle intermediates are omitted for simplicity.122–124

Yield (conversion in parenthesis) was determined by 1H-NMR spectroscopy against 1,4-dioxane as internal standard. Further information is in
Section 4.6 of the ESI.†

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 149–161 | 155
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reaction (Table S8†), hence photoexcited [Os(bpy)3]
2+ seems to

be unable to oxidize 4— in catalytically relevant amounts.

General mechanistic aspects

The four investigated proof-of-principle reactions reported
above provide direct insight into what factors and processes
affect the efficiency of biphotonic reactions in comparison to
traditional monophotonic mechanisms. First, the optimal
reaction conditions are not necessarily identical for both exci-
tation strategies. This nding is illustrated by the photo-

isomerisation of cis- to trans-stilbene, where the limited solu-
bility and the resulting low triplet–triplet annihilation upcon-
version quantum yield clearly affect the overall reaction
progress over time. While under blue light irradiation compa-
rable reaction progress has been found in different solvents,
under upconversion conditions signicant differences in reac-
tion progress are observed. Second, when two (photo)catalysts
are present, additional (unwanted) deactivation steps can occur.
Our time-resolved spectroscopic investigations of the
naphthalene-mediated rearrangement of substrate 3, where the
naphthalene radical cation intermediate was found to be
partially deactivated in an unproductive pathway by electron
transfer from the [Os(bpy)3]

2+ sensitizer, illustrate this aspect.
Third, as illustrated by the ether-to-ester rearrangement in
Fig. 6, aggregation of a negatively charged substrate with the
cationic photosensitizer is possible in apolar solvents, and the
addition of salt can become important to minimize deactivation
of the photosensitizer in an unwanted side reaction (Fig. 5 and
6). All of these aspects need to be considered in biphotonic
mechanisms (Fig. 7), in addition to complications that are
already present under monophotonic excitation conditions.
Specically, this includes unproductive pathways such as exci-
mer and exciplex formation, as well as unproductive excited
state deactivation by intersystem crossing to 3*DCA, or direct
decay of 1*DCA to the ground state (ESI Sections 4.8.1 and
4.8.4†).134–136

On the other hand, radical chain propagation pathways can
contribute substantially to the overall reaction efficiency and
seem to play important roles for at least two of the four inves-
tigated reactions herein. Furthermore, our studies suggest that
improved cage escape yields to form solvent separated radical
ions are achievable by the addition of salt, and the use of redox
mediators for electron transfer cascade pathways is benecial
for some of the upconversion-driven photoreactions. Many of
these effects can differ signicantly based on exact conditions
(solvent, additive, reaction type), and our work indicates that
complementary UV-vis transient absorption and time-resolved
luminescence spectroscopic investigations can provide partic-
ularly valuable insights when targeting biphotonic excitation
strategies. Some of the challenges outlined above could poten-
tially be tackled with higher annihilator concentrations78 (for

Fig. 6 Red light-driven ether-to-ester rearrangement of substrate 4
along with a plausible mechanism including triplet–triplet energy
transfer (1), triplet–triplet annihilation upconversion (2), substrate
activation (3), and catalyst recovery (4). Main steps of substrate acti-
vation adapted from a previously published monophotonic mecha-
nism.128 Yield (conversion in parenthesis) was determined by 1H-NMR
spectroscopy using 1,4-dioxane as internal standard. Further infor-
mation is in Section 4.7 of the ESI.† aProduct isolation was performed
on a 250 mmol scale of 4 under 623 nm LED irradiation.

Fig. 7 Summary of productive and unproductive pathways for the deactivation of 1*DCA after triplet–triplet annihilation upconversion. EA =

electron acceptor/mediator; S = substrate; P = product. Favourable processes are coloured in green, unwanted processes in red.
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example with modied DCA structures)49 or photosensitizers
with longer lifetimes.80,98 Any enhancement of the sTTA-UC
quantum yield would likely substantially improve the achiev-
able photochemical quantum yield under red light irradiation
in our system (ESI Section 4.8.3†). To counteract unwanted
cascade deactivations, different catalysts137–139 or chemical
environments8,21,61 might be promising. The main productive
and unproductive pathways for the deactivation of 1*DCA are
summarized in Fig. 7 (further discussion in ESI Section 4.8†).

Conclusions

Biphotonic excitation strategies for photoredox catalysis have
received growing attention within the last few years, and many
different mechanisms have been considered.1 Until now, most
biphotonic reaction approaches rely on a single light absorber
(acridinium dyes in Fig. 8a, DCA in Fig. 8c). Recently, we
explored a reaction system comprised of two different light
absorbers, where we observed photoinduced electron transfer
from a CuI photosensitizer to DCA, and subsequent (secondary)
excitation of DCAc− led to thermodynamically challenging
reductive dehalogenations and detosylations (Fig. 8e).39 In the
present study, the use of an OsII photosensitizer leads to triplet–
triplet energy transfer to DCA and ensuing upconversion, and

the resulting highly oxidizing 1*DCA (instead of DCAc−) induces
the photochemical reactions of interest (Fig. 8f).

Conceptually, this changeover in photochemical reactivity
(Fig. 8e and f) is related to the changeover between oxidative
and reductive substrate activation with acridinium salts (Fig. 8a
and b)4,143 under direct (monophotonic) blue excitation, or via
consecutive photoinduced electron transfer (ConPET) using
DCA3,40 or perylene diimide (PDI)40 under blue and green irra-
diation (Fig. 8c and d). Similar reactivity changes might become
achievable with other systems, and the idea of investigating new
photochemical mechanisms rather than developing new cata-
lysts could become more important in the future.38 Increasing
attention to elucidate mechanisms will be helpful in this
context.24,58,59,62,68,80,144–151 Mechanistic studies seem particularly
desirable for oxidative substrate activation, for several reasons.
First, reductive dehalogenations oen involve a fast and irre-
versible bond cleavage step,152 whereas oxidative substrate
activations can be reversible reactions. Second, low cage escape
yields for photogenerated radical pairs, unwanted back-electron
transfer, and deactivation via electron transfer cascades are
typically less important (or at least less in focus)146,153 for
reductive transformations, but have to be considered carefully
for oxidative transformations originating from singlet excited
states (Fig. 7).38,49,116,154–156

Fig. 8 Selected examples of different approaches to oxidative and reductive substrate activation with acridinium dyes and direct (mono-
photonic) blue/green light (a and b),4,140–142 direct excitation of DCA in the blue or green spectral range (c and d),3,9,42,43,119 and two-catalyst
systems operating under red light irradiation (e and f).39 Overall redox-neutral reactions requiring an initial substrate oxidation step have been
chosen on the right-hand side of the figure.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 149–161 | 157
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The development of new red or near-infrared light absorbing
catalysts could potentially give access to new photochemical
applications with low-energy input light.31,79,120,151,157–164

Furthermore, recent interest in triplet–triplet annihilation
upconversion will likely promote the development of more
sophisticated systems with lower threshold irradiation intensi-
ties that permit more effective excitation by LEDs, higher
photochemical quantum yields and larger pseudo anti-Stokes
shis,34,76,78,96,100,104,165 resulting in more efficient setups for
applications in photo(redox) catalysis in the future.166,167 We
hope that the concepts and proof-of-principle reactions pre-
sented herein can serve as useful inspiration for future catalytic
applications with red and near-infrared light.9,23,163,168–170
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Chapter 6

General Summary and Outlook
In summary, this thesis provides investigations on very different topics related to photoredox
catalysis and a main focus is on a comprehensive mechanistic understanding of photoinduced
reactivities with mono- and multi-photonic excitation processes. The projects incorporate
insights on factors governing the reactivity as well as possible parameters to influence and
potentially control the investigated photoinduced pathways. Mechanistic changes induced
by the solvent (Chapter 2, Chapter 4), by a change of the sensitizer (Chapter 3, Chapter 4)
as well as possible guidelines for the change of reactivity by careful choice of the reaction
conditions (Chapter 4, Chapter 5) are examined. A graphical summary of all chapters is
presented in Figure 6.1. In this chapter the general conclusions and further directions based
on the findings presented in this thesis are discussed.

Figure 6.1: Graphical overview of different chapters for investigated transformations under irradia-
tion with blue light (top) and red light (bottom) within the different projects included in this thesis.
EWG = electron-withdrawing group, PET = photoinduced electron transfer, ET = electron transfer.
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Chapter 6. General Summary and Outlook

Better Mechanistic Understanding for Improved Photoredox Catalysis

The projects covered in this thesis clearly comprise "proof-of-principle" investigations of new
catalyst combinations for multi-photon excitation processes in photoredox catalysis. While the
synthetic applications and spectroscopic measurements might directly inspire other researchers
for new developments or help for a better understanding of new systems, there is still room
for improvement in the presented concepts.

In particular, the sensitization-initiated electron transfer pathway via triplet-triplet anni-
hilation upconversion (Chapter 3) improved the overall understanding of this mechanistic
pathway. The clever choice of catalysts enabled the identification of the key catalytic in-
termediate responsible for substrate activation generated via sTTA-UC in the presence of
sacrificial electron donor (and in the absence of substrate). The detailed mechanistic analysis
together with selected examples for reductive transformations complement the study with
[Ru(bpy)3]2+ instead of fac-[Ir(ppy)3] as sensitizer.[98,524] The ruthenium-based system has a
markedly more complex mechanism.[98] Together with the results from Chapter 5 – where
spectroscopic measurements indicate an electron transfer cascade to result in an oxidation
of the sensitizer as possible unproductive pathway – the spectroscopic measurements clearly
showcase that additional insights, beyond the classical Stern-Volmer emission quenching anal-
ysis, can be obtained when a multi-component system is analysed in-depth under conditions
as close as possible to the synthetic application. Furthermore, our investigation encourage a
joint design principle of new catalyst combinations taking into account the desired reactivity
together with the spectroscopic analysis to a obtain better understanding on the reactivity as
well as on the mechanism.

As the mechanistic pathway is clearly changed based on the sensitizer, an comparative evalu-
ation of the different systems would be desirable. However, a fair comparison with regard
to the overall performance is not readily possible for both systems and mechanisms. This is
partially caused by a missing standardization or documentation in general – owing to the lack
of comparability between different irradiation setups – and in particular by the very different
requirements with respect to the power density between different sensitization-initiated mech-
anisms. In fact, the whole field of photoredox catalysis would profit from more standardized
and controlled reactions.[528,529] A clear improvement of our system is achievable by a change to
different annihilators to demonstrate the versatility of our mechanistic approach. In addition,
a thoughtful change of the annihilator could also improve the achievable oxidation potential of
the catalytic intermediate for an electron transfer to the substrate.[106,524] Possible annihilators
with more negative reduction potentials than the pyrenyl radical anion (-2.1V vs SCE) –
that are subsequently more powerful reducing intermediates after reductive quenching of the
corresponding singlet state – can be found in other polyaromatic hydrocarbons. A successful
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Chapter 6. General Summary and Outlook

Figure 6.2: Investigated systems, key mechanistic steps and key intermediates (top) analysed in this
thesis together with possible developments for (closely) related systems (bottom). The projects are
sorted with respect to the two main topics of sensitizer-controlled and solvent-controlled reactivity
and the excitation wavelength is indicated as frame colour. Exact structures of the photocatalysts are
specified in the corresponding publications. Triplet energies and redox potentials have been reported
previously.[91,100,106,180,183,504,524–527]

use of phenanthrene (Phen, -2.44V vs SCE),[106] naphthalene (Nap, -2.49V vs SCE)[106] or
biphenyl (BP, -2.55V vs SCE)[106] will result in an improvement of 0.4 eV to 0.5 eV with
respect to the accessible potential with pyrene. These reduction potentials would potentially
allow dehalogenations or functionalisations of unactivated aryl bromides (Figure 1.8). On
the downside, all of these annihilators require (significantly) higher triplet energies provided
by the sensitizer for effective sensitization (Figure 6.2).[102,530] Possible candidates would
be for example fac-[Ir(dFppy)3] (ET ≈ 2.75 eV)[77] or thioxanthenone (ET ≈ 2.84 eV).[531]

Overall, a completely new system is required for these annihilators and a straightforward
modification by a systematic change of the annihilator is thermodynamically not possible
with our current sensitizer. Recent studies initiated a closer look on the reactivity with
respect to the triplet state of the annihilator.[193] A systematic modification of the (redox)
properties of the upconverted singlet excited state (e.g. with a change of the substituents
on the annihilator)[194,532–534] would be a further desirable complementary step towards more
control and improved understanding of sTTA-UC in photoredox catalysis.

The unique system investigated in Chapter 4 presents a rare example of two unrelated photo-
catalysts to enable challenging transformations under light irradiation with comparably long
wavelengths.[504] The formation of DCA•− in-situ as key intermediate for the red-light driven
reductive reactions was investigated by laser flash photolysis. Different relative contributions
from a direct photoinduced electron transfer pathway and a sensitized triplet-triplet energy
transfer pathway followed by reductive triplet state quenching were found for the formation
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of DCA•− depending on the solvent. Overall, both pathways result in the same intermediate
(DCA•−). A reasonably good functional group tolerance as well as a broad applicability
especially for reductive detosylation reactions of phenols and anilines was found for the
combination of [Cu(dap)2]+ and DCA. In addition, dehalogenations, carbon-carbon bond
formations as well as carbon-sulfur and carbon-oxygen bond cleavages were possible with
suitable substrates.
Our investigation here clearly presents a proof-of-principle study and there are many directions
for further developments. First of all, our mechanistic investigations provide a well-founded
insight on the formation of the radical anion and two thermodynamically feasible pathways
are occurring with different relative contributions. Of course a clear-cut mechanism would
facilitate the mechanistic analysis and – in analogy to the idea of the first project – a modifi-
cation of the primary photocatalyst together with DCA could be considered. Probably even
more promising would be a change of the radical anion. For perylene (Per, -1.94V vs SCE)[106]

and 9,10-diphenylanthracene (DPA, -1.94V vs SCE)[91] significantly more negative reduction
potentials would be achievable for the radical anion intermediate, while both catalysts would
still allow energy transfer from a red-light absorbing triplet sensitizer (Figure 6.2). For example
with the sensitizer applied in our work ([Cu(dap)2]+ , ET ≈ 2.05 eV),[504] only an energy trans-
fer pathway would be thermodynamically feasible with these two polyaromatic catalysts. To
keep the mechanistic idea of a single photon for the formation of the radical intermediate, more
potent sacrificial reagents (e.g. TDAE or MeOBIH)[249,385,535] are required. Hence, a sensitizer
that does not allow reductive quenching is likely needed.[98] Secondly, a more detailed analysis
of the radical anion excitation in the presence of substrates would be worthwile. The stability
and excited state reactivity of radical ions has been discussed within the last years with various
contributions to the debate.[96,97,228,256,270,313,316,536] It seems apparent that the lifetime of these
excited states are typically on a picosecond timescale,[256,269,315] but investigations on possible
pre-aggregation,[266] (inefficient) diffusion-controlled reactivity,[99,536] or possible decomposition
over time are rare.[270] Hence, a more detailed spectroscopic analysis of the radical anion
reactivity would be desirable. Also a closer look on catalyst stability over time will provide
further insights on gradual degradation and possible side reactions.[102,123,326,350,501,537,538] More
quantitative spectroscopic measurements could help to obtain a better understanding of the
efficiency of the individual steps.[48,411,539,540] From a thermodynamic viewpoint, the excitation
of radical anions with more negative reduction potentials – for instance perylene or DPA as
mentioned above[541] – would likely provide more potent photoreductants towards a substrate
(or potentially allow for the formation of solvated electrons).[90,231,536] Finally, the use of
two individual photocatalysts introduces a very modular approach and – depending on the
respective system – a versatile tuning of the respective catalytic properties of both individual
catalysts might be possible.[22,107] This would potentially allow for a much more systematic
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approach in comparison to our pioneering example including selective tuning and screening
for optimal properties of the respective catalyst.[356]

As mentioned before, one of the main advances of two individual catalysts is the modular ex-
change of one of them. In Chapter 5 this has been further analysed and a sensitizer-controlled
change of the reactivity with DCA as second catalyst has been investigated. In clear contrast
to the different mechanism with the same reactive intermediate and comparable achievable
substrate transformations observed in Chapter 3, the change of the mechanism induced by
the change of the sensitizer/primary photocatalyst results in a completely different reactive
intermediate in this case. With DCA, the formation of 1*DCA via sTTA-UC is achievable
under irradiation with red light in the presence of [Os(bpy)3]2+ as sensitizer and subsequently
reductive quenching by the substrate can occur. This is in contrast to the reductive substrate
activation investigated with [Cu(dap)2]+.[504] The thoughtful choice of catalyst is decisive for
this sensitizer-controlled change of the mechanism. Furthermore, our work presents a rare
example including a substrate oxidation step in multi-photon excitation mechanisms,[312,313] in
contrast to the large majority of reductive transformations reported up to now.[63] Especially
the analysis of additives, redox mediators and solvents had a key importance for the successful
transformation of four different model reactions (cis-trans isomerisation, [2+2]-cycloadditon,
Newman-Kwart rearrangement and ether-to-ester rearrangement). The very high stability in
solution and under illumination of both catalysts are important due to the limited upconver-
sion quantum yield and the comparably weak output power of our irradiation setup resulting
in extended irradiation times.
Our mechanistic analyses of all elementary steps in the sTTA-UC mechanism clearly indicate
that the limited solubility of DCA and the excited-state lifetime below 100 ns of the sensitizer
confines the overall upconversion quantum yield. For a diffusion-controlled Dexter energy
transfer either a change of the annihilator to a better soluble analogue,[542] allowing higher
concentrations in solution,[178,543] or a sensitizer with a longer excited state lifetime could
potentially result in (significantly) more efficient energy transfer and subsequently higher
upconversion quantum yields (Figure 6.2).[183,515] As this limits the formation of 1*DCA in our
current system, a faster reaction progress can be expected with higher upconversion quantum
yields and subsequently more efficient formation of the substrate-activating intermediate. In
addition, the availability of a more powerful laser light source or collimated LED setup could
potentially shorten the reaction time. With respect to the achievable transformations, all
investigated reactions start with a substrate oxidation, but overall net-redox neutral reactions
without sacrificial electron acceptors are performed. The main reason for this is caused by
restrictions from selected catalyst combination. The potentials for oxidative quenching of
3*[Os(bpy)3]2+ (-0.97V vs SCE)[508] and oxidation of DCA•− (-0.93V vs SCE)[504] to close the
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catalytic cycle after reductive quenching by a substrate are almost identical and prevent the
use of sacrificial electron acceptors that could selectively close recover the catalyst without
interfering with the sensitizer. Therefore, a new sensitizer-annihilator combination would
be needed to tackle overall oxidative transformations via a sTTA-UC mechanism. With
respect to the long irradiation times mentioned earlier, also new technologies for light-emitting
diodes and reactor design are promising future directions to achieve improvements apart from
optimised catalysis steps.[259]

Complementary to the multi-photonic mechanisms, the project using TDAE as strong pho-
toreductant discussed in Chapter 2 was designed as simple and straightforward method to
achieve reductions for substrates with very negative reduction potentials based on single
excitation with visible photons. The negative ground-state oxidation potential of the so-called
super-electron donor provides the possibility to achieve very negative excited-state oxidation
potentials to tackle reductive dehalogenations of aryl chlorides as well as aryl fluorides.[100]

Significant differences in the reaction progress depending on the solvent were observed. Also
in this case spectroscopic investigations of the photo-active TDAE provided mechanistic
insights to explain these observations. In acetone, a reduction of the solvent results in a
solvent-mediated mechanism involving a reduced acetone-based radical anion. In contrast, for
benzene a reduction of the solvent is not possible and a direct substrate reduction is proposed
leading to significantly faster reaction progress for challenging substrates.
While solvated electrons as solvent-controlled intermediates have especially been found in
water and alcoholic solvents in the past,[95,376,386,544–547] there are also some indications for
a potentially involvement of acetonitrile as suitable solvent for the generation of reactive
solvated electrons (Figure 6.2).[325,388,527,548,549] In fact, it might be interesting to analyse
reactions in other organic solvents for transformations involving solvated electrons.[387,550] In
general, the choice of solvent can possibly help to control the reactivity of excited states by
the formation of solvated electrons or reduced solvent molecules as reactive intermediates.
This might not be restricted to solvent reduction, in fact also oxidation via solvent-mediated
pathways could be achievable.[314] In some cases, a more detailed spectroscopic investigation
would be desirable to foster the proposal of these intermediate electron holes or solvated
electrons supported by the solvent.

Overall, the different investigations to analyse mechanisms and design new concepts towards
more control in photo(redox) catalysis provide valuable insights on new pathways relying on
mono- and multi-photon excitations. Spectroscopic investigations can significantly improve
the overall understanding of photoredox catalysis and this is likely important for further
rational progress for new light-driven transformations. This seems especially noteworthy with
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respect to a growing complexity of new catalyst combinations for multi-photon excitation
strategies and light-driven multi-catalyst systems in general.[6,63,82,551] The findings within
this thesis provide a solid basis for further developments towards new mechanistic pathways
in photoredox catalysis.

Further Developments Facilitated by New Concepts

As outlined in the section before, new developments closely related to the investigated systems
presented in this thesis have the potential to (significantly) broaden the applicability of the
concepts presented herein. In recent years, the progress based on new catalyst combinations
following a known mechanistic pathway has received more and more attention to achieve
new synthetic transformations, while a conceptual development of new mechanistic pathways
became less relevant. Building on the results presented in this thesis, there are indeed new
mechanisms and further developments that might profit from the findings within the projects
presented. The guiding idea of a potentially better control of reactivity by a solid mechanistic
understanding might also inspire new trends and pathways in the future.

One possibility towards more control in photoredox catalysis could be an excitation wavelength-
dependent study on the reactivity (Figure 6.3). In our investigations the combination of DCA
with a second photocatalyst enables irradiation with red light,[504] while earlier work from
the group of Jacobi von Wangelin utilized white-light irradiation to exploit a consecutive
photoinduced electron transfer mechanism.[309] In this case the mechanistic changes are easily
detectable, but a direct comparison has not been performed. In future, this might be a
considerable new concept to selectively excite a single catalyst or intermediate in solution
and consequently change the reactivity of the catalytic system (Figure 6.3).[51,380,552] With
respect to further concepts based on two photocatalysts, a selective excitation of both cata-
lysts at different wavelengths might allow more control and a better understanding of the
individual catalysts and the efficiency of the respective elementary step triggered at a certain
wavelength.[324,380,536]

The reactivity observed in conPET mechanisms includes a photoinduced radical anion forma-
tion followed by a proposed photoinduced electron transfer to the substrate or the formation
of solvated electrons.[66,97,309,310] The sensitization initiated mechanism via triplet-triplet anni-
hilation upconversion and subsequent reductive quenching of the excited state, as discussed
in Chapter 3, also includes a radical anion as key catalytic species for substrate activation.
In principle a combination between sTTA-UC and re-excitation of the radical anion inter-
mediate should enable a threephotonic mechanism (Figure 6.3). For a catalytic system with
pyrene, earlier studies indicate a possible ionisation of the radical anion,[553,554] and in water
the formation of solvated electrons was achieved via pyrenyl radical anion excitation.[90,555]

Apparently, such a reactivity would need a solid understanding of the overall system, high
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upconversion quantum yields and cage escape yields for the reductive quenching step and the
ionisation step,[90,556–559] as well as as a thoughtful choice of catalyst to minimize unproductive
pathways.[90,524]

Several projects investigated in this thesis show that solvents play a crucial role for the mech-
anistic pathway and the efficiency of the desired transformations. A better understanding of
the processes governing the reactivity could have an impact on many photoredox applications.
However, a change of the solvent can influence the whole system and might have undesired side
effects, for example limited solubility, smaller quantum yields and smaller cage escape yields
as discussed in Chapter 5. On the other hand, the solvents can serve as redox mediators for
example for reductive transformations through radical anion intermediates or the formation of
solvated electrons.[95,100,550] Therefore a change of the solvent seems not perfect for a fine-tuned
control of the reactivity and the use of additives might be more selective. For oxidative
transformations the use of additives as redox mediator is well established to enhance the

Figure 6.3: Possible new concepts for light-driven catalysis to profit from the new insights presented
in this thesis and expand the possibilities in (multi-photonic) photoredox catalysis.
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cage escape yields for the photoinduced quenching step.[328,447,466,560] For reductive transfor-
mations such an additive-mediated reactivity is underexplored, but suitable additives might
have similar levelling effects as the solvents without significant impact on solvent-dependent
photophysical and photochemcial properties of the system (Figure 6.3).[554]
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In this chapter the supplementary information to the published discussed in this thesis are
given.

SI for Photochem. Photobiol. Sci., 2020,19, 1035 – 1041

The supplementary information for the publication with additional datasets for chapter 2 is
presented on page 136.

SI for Chem. Sci., 2021,12, 9922 – 9933

The supplementary information for the publication with additional datasets for chapter 3 is
presented on page 177.

SI for JACS Au 2022, 2, 1488 – 1503

The supplementary information for the publication with additional datasets for chapter 4 is
presented on page 218.

SI for Chem. Sci., 2023, 14, 149 – 161

The supplementary information for the publication with additional datasets for chapter 5 is
presented on page 310.

135



 S1 
 
 

Electronic supplementary information (ESI) for: 

 Aryl dechlorination and defluorination with an organic super-
photoreductant 

Felix Glaser, Christopher B. Larsen, Christoph Kerzig  and Oliver S. Wenger * 

 

Table of Contents 

1) General experimental details S2 

2) Irradiation setup S3 

3) Synthetic procedures S4 

4) Spectroscopic measurements S5 

5) NMR data S10 

6) References S41 

 

 

 

  

Electronic Supplementary Material (ESI) for Photochemical & Photobiological Sciences.
This journal is © The Royal Society of Chemistry and Owner Societies 2020

Appendix A. Supplementary Information

136



 S2 
 
 

1) General experimental details 

All deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. Most reagents 

were bought from Fluorochem, Alfar Aesar, Acros Organics or Sigma-Aldrich (now Merck) in 

normal “reagent grade” purity and used as received. TDAE was purchased from TCI and Sigma-

Aldrich with > 95 % purity and stored under argon in a glove box.  

All NMR spectra were recorded on a Bruker Avance III instrument operating at 400 MHz proton 

frequency. All samples were recorded at 295 K in 5 mm diameter tubes. Chemical shifts were 

referenced internally to residual solvent peak using δ values as reported by GOTTLIEB et al.[1] 

Starting material consumption and product formation were determined from 1H or 19F-NMR 

measurements (1H: 400 MHz, 19F: 376 MHz, 16 scans) in sealed NMR tubes against 

1-fluoropentane as internal standard. Representative measurements based on weighted samples 

revealed very good recovery rates in the 19F-NMR spectrum. 

Sample preparation for photoreduction reactions and spectrophotometric measurements were done 

in a LabStar Eco glove box from MBrown with an argon atmosphere.  The samples were kept under 

an argon atmosphere prior to the respective measurements. HPLC-grade solvents were used for 

these spectrophotometric measurements. 

Absorption spectra were recorded as solutions on a Cary 5000 UV-Vis-NIR spectrometer from 

Varian. Photoluminescence spectra were recorded as solutions and in frozen matrix on a Fluorolog-

322 instrument from Horiba Jobin-Yvon. Photoluminescence lifetimes in different solvents and 

quenching experiments were determined on a LifeSpec II spectrometer (time-correlated single 

photon counting technique) from Edinburgh Instruments. 

For photoreduction reactions, reaction mixtures in sealed NMR tubes (closed with ‘Precision Seal® 

rubber septa cap for 5-6 mm O.D. tubes and ampules’ purchased from Sigma-Aldrich and Parafilm) 

were irradiated with a LED light source in a self-made passive water-cooled system (details in next 

section). As light sources, Kessil PR160 LEDs with 390 nm and 440 nm output were used. 
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2) Irradiation setup 

 

Figure S1 Irradiation setup for photoreductions. The samples were cooled with a passive water-
cooling setup. A fan is used to minimize heating of the water bath by the LEDs. 
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3) Synthetic procedures  

Photoreduction with TDAE – General Procedure 

A vial was charged with substrate (1 eq., e.g. 100 µmol), the corresponding amount of TDAE (e.g. 

1.25 eq.), internal standard (1 eq.) and deuterated solvent (1 mL) under an argon atmosphere in a 

glove box. 0.6 mL of the resulting solution were transferred to an NMR tube, capped with a rubber 

cap, wrapped with Parafilm and irradiated outside of the glove box under passive water-cooling for 

specified lengths of time with an LED lamp (Kessil PR160, λem = 390 nm or 440 nm) and the 

product formation was monitored by 1H-NMR (400 MHz, 16 scans) and 19F-NMR (376 MHz, 

16 scans). 

 

 

Dimerization of 4-fluorobenzyl chloride (13) and isolation of the product  

A Schlenk tube was charged with a magnetic stir bar, 4-fluorobenzyl chloride (13, 59.9 µL, 

500 µmol, 1.0 eq.), TDAE (145 µL, 623 µmol, 1.25 eq.) and dry benzene (4 mL) under an argon 

atmosphere and irradiated under passive water-cooling for 30 min with an LED lamp (Kessil 

PR160, λem = 440 nm). Aqueous HCl (1 M, 20 mL) was added to the solution and extracted with 

DCM (3 · 30 mL). The combined organic phases were dried over anhydrous Na2SO4, the solvent 

was removed under reduced pressure and the residue was purified by sublimation to obtain the pure 

product as white solid (14, 42.9 mg, 79 %). 

 
1H{19F }-NMR (500 MHz, CDCl3): δ 7.10 – 7.05 (d, J = 8.5 Hz, 4H), 6.97 – 6.93 (d, J = 8.5 Hz, 

4H), 2.86 (s, 4H) ppm. 
19F{1H}-NMR (470 MHz, CDCl3): δ 117.49 (s, 1F) ppm. 
13C-NMR (126 MHz, CDCl3): δ161.49 (d, J = 243.6 Hz, 2C), 137.09 (d, J = 3.2 Hz, 2C), 129.97 (d, 

J = 7.7 Hz, 4C), 115.20 (d, J = 21.1 Hz, 4C), 37.29 (s, 2C)  ppm. 
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4) Spectroscopic measurements 

 
Figure S2 UV-Vis absorption spectra of TDAE (100 µM) in de-aerated acetone (red), acetonitrile 
(green), cyclohexane (blue) and benzene (black) at room temperature. Solvent absorptions preclude 
detection of the TDAE spectra at equally short wavelengths in acetone and benzene as in 
acetonitrile and cyclohexane. Emission spectra of Kessil LED Lamps are shown for the 390 nm 
(violet) and 440 nm (blue) lamps.  

 

 
Figure S3 Emission spectrum of TDAE (1 mM) in de-aerated cyclohexane at room temperature (λex 
= 405 nm). 

 

Emission spectra at room temperature (Figure S3) and at 77 K (Figure S4) are very similar, 

compatible with fluorescence from a singlet excited state in both cases. 
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Figure S4 Emission spectrum of TDAE (100 µM) in de-aerated 2-methyltetrahydrofuran at 77 K 
(λex = 320 nm). 

 

In the following figures the scale of all Stern-Volmer plots (inset of respective figure) is kept 

constant to simplify a graphic comparison between the different measurements. 

 

  
Figure S5 Emission decay of TDAE (10 mM) in neat de-aerated cyclohexane (grey trace) and in 
de-aerated cyclohexane with different concentrations of chlorobenzene (2.5, 5, 10, 15, 20 mM) 
observed at 470 nm (λex = 405 nm). The inset displays the resulting Stern-Volmer plot. 
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Figure S6 Emission decay of TDAE (10 mM) in neat de-aerated cyclohexane (grey trace) and in 
de-aerated cyclohexane with different concentrations of fluorobenzene (2.5, 5, 10, 15, 20 mM) 
observed at 470 nm (λex = 405 nm). The inset displays the resulting Stern-Volmer plot. 

 

 

  
Figure S7 Emission decay of TDAE (10 mM) in neat de-aerated cyclohexane (grey trace) and in 
de-aerated cyclohexane with different concentrations of 1-chloro-2-fluorobenzene 3 (2.5, 5, 10, 15, 
20 mM) observed at 470 nm (λex = 405 nm). The inset displays the resulting Stern-Volmer plot. 
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Figure S8 Emission decay of TDAE (10 mM) in neat de-aerated cyclohexane (grey trace) and in 
de-aerated cyclohexane with different concentrations of 1.2-fluorobenzene 9 (5, 10, 15, 20 mM) 
observed at 470 nm (λex = 405 nm). The inset displays the resulting Stern-Volmer plot.  

 

  
Figure S9 Emission decay of TDAE (10 mM) in neat de-aerated cyclohexane (grey trace) and in 
de-aerated cyclohexane with different concentrations of 1-chlorohexane (5, 10, 15, 20, 50 mM) 
observed at 470 nm (λex = 405 nm). The inset displays the resulting Stern-Volmer plot. 
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Figure S10 Emission decay of TDAE (10 mM) in neat de-aerated cyclohexane (red trace) and in 
de-aerated cyclohexane with different concentrations of toluene (5, 10, 15, 20 mM) observed at 
470 nm (λex = 405 nm). The inset displays the resulting Stern-Volmer plot. 

 

  
Figure S11 Emission decay of TDAE (10 mM) in neat de-aerated cyclohexane (red trace) and in 
de-aerated cyclohexane with different concentrations of benzene (5, 10, 15, 20 mM) observed at 
470 nm (λex = 405 nm). The inset displays the resulting Stern-Volmer plot. 
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5) NMR data 

 
Figure S12 19F-NMR spectra monitoring dechlorination of substrate 1 over time. Reaction 
conditions: 100 mM 1, 1.25 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 
Figure S13 Expansions of the 19F-NMR spectra from Figure S12.   
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Figure S14 19F-NMR spectra monitoring dechlorination of substrate 1 over time. Reaction 
conditions: 50 mM 1, 1.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S15 Expansions of the 19F-NMR spectra from Figure S14. 
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Figure S16 19F-NMR spectra monitoring dechlorination of substrate 1 over time. Reaction 
conditions: 50 mM 1, 1.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product. 

 

 
Figure S17 Expansions of the 19F-NMR spectra from Figure S16. 
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Figure S18 19F-NMR spectra monitoring dechlorination of substrate 1 over time. Reaction 
conditions: 100 mM 1, 1.25 eq. TDAE, MeCN-d3, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product. 

 

 
Figure S19 Expansions of the 19F-NMR spectra from Figure S18. 
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Figure S20 19F-NMR spectra monitoring dechlorination of substrate 2 over time. Reaction 
conditions: 100 mM 2, 1.25 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

Figure S21 Expansions of the 19F-NMR spectra from Figure S20. 
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Figure S22 19F-NMR spectra monitoring dechlorination of substrate 2 over time. Reaction 
conditions: 50 mM 2, 1.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S23 Expansions of the 19F-NMR spectra from Figure S22. 
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Figure S24 19F-NMR spectra monitoring dechlorination of substrate 2 over time. Reaction 
conditions: 50 mM 2, 1.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S25 Expansions of the 19F-NMR spectra from Figure S24. 
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Figure S26 19F-NMR spectra monitoring dechlorination of substrate 2 over time. Reaction 
conditions: 100 mM 2, 1.25 eq. TDAE, MeCN-d3, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product. 

 

 
Figure S27 Expansions of the 19F-NMR spectra from Figure S26. 
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Figure S28 19F-NMR spectra monitoring dechlorination of substrate 3 over time. Reaction 
conditions: 100 mM 3, 1.25 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 
Figure S29 Expansions of the 19F-NMR spectra from Figure S28. 
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Figure S30 19F-NMR spectra monitoring dechlorination of substrate 3 over time. Reaction 
conditions: 50 mM 3, 1.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S31 Expansions of the 19F-NMR spectra from Figure S30. 
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Figure S32 19F-NMR spectra monitoring dechlorination of substrate 3 over time. Reaction 
conditions: 50 mM 3, 1.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 
Figure S33 Expansions of the 19F-NMR spectra from Figure S32. 
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Figure S34 19F-NMR spectra monitoring dechlorination of substrate 3 over time. Reaction 
conditions: 100 mM 3, 1.25 eq. TDAE, MeCN-d3, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product. 

 

 
Figure S35 Expansions of the 19F-NMR spectra from Figure S34. 

Appendix A. Supplementary Information

156



 S22 
 
 

 
Figure S36 19F-NMR spectra monitoring dechlorination of substrate 4 over time. Reaction 
conditions: 100 mM 4, 1.25 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S37 Expansions of the 19F-NMR spectra from Figure S36. 
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Figure S38 19F-NMR spectra monitoring dechlorination of substrate 4 over time. Reaction 
conditions: 50 mM 4, 1.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 
Figure S39 Expansions of the 19F-NMR spectra from Figure S38. 
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Figure S40 19F-NMR spectra monitoring dechlorination of substrate 4 over time. Reaction 
conditions: 50 mM 4, 1.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 
Figure S41 Expansions of the 19F-NMR spectra from Figure S40. 
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Figure S42 1H-NMR spectra monitoring dechlorination of substrate 4 over time. Reaction 
conditions: 100 mM 4, 1.25 eq. TDAE, MeCN-d3, λex = 440 nm. Peaks of internal standard 
1-fluoropentane are marked with asterisks. SM = starting material; P = product. 

 
Figure S43 Expansions of the 1H-NMR spectra from Figure S42. 
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Figure S44 19F-NMR spectra monitoring debromination of substrate 5 over time. Reaction 
conditions: 100 mM 5, 1.25 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

Figure S45  Expansions of the 19F-NMR spectra from Figure S44. 
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Figure S46 19F-NMR spectra monitoring debromination of substrate 5 over time. Reaction 
conditions: 50 mM 5, 1.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S47 Expansions of the 19F-NMR spectra from Figure S46. 
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Figure S48 19F-NMR spectra monitoring debromination of substrate 5 over time. Reaction 
conditions: 50 mM 5, 1.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 
Figure S49 Expansions of the 19F-NMR spectra from Figure S48. 
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Figure S50 19F-NMR spectra monitoring debromination of substrate 5 over time. Reaction 
conditions: 100 mM 5, 1.25 eq. TDAE, MeCN-d3, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product. 

 

 
Figure S51 Expansions of the 19F-NMR spectra from Figure S50. 
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Figure S52 19F-NMR spectra monitoring dechlorination of substrate 6 over time. Reaction 
conditions: 100 mM 6, 1.25 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

Figure S53 Expansions of the 19F-NMR spectra fro Figure S52. 
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Figure S54 19F-NMR spectra monitoring dechlorination of substrate 6 over time. Reaction 
conditions: 50 mM 6, 1.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S55 Expansions of the 19F-NMR spectra from Figure S54. 
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Figure S56 19F-NMR spectra monitoring dechlorination of substrate 6 over time. Reaction 
conditions: 50 mM 6, 1.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 
Figure S57 Expansions of the 19F-NMR spectra from Figure S56. 
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Figure S58 19F-NMR spectra monitoring dechlorination of substrate 6 over time. Reaction 
conditions: 100 mM 6, 1.25 eq. TDAE, MeCN-d3, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product. 

 
Figure S59 Expansions of the 19F-NMR spectra from Figure S58. 
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Figure S60 19F-NMR spectra monitoring defluorination of substrate 9 over time. Reaction 
conditions: 100 mM 9, 3.0 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S61 Expansions of the 19F-NMR spectra from Figure S60. 
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Figure S62 19F-NMR spectra monitoring defluorination of substrate 9 over time. Reaction 
conditions: 50 mM 9, 1.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S63 Expansions of the 19F-NMR spectra from Figure S62. 
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Figure S64 19F-NMR spectra monitoring defluorination of substrate 9 over time. Reaction 
conditions: 50 mM 9, 1.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P = product.  

 

 
Figure S65 Expansions of the 19F-NMR spectra from Figure S63. 
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Figure S66 19F-NMR spectra monitoring defluorination of substrate 11 over time. Reaction 
conditions: 100 mM 11, 3.25 eq. TDAE, acetone-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P1, P2 = products. 

 

 
Figure S67 Expansions of the 19F-NMR spectra from Figure S66. 
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Figure S68 19F-NMR spectra monitoring defluorination of substrate 11 over time. Reaction 
conditions: 100 mM 11, 3.25 eq. TDAE, acetone-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P1, P2 = products. 

 

 
Figure S69 Expansions of the 19F-NMR spectra from Figure S68. 
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Figure S70 19F-NMR spectra monitoring defluorination of substrate 11 over time. Reaction 
conditions: 50 mM 11, 2.25 eq. TDAE, benzene-d6, λex = 440 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P1, P2 = products. 

 

 
Figure S71 Expansions of the 19F-NMR spectra from Figure S70. 
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Figure S72 19F-NMR spectra monitoring defluorination of substrate 11 over time. Reaction 
conditions: 50 mM 11, 2.25 eq. TDAE, benzene-d6, λex = 390 nm. Peak of internal standard 
1-fluoropentane is marked with an asterisk. SM = starting material; P1, P2 = products. 

 

 
Figure S73 Expansions of the 19F-NMR spectra from Figure S72. 
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1. General experimental details 
All deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. Reagents were purchased 

from Fluorochem, AmBeed, Alfar Aesar, Acros Organics or Sigma-Aldrich/Merck in “reagent grade” purity 

or better and were used as received. DMF was purchased “extra dry” in 99.8% purity from Acros Organics 

and was used for photocatalytic reactions as well as spectroscopic measurements. 

All NMR spectra were recorded on a Bruker Avance III instrument operating at 400 MHz proton frequency. 

All samples were recorded at 295 K in 5 mm diameter tubes. Chemical shifts (1H-NMR) were referenced 

internally to residual solvent peaks using d values as reported by GOTTLIEB et al or the internal standard.1 

Starting material consumption and product formation were determined from 19F-NMR measurements (19F: 

376 MHz, 16 scans) in NMR tubes against 4-fluorotoluene (-119.15 ppm) as internal standard.  

Sample preparation for photoreduction reactions and spectrophotometric measurements were performed in 

screw cap quartz cuvettes. All solutions were purged with argon to remove oxygen and sealed under argon 

with septum caps. For photocatalytic reactions, a balloon with argon was installed during the time of the 

reaction. 

Absorption spectra were recorded on a Cary 5000 UV-Vis-NIR spectrometer from Varian. 

Photoluminescence spectra were recorded on a Fluorolog-322 instrument from Horiba Jobin-Yvon. For laser 

flash photolysis, an LP920-KS apparatus from Edinburgh Instruments was used. A frequency-tripled 

Nd:YAG laser (Quantel Brilliant, ca. 10 ns pulse width)  equipped  with  an  OPO  from Opotek and a beam 

expander (GBE02-A  from  Thorlabs) in the beam path was used for excitation with visible light. The direct 

output of another frequency-tripled Nd:YAG laser (Quantel Q-smart 450 mJ, ca. 10 ns pulse width) with a 

beam expander (BE02-355  from  Thorlabs) in the beam path was used for excitation at 355 nm. The 

excitation energies were varied by the Q-switch delays and measured with a pyroelectric detector. Typically, 

pulse energies between 10 mJ and 15 mJ were used for the measurements with visible light, and pulse 

energies of 5 mJ to 50 mJ were used for the measurements with 355 nm excitation. Detection of transient 

absorption and time-resolved emission spectra was performed with an iCCD camera (Andor). Kinetics at 

single wavelengths were recorded using a photomultiplier tube. Photoluminescence quantum yields were 

measured on a Hamamatsu absolute PL quantum yield spectrometer C11347 Quantaurus-QY in de-aerated 

solutions. 

Cyclic voltammetry was performed using a Versastat3-200 potentiostat from Princeton Applied Research. A 

saturated calomel electrode (SCE) served as reference electrode, a glassy carbon disk electrode was 

employed as working electrode, and a silver wire was used as counter electrode. Measurements were 

performed with potential sweep rates of 100 mV/s in dry de-aerated solvent with 0.1 M TBAPF6 (tetra-n-

butylammonium hexafluorophosphate) as supporting electrolyte. Sample concentrations were adjusted to 

values between 1 mM and 5 mM. 

Spectro-electrochemical measurements were performed in a quartz cuvette using the potentiostat and the 

UV-Vis-NIR spectrometer mentioned above. A platinum grid served as working electrode, a platinum wire 

was used as counter electrode and an SCE was employed as reference electrode.  
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For the measurements of the triplet-triplet annihilation upconversion power dependencies and the 

photostabilities, the Fluorolog-3-22 was equipped with a 447 nm continuous wave (cw) laser (Roithner 

Lasertechnik) as light source with precisely adjustable radiative power (optical output up to 1070 mW) and 

high output stability (< 1 %). The unmodified laser beam (5.0 × 2.5 mm) was used for the experiments 

presented herein.  The maximum power density is thus estimated to ca. 8.5 W cm-2. 

As light source for cw-laser experiments in photocatalysis, the same 447 nm cw-laser was used as light 

source and a beam expander (GBE05-A from Thorlabs) was installed backwards in the beam path to obtain a 

compressed laser beam with up to 42.5 W cm-2 power density. An output spectrum of this laser has been 

reported previously.2 For measurements with a 440 nm LED, a Kessil PR160 LED (40 W) was used, and two 

400 nm long-pass filters (coloured glass 400 nm cut-off filter, Reichmann Feinoptik GmbH) were installed 

between the lamp and the sample. An output spectrum of the LED has been reported previously.3 
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2. Spectroscopic measurements 

2.1. Spectroscopic properties of fac-[Ir(ppy)3] and tBuPy 

2.1.1. Photophysical characterization in DMF 
 

All following measurements were performed in de-aerated DMF at room temperature. 

 

 
Figure S1. UV-vis absorption (dark blue and dark green traces) and emission spectra (light blue and light 

green traces) of fac-[Ir(ppy)3] (left) and tBuPy (right) in de-aerated DMF. Excitation occurred at 400 nm in the 

case of fac-[Ir(ppy)3] and at 340 nm in the case of tBuPy. 

 

Table S1. Overview of photophysical properties of fac-[Ir(ppy)3] and tBuPy in de-aerated DMF at 20 °C. 

compound labs (ε) / nm (M-1 s-1) lem (ϕ) / nm (%) t0 / ns 

fac-[Ir(ppy)3] 376 (14 500) 525 (88) 1590 
tBuPy 340 (45 900) 377 (59) 230 

 

Absorption spectra, emission spectra, luminescence quantum yields and excited-state lifetimes (Figure S1 

and Table S1) for fac-[Ir(ppy)3] and tBuPy were similar as in prior studies in DMF or other polar solvents.4–6 

 

 

2.1.2. Photostability measurements in DMF 
 

We investigated the photostabilities of fac-[Ir(ppy)3] and the upconversion system by measuring the 

luminescence intensity of fac-[Ir(ppy)3] and 1*tBuPy as a function of irradiation time (Figure S2). The 

luminescence intensities were recorded on our emission spectrometer under cw-laser irradiation (447 nm, 
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1070 mW) in a similar setup as reported previously.7 Neutral density filters (Newport) were installed in front 

of the detector to adjust the respective emission intensity to the linear regime of our detector. 

 
Figure S2. Emission intensity changes over time of fac-[Ir(ppy)3] (30 μM, blue trace) at 525 nm and the 

upconverted emission of fac-[Ir(ppy)3] (30 μM) with tBuPy (5 mM, green trace) at 395 nm in de-aerated DMF 

under cw-laser irradiation (447 nm, 1070 mW) at 20 °C.  

 

 

2.2. Triplet-triplet energy transfer from fac-[Ir(ppy)3] to tBuPy 
 

Further information to step 1 in Figure 2 of the main manuscript is presented here. 

 
Figure S3. Fluorescence quenching of fac-[Ir(ppy)3] by tBuPy. fac-[Ir(ppy)3] (10 µM) in de-aerated DMF was 

excited at 450 nm. The emission decay was monitored at 515 nm in the absence (green) and in the presence 
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of different concentrations of tBuPy as indicated in the inset. The inset in the upper right corner contains the 

resulting Stern-Volmer plot and the calculated quenching rate constant. 

Stern-Volmer analysis of the energy transfer of fac-[Ir(ppy)3] with tBuPy results in a quenching rate constant 

kTTET of 2.1·109 M-1 s-1 (Figure S3). Triplet-triplet energy transfer (TTET) from fac-[Ir(ppy)3] to a substituted 

pyrene has been previously explored in DCM and resulted in a similar rate constant (9.78·108 M-1 s-1).8 

Transient absorption spectra recorded with a time delay of 10 µs reveal the formation of the lowest triplet 

excited state of tBuPy (Figure S4), with its characteristic absorption band at 416 nm.9 With increasing 

concentration of tBuPy, the rate of formation of triplet-excited tBuPy increases (Figure S4, right inset). This is 

in line with the proposed energy transfer mechanism. 

 

 
Figure S4. Triplet state formation and decay of  tBuPy. fac-[Ir(ppy)3] (10 µM) in de-aerated DMF was excited 

at 450 nm and the transient absoprtion spectra were recorded with a time delay of 10 µs, time-integrated over 

200 ns. Different concentrations of tBuPy were used (color code for all parts in the main part of the figure).  

The left inset exhibits the decays of the lowest triplet excited state of tBuPy (as monitored at 416 nm) after 

triplet-triplet energy transfer from fac-[Ir(ppy)3]. The right inset displays the signal growth monitored at the 

same wavelenth within the first 2.5 µs after the laser pulse, corresponding to the formation of 3*tBuPy. 

 

2.3. Reductive quenching of fac-[Ir(ppy)3] by DMA 
 

This subsection contains additional data concerning step 1b in Figure 2 of the main manuscript. 

 

Reductive quenching of excited fac-[Ir(ppy)3] by DMA is very inefficient based on a Stern-Volmer 

quenching experiment, yielding a quenching rate constant of only 1.1·104 M-1 s-1 (Figure S5).  The highest 
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concentration of DMA during these luminescence-quenching measurements (125 mM) is close to the 

concentration under photocatalytic conditions (150 mM, see Table 2 of the main manuscript). 

 
Figure S5. Fluorescence quenching of fac-[Ir(ppy)3] by DMA. fac-[Ir(ppy)3] (10 µM) in de-aerated DMF 

was excited at 450 nm and the emission decay was monitored at 515 nm in the absence (green) and in the 

presence of different concentrations of DMA (25, 50, 75, 100, 125 mM). The inset displays the resulting 

Stern-Volmer plot and the calculated quenching rate constant. 

 

2.4. Triplet state quenching of tBuPy by DMA 
 

Further information for the results corresponding to step 2b in Figure 2 of the main manuscript is given here. 

 

No reductive quenching of 3*tBuPy by DMA is observable (Figure S6). 3*tBuPy can decay via two different 

pathways: (i) direct decay to the electronic ground state (a first-order process associated with a specific 

natural lifetime), and (ii) via triplet-triplet annihilation, corresponding to a second-order process. 

Consequently, a straightforward Stern-Volmer analysis is not possible. However, up to a DMA concentration 

of 125 mM, the kinetic decays of 3*tBuPy sensitized by fac-[Ir(ppy)3] are unchanged (Figure S6), and from 

this we conclude that electron transfer from DMA to 3*tBuPy occurs with a rate constant that is at most on the 

order of 103 M-1 s-1. The highest DMA concentration in these measurements (125 mM) is close to the 

concentration used for the photocatalytic experiments (150 mM, see Table 2 of the main manuscript), 

indicating that reductive quenching of 3*BuPy by DMA is no relevant process in our catalytic systems. 
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Figure S6. Triplet state decay of  tBuPy. fac-[Ir(ppy)3] (10 µM) in de-aerated DMF was excited at 450 nm in 

the presence of tBuPy (5 mM) and the triplet state decay of tBuPy was monitored at 416 nm in the absence 

(green) and in the presence of different concentrations of DMA (25, 50, 75, 100, 125 mM).  

 

2.5. Triplet-triplet annihilation upconversion 
 

Further information concerning step 2 in Figure 2 of the main manuscript is given here. This section is 

divided into three subsections that cover the determination of the rate constant for triplet-triplet annihilation 

(2.5.1), the quadratic power dependence of the upconversion step (2.5.2) and the estimation of the 

upconversion quantum yield (2.5.3). 

 

2.5.1. The rate constant for triplet-triplet annihilation 
As discussed above, 3*tBuPy decays via two concurrent pathways, including ordinary first-order decay (natural 

lifetime of triplet, τ0 (= 1/kT)) and a second-order process (triplet-triplet annihilation, kTTA). Bachilo and 

Weisman derived an analytical solution (equation S1) taking both concurrent processes into account.10 They 

define a dimensionless parameter β (equation S2) as the fraction of the decay that takes place through triplet-

triplet annihilation.
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$ %	" &#∙()*+)

-./(0$∙#)*+
 (S1)   

 

 𝛽 =
0$$%∙$ %	" &#

0$$%∙[ %	" ]#30$
 (S2)  

 

A.2. SI for Chapter 3 (Chem. Sci., 2021, 12, 9922 – 9933)

185

https://pubs.rsc.org/en/content/articlelanding/2021/sc/d1sc02085d


 S10  

The extinction coefficient for 3*tBuPy at its characteristic absorption maximum does not seem to be known. 

Therefore, we estimated the initial triplet concentration ([ 𝐴	" ]4) based on the extinction coefficient of 

unsubstituted pyrene (37700 M-1 s-1 at 415 nm)11 and the initial transient absorbance value (maximum of each 

kinetic trace in Figure S7) at that wavelength. Ordinary (unsubstituted) pyrene and tBuPy have nearly 

identical triplet absorption spectra, and it seems reasonable to use the extinction coefficient of unsubstituted 

pyrene at 415 nm as a proxy for the unknown extinction coefficient of tBuPy. Calculation of the rate constant 

for triplet-triplet annihilation can be achieved by fitting of the time-resolved data of kinetic traces at 415 nm 

with different initial triplet state concentrations according to equation S1.2,7,12 Variation of the laser pulse 

energies was used to change the initial triplet concentration, and the values resulting from the individual fits 

of each decay curve were averaged to obtain a triplet-triplet annihilation rate constant kTTA of (1.1 ± 0.2) × 

1010 M-1 s-1. The natural lifetime of 3*tBuPy is obtained from the same fit curves (using t0 = 1/kT). The 

measured data as well as the fit curves (dashed green traces) are included in Figure S7. Our calculated 

triplet-triplet annihilation rate constant is on the same order of magnitude as that previously reported by 

Moore and coworkers for unsubstituted pyrene in DMSO (kTAA = 1.34 × 1010 M-1 s-1).13 

 
Figure S7. Power-dependent triplet state decay of tBuPy. fac-[Ir(ppy)3] (10 µM) in de-aerated DMF was 

excited at 450 nm in the presence of tBuPy (5 mM). Decay of transient signals of 3*tBuPy recorded with 

different excitation pulse energies (see inset) were monitored at 415 nm. Fitting curves are displayed as 

dashed green traces (see text for details). 

 

2.5.2. Quadratic power dependence of upconversion step 
 

In theory a quadratic dependence of the upconverted emission based on the excitation intensity can be 

excepted for small excitation power densities.14,15 Using a stock solution of fac-[Ir(ppy)3] (10 µM) in DMF 
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two samples were prepared, one containing tBuPy (1 mM) while the other one did not. Both solutions were 

excited at 450 nm with the internal light source of our Fluorolog instrument, and the light intensity was 

varied by introducing neutral density filters (Thorlabs) in the excitation beam path.  The prompt 

fac-[Ir(ppy)3] emission was recorded between 460 nm and 750 nm while the upconverted delayed 

fluorescence emitted by tBuPy was detected between 360 nm to 430 nm (Figure S8). Relative integrated 

emission intensities were determined by integration of the emission spectra displayed on a wavenumber 

scale. The resulting relative integrated emission intensities were then plotted as a function of the relative 

excitation power densities (insets of Figure S8). Fitting of these data with a power function (y(x) = a	∙	xb + 

y0) results in a nearly quadratic dependence of 1.96 for the upconverted emission intensity (inset from left 

part of Figure S8) while a linear dependence of 1.00 is found for the fac-[Ir(ppy)3] emission (inset from right 

part of Figure S8).  

 

 
Figure S8. Power dependence of emission intensities. Emission spectra of fac-[Ir(ppy)3] (10 µM) in de-

aerated DMF upon variation of the irradiation power (right) and delayed emission spectra of upconverted 

emission for an identical solution with tBuPy (1 mM) added additionally (left) are shown. Both solutions were 

excited at 450 nm with the internal light source of the instrument (450 W xenon lamp, 12 nm excitation slit 

width in the absence of tBuPy (right data set) and 13 nm excitation slit width in the presence of tBuPy (left data 

set)), and excitation power densities were changed with reflective neutral density filters (Thorlabs). The 

insets display the respective integrated relative emission intensities in dependence of the excitation power 

densities (green and blue circles) and the corresponding best power function fit result (fit function y(x) = a	∙

	xb + y; fit curves in green and blue). The two insets of this figure present the same data as Figure 4D of the 

main manuscript. 

We used the internal light source of our instrument for excitation of our samples, as this is much weaker than 

our 447 nm cw-laser. With the latter a linear power-dependence was found for both solutions (data not 

shown), suggesting that the strong annihilation limit for upconversion processes is reached under cw-laser 

excitation conditions.15 Measurements with a 440 nm LED (Kessil) at full power also resulted in a linear 

power dependence for upconverted light (data not shown). 
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2.5.3. Upconversion quantum yield estimation 
 

Based on the output power calibration sheet provided by the laser manufacturer (Roithner Lasertechnik), the 

precisely adjustable power of the 447 nm cw-laser was used for the relative quantum yield determination of 

the upconverted emission of our system in comparison to the emission quantum yield of fac-[Ir(ppy)3] in de-

aerated DMF (88 %, determined as absolute quantum yield, see section 2.1). A description of a similar setup 

has been reported recently.7 Neutral density filters were employed to attenuate emission intensities where 

necessary, and to attenuate the laser excitation power below 80 mW.  

An upconversion quantum yield ϕsTAA-UC of ~4.8 % for the delayed 1*tBuPy emission is achievable with this 

system (Figure S9), using a theoretical limit of 50 % as suggested recently.16 A detailed discussion is 

provided in the main manuscript. Taking into account that the fluorescence quantum yield of 1*tBuPy in de-

aerated DMF at 20 °C is 59 % (see section 2.1), about ~8 % of 1*tBuPy are obtained. 

 

 
Figure S9. Upconversion quantum yield (fsTTA-IC) of fac-[Ir(ppy)3] (30 µM) and tBuPy (5 mM) in DMF upon 

variation of the excitation power density. The insets show the corresponding emission spectra in 

wavenumbers for upconverted tBuPy emission (left) as well as emission of fac-[Ir(ppy)3] in the absence of 

annihilator (reference system, right). These are the same data sets as in Figure 4A-C of the main manuscript. 

 

 

2.6. Reductive quenching of 1*tBuPy by DMA 
 

Further information for the results corresponding to step 3 in Figure 2 of the main manuscript is given here. 

 
1*tBuPy is quenched by DMA with a rate constant of 4.8 × 109 M-1 s-1 (Figure S10). 
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Figure S10. Fluorescence quenching of tBuPy by DMA. tBuPy (50 µM) in de-aerated DMF was excited at 

355 nm and the emission decay was monitored at 395 nm in the absence (green) and in the presence of 

different concentrations of DMA (1, 2, 3, 4, 5 mM). The Stern-Volmer plot obtained from this data set and 

the resulting quenching constant are given in the inset. 

 

2.7. Oxidative quenching of 1*tBuPy by different substrates 
 

Further information for the results corresponding to step 3b in Figure 2 of the main manuscript is given here. 

 

Table S2. Rate constants (kQ) for reductive quenching of 1*tBuPy by DMA and for oxidative quenching by the 

different explored substrates in de-aerated DMF. 

entry substrate kQ / M-1 s-1 data set presented in 

1 DMA 4.8 · 109 Figure S10 

2 2-chloro-4-fluorobenzonitrile (1) 6.4 · 107 Figure S11 

3 2-bromo-4-fluorobenzonitrile (2) 3.9 · 108 Figure S12 

4 4-bromo-2-fluorobenzonitrile (3) 2.1 · 109 Figure S13 

5 4-fluoroacetophenone (4) 9.4 · 107 Figure S14 

6 
N-(2-fluorophenyl)-4-

methylbenzenesulfonamide (5) 
1.1 · 107 Figure S15 

 

The following Stern-Volmer plots (insets of respective figures) are all drawn on the same x- and y-scales to 

simplify a visual comparison between the different data sets. 
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Figure S11. Fluorescence quenching of tBuPy by substrate 1. tBuPy (50 µM) in de-aerated DMF was excited at 

355 nm and the emission decay was monitored at 395 nm in the absence (green) and in the presence of 

different concentrations of 1 (5, 10, 15, 20, 25, 50, 75 mM). The Stern-Volmer plot obtained from this data 

set and the resulting quenching rate constant are given in the inset. 

 

 
Figure S12. Fluorescence quenching of tBuPy by substrate 2. tBuPy (50 µM) in de-aerated DMF was excited at 

355 nm and the emission decay was monitored at 395 nm in the absence (green) and in the presence of 

different concentrations of 2 (1, 2, 3, 4, 5, 25, 50 mM). The Stern-Volmer plot obtained from this data set 

and the resulting quenching rate constant are given in the inset. 
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Figure S13. Fluorescence quenching of tBuPy by substrate 3. tBuPy (50 µM) in de-aerated DMF was excited at 

355 nm and the emission decay was monitored at 395 nm in the absence (green) and in the presence of 

different concentrations of 3 (1, 2, 3, 4, 5, mM). The Stern-Volmer plot obtained from this data set and the 

resulting quenching rate constant are given in the inset. 

 

 

Figure S14. Fluorescence quenching of tBuPy by substrate 4. tBuPy (50 µM) in de-aerated DMF was excited at 

355 nm and the emission decay was monitored at 395 nm in the absence (green) and in the presence of 

different concentrations of 4 (5, 10, 15, 20, 25, 50, 100 mM). The Stern-Volmer plot obtained from this data 

set and the resulting quenching rate constant are given in the inset. 
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Figure S15. Fluorescence quenching of tBuPy by substrate 5. tBuPy (50 µM) in de-aerated DMF was excited at 

355 nm and the emission decay was monitored at 395 nm in the absence (green) and in the presence of 

different concentrations of 5 (5, 10, 15, 20, 25 mM). The Stern-Volmer plot obtained from this data set and 

the resulting quenching rate constant are given in the inset. 

 

 

2.8. Oxidative excited-state quenching of fac-[Ir(ppy)3] by different substrates 
 

Further information for the results corresponding to step 1c in Figure 2 of the main manuscript is given here. 

 

Table S3. Rate constants (kQ) for excited-state quenching of fac-[Ir(ppy)3] in de-aerated DMF by DMA and 

by the different substrates. 

entry substrate kQ / M-1 s-1 data set presented in 

1 a DMA 1.1 · 104 Figure S5 

2 b 2-chloro-4-fluorobenzonitrile (1) 9.8 · 105 Figure S16 

3 b 2-bromo-4-fluorobenzonitrile (2) 6.4 · 106 Figure S17 

4 b 4-bromo-2-fluorobenzonitrile (3) 4.4 · 106 Figure S18 

5 b 4-fluoroacetophenone (4) 2.1 · 104 Figure S19 

6 b 
N-(2-fluorophenyl)-4-

methylbenzenesulfonamide (5) 
4.1 · 105 Figure S20 

(a) Reductive quenching. (b) Oxidative quenching. 
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The following Stern-Volmer plots (insets of respective figures) are all drawn on the same x- and y-scales to 

simplify a visual comparison between the different data sets. 

 

 
Figure S16. Fluorescence quenching of fac-[Ir(ppy)3] by substrate 1. fac-[Ir(ppy)3] (10 µM) in de-aerated 

DMF was excited at 450 nm and the emission decay was monitored at 515 nm in the absence (green) and in 

the presence of different concentrations of substrate 1 (5, 10, 15, 20, 25, 50, 100 mM). The Stern-Volmer 

plot obtained from this data set and the resulting quenching rate constant are given in the inset. 

 
Figure S17. Fluorescence quenching of fac-[Ir(ppy)3] by substrate 2. fac-[Ir(ppy)3] (10 µM) in de-aerated 

DMF was excited at 450 nm and the emission decay was monitored at 515 nm in the absence (green) and in 

the presence of different concentrations of 2 (5, 10, 15, 20, 25, 50, 100 mM). The Stern-Volmer plot 

obtained from this data set and the resulting quenching rate constant are given in the inset. 
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Figure S18. Fluorescence quenching of fac-[Ir(ppy)3] by substrate 3. fac-[Ir(ppy)3] (10 µM) in de-aerated 

DMF was excited at 450 nm and the emission decay was monitored at 515 nm in the absence (green) and in 

the presence of different concentrations of 3 (5, 10, 15, 20, 25, 50, 100 mM). The Stern-Volmer plot 

obtained from this data set and the resulting quenching rate constant are given in the inset. 

 

 
Figure S19. Fluorescence quenching of fac-[Ir(ppy)3] by substrate 4. fac-[Ir(ppy)3] (10 µM) in de-aerated 

DMF was excited at 450 nm and the emission decay was monitored at 515 nm in the absence (green) and in 

the presence of different concentrations of 4 (5, 10, 15, 20, 25, 100, 250 mM). The Stern-Volmer plot 

obtained from this data set and the resulting quenching rate constant are given in the inset. 
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Figure S20. Fluorescence quenching of fac-[Ir(ppy)3] by substrate 5. fac-[Ir(ppy)3] (10 µM) in de-aerated 

DMF was excited at 450 nm and the emission decay was monitored at 515 nm in the absence (green) and in 

the presence of different concentrations of 5 (5, 10, 15, 20, 25 mM). The Stern-Volmer plot obtained from 

this data set and the resulting quenching rate constant are given in the inset. 

 

 

2.9. Direct observation of pyrenyl radical anion under upconversion conditions 
 

We seeked for direct evidence for the formation of pyrenyl radical anion (tBuPy•-) under upconversion 

conditions by transient absorption spectroscopy to further support our mechanistic hypothesis.  

 

In line with the results of section 2.2, excitation of fac-[Ir(ppy)3] (10 μM) at 450 nm in de-aerated DMF in 

the presence of tBuPy (5 mM) results in a rapid formation of 3*tBuPy with its characteristic peaks at 416 nm and 

525 nm in the transient absorption spectra (Figure S21A). For a sample containing 10 mM DMA and 

identical concentrations of fac-[Ir(ppy)3] and tBuPy as before, identical spectroscopic features are visible in 

the transient absorption spectra (Figure S21B). On the other hand, also the relative intensitiy of a signal 

around 495 nm is increased in comparison to the data without sacrifical electron donor, especially at long 

delay times. Substraction of the transient absorption spectra recorded 100 μs after the laser pulse in the 

absence and presence of DMA reveals the formation of a new species with a maximum around 495 nm (the 

difference of difference spectrum is given in Figure 3C of the main manuscript).17 By comparison to 

electrochemically reduced tBuPy (Figure 3D of the main manuscript) this species can be assigned to the 

pyrenyl radical anion. This new transient absorption band at 495 nm furthermore manifests in different 

kinetic traces when monitoring at 495 nm and 416 nm (Figure S21 C and D). The latter does not change 
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upon addition of DMA, while the traces at 495 nm differ significantly. These results are in line with our 

proposed mechanism (Figure 2 of the main manuscript). During the formation of the pyrenyl radical anion, 

an oxidized DMA radical cation is formed and should be visible in the transient absorption spectra, but the 

extinction coefficient of this unstable intermediate is small (ε ≈ 2000 M-1 cm-1 around 450 nm)18 compared to 

the very strongly absorbing pyrenyl radical anion (ε ≈ 10000 M-1 cm-1 around 450 nm) and therefore escapes 

detection.17,19,20  

 

 
Figure S21. Spectroscopic investigation of pyrenyl radical anion formation under upconversion conditions. 

Transient absorption spectra of fac-[Ir(ppy)3] (10 µM) and tBuPy (5 mM) in DMF in the absence (A) and in 

the presence (B) of DMA (10 mM) with different time delays (see inset) after the excitation laser pulses 

(time-integrated over 200 ns). Kinetic traces over 1.8 ms (C) and 90 µs (D) monitoring the transient 

absorption signals at 416 nm and 495 nm. Delayed 1*tBuPy emission recorded in absence (E) and in presence 

of (F) DMA with different time delays (see inset) time-integrated over 200 ns. Pulsed laser excitation at 

450 nm was used for all measurements. Further explanations are given in the text.  

 

DMA quenches 1*tBuPy reductively. This is evident in the emission spectra recorded with different time 

delays after the laser pulse. Upon excitation of the same samples mentioned above in the absence of DMA, 
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the upconverted emission of 1*tBuPy with a maximum around 395 nm is observable (Figure S21E), in 

addition to the (much more intense) prompt emission from the fac-[Ir(ppy)3] complex. In contrast to this, for 

the sample with excess of DMA the upconversion emission band is not visible anymore (Figure S21F). This 

further supports the mechanistic proposal of upconversion (step 1 and 2 in Figure 2 of the main manuscript) 

followed by reductive quenching of 1*tBuPy (step 3 in Figure 2 of the main manuscript). 

 

In the difference of difference spectrum of Figure 3C in the main paper, a DDOD value of roughly 0.005 is 

observable for the tBuPy•- signal at 495 nm. Based on an extinction coefficient of ~105 M-1 cm-1 for the 

(unsubstituted) pyrenyl radical anion at 495 nm,21 we estimate a concentration of 5·10-8 M for tBuPy•- in the 

data set of Figure 3C. This concentration is roughly 40 times smaller than the concentration of 3*tBuPy 

estimated from Figure 3A, where the DOD value at 416 nm is 0.08 and the relevant extinction coefficient is 

~4·104 M-1 cm-1 (estimated from the extinction coefficient of pyrene),11 leading to a concentration of 2·10-6 M 

for 3*tBuPy. Taking into consideration that two 3*tBuPy are needed for the formation of one tBuPy•-, the 

remaining factor-of-20 difference is explained as follows: (1) Even under optimized conditions, the quantum 

yield for sTTA-UC (fsTTA-UC) amounts to only 0.048. (2) The cage escape yield for the formation of tBuPy•- 

and DMA•+ from 3*tBuPy is expected to be significantly below 1.0, because geminate recombination of the 
tBuPy•- / DMA•+ radical pairs is spin-allowed in this case.22 

 

2.10. Substrate activation by pyrenyl radical anion 
 

Further information for the results corresponding to step 4 in Figure 2 of the main manuscript is given here. 

 

The very high extinction coefficient of the radical anion of pyrenes around 495 nm offers the possibility to 

monitor the activation of the substrate.17 For these experiments, we investigated the decay of the tBuPy radical 

anion signal and combined the results of the kinetic data with the information extractable from transient 

absorption measurements.  

The key data and interpretations for the substrate activation by the pyrenyl radical anion are discussed in the 

main manuscript (Figure 5). Biexponential fit functions for the kinetic decay at 495 nm combined with 

transient absorption spectra recorded at different delay times are employed to determine the decay time of 

pyrenyl radical anion in the absence and the presence of substrate 1, and to estimate the rate constant for 

electron transfer from tBuPy•- to substrate 1.  
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Figure S22. Spectroscopic investigation of substrate activation. Kinetic traces at 495 nm, 470 nm, and 

416 nm for tBuPy (50 µM) in DMF excited at 355 nm in the presence of DMA (10 mM) on a millisecond time 

scale (A) and with a focus on the first 180 microseconds (B). For measurements in the absence of substrate 

1, no changes are visible for the kinetic decay curves at 495 nm before and after the acquisition of a full set 

of transient absorption data with about 50 scans in total (C). In the presence of substrate 1 under otherwise 

identical conditions, the kincetic decay at 495 nm clearly changes rapidly as a function of irradiation time, 

due to substrate consumption (in this case, each trace consists of 5 repetitions and 10 continuous 

measurements on the same sample are shown here). Further details are discussed in the text. 

 

Excitation of tBuPy (50 µM) in de-aerated DMF at 355 nm in the presence of DMA (10 mM) results in the 

formation of the pyrenyl radical anion (Figure 5A of the main manuscript). The kinetic traces at 495 nm (the 

main absorption band of tBuPy•-) and 470 nm compared to 416 nm (the main absorption band of 3*tBuPy) over 

the first hundred microseconds (Figure S22A and B) are clearly different. The pyrenyl radical anion absorbs 

at all three wavelengths (see Figure S23), but is not the only species contributing to the transient absorption 

spectra over time. The transient absorption signal at 416 nm (blue trace in Figure S22A and B) has a 

different temporal evolution over the first 180 µs than the signals at 495 / 470 nm (green and red traces in 

Figure S22A and B), pointing towards a process that is happening after the formation of pyrenyl radical 

anion (the formation of which should be completed within the nanosecond time range, see Figure S10). To 

explain these differences, we consider two options: (I) direct intersystem crossing of tBuPy and (II) exciplex 

charge recombination. The intrinsic intersystem efficiency (37 % for unsubstituted pyrene in cyclohexane) is 

assumed to be less important, as under the relevant conditions (10 mM sacrificial electron donor) about 90 % 

of 1*tBuPy are quenched by DMA (calculated based on equation S4).23 Exciplex formation with a sacrificial 

electron donor (such as DMA),24 and charge recombination can lead to triplet state formation on 
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microsecond time scales, which could explain the different temporal evolution of the signal at 416 nm (blue 

trace in Figure S22A and B) compared to the signals at 495 nm (green trace) and 470 nm (red trace).25 As 

discussed briefly in the main manuscript, protonation of the radical anion is furthermore possible,17,26 and the 

DMA radical cation absorbs between 400 nm and 550 nm, though with a comparably low extinction 

coefficient of ε ≈ 2000 M-1 cm-1 around 450 nm.18 All these processes can contribute to the transient 

absorption kinetics, for example to the kinetic trace recorded at 416 nm and may explain the unusual 

behaviour seen in the blue trace of Figure S22A and B. These processes can further complicate the analysis 

of the kinetic traces at 495 nm (near the main absorption band of tBuPy•-). Nevertheless, based on the transient 

absorption spectra in Figure 5A/B, tBuPy•- is the dominant species. This opens the possibility to perform a 

more detailed analysis of the substrate activation step. 

 

 5#
5	
= 1 + 𝑘6 ∙ [𝑄] ∙ 𝜏4 (S3)  

 

A Stern-Volmer analysis (equation S3) is commonly used to estimate rate constants for bimolecular 

reactions, but a direct use of this equation is prevented by the biexponential decay of the kinetic traces at 

495 nm. However, the transient absorption spectra in Figure 5A and B of the main manuscript can be used to 

identify which one of the two decay constants belongs to tBuPy•-. In the absence of substrate, biexponential 

fits yield time constants of 1.07 ms (44%) and 54.7 µs (56%). The transient absorption spectra in Figure 5A 

reveal that the diagnostic spectral feature of tBuPy•- at 495 nm decreases markedly over the first 50 µs, but 

remains clearly detectable even after a delay time of 1 ms. Consequently, the two decay times recordable in 

absence of substrate are both attributed to tBuPy•-, but reflect the disappearance of this species via two 

different mechanistic paths. Taking into account the complexity of the overall system and the number of 

possible processes in this reaction mixture, a multi-exponential decay of this radical anion intermediate is not 

overly surprising.  

For the measurements in the presence of substrate 1 the data set is somewhat easier to analyze, as the long-

lived component (e.g. 28.9 µs (21%) in the presence of 200 µM substrate 1, inset of Figure 5B) does clearly 

not correspond to the pyrenyl radial anion based on the transient absorption spectra (Figure 5B). Therefore 

the faster decay time is used as proxy for the decay time of tBuPy•- in this case. Stern-Volmer analyses were 

consequently performed using exclusively the faster of the two decay components recordable in presence of 

substrate. Regardless of whether a value of 1.07 ms or a value of 54.7 µs was employed as t0-value in these 

Stern-Volmer analyses, a rate constant of roughly 1.1·109 M-1 s-1 was obtained for the reaction of tBuPy•- with 

substrate 1. (The data set in Figure 5C of the main manuscript is based on a decay time t0 of 1.07 ms; the 

Stern-Volmer plots based on t0 = 54.7 µs is not shown). When performing an identical experiment with 

DiPEA (instead of DMA) as sacrificial electron donor, a rate constant of 1.5·109 M-1 s-1 was obtained (data 

not shown). This result is in good agreement with the data obtained with DMA. 

The recording of transient absorption spectra and kinetic measurements with the solution containing tBuPy 

and DMA but no substrate 1 (Figure 5A) is unproblematic. The kinetic traces before and after a full set of 
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transient absorption measurements (as provided in Figure 5A) are identical (Figure S22C), indicating high 

reversibility of all photoinduced processes occurring in this mixture. In clear contrast to that, the mixture 

containing tBuPy,  DMA, and substrate 1 can undergo irreversible photoinduced processes (due to substrate 

turnover), and this complicates the recording of transient absorption spectra and kinetic traces. The kinetic 

traces clearly change significantly already in the presence of only small concentrations of substrate 1 with an 

increasing number of excitation events (presumably because of a change in substrate concentration with 

increasing number of laser pulses), as seen for example from Figure S22D. Therefore, the data collection for 

kinetic traces and transient absorption spectra in Figure 5B and Figure S22 were performed with maximum 

of two scans for each data set and a maximum of two data sets for transient absorption measurements with 

each sample that contained substrate 1. Kinetic data presented in the main paper has been limited to 

acquisition times up to 180 µs to simplify a graphical comparison, but the exact decay constants in the 

absence of substrate 1 were obtained from measurements on a millisecond time range (Figure S22C).  

 

 

2.11. Quenching efficiencies of all relevant steps including substrate activation 
 

Quenching efficiencies are calculated by the following equation: 

 

 𝜂 = 1 − 5
5#

 (S4)  

 

Using the experimentally determined rate constants for the individual steps, the decay times of the individual 

excited or radical species under catalytic conditions can be calculated (assuming pseudo first-order decay 

behaviour in the case of tBuPy•-). This is done based on the Stern-Volmer equation (equation S5) resulting in 

an equation for the decay time t (equation S6), which is dependent on the specific rate constant 𝑘6 and 

concentration of the respective quencher Q. 

 

 5#
5	
= 1 + 𝑘6 ∙ [𝑄] ∙ 𝜏4 (S5)  

 

  𝜏 = / )
5#
+ 𝑘6 ∙ [𝑄]0

*)
 (S6)  

 

The efficiencies are calculated for the conditions at the beginning of the photocatalytic reaction of substrate 1 
(conditions: 30 mM 1, 1 mol% fac-[Ir(ppy)3], 10 mol% tBuPy, 5 eq. DMA). Efficiencies (h) are summarized 
in  
Table S4 and a more detailed overview of all relevant data for the respective calculations of h follows 

afterwards (text and Table S5). 
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Table S4. Efficiencies (h) for the individual elementary processes illustrated in Figure 2 of the main 

manuscript. All values for de-aerated DMF at 20 °C. 

step no. description of step h a 
more information to this 

step in section 

1 TTET from fac-[Ir(ppy)3] to tBuPy 0.91 2.2 

1b reductive quenching of fac-[Ir(ppy)3] by DMA 0.003 2.3 

1c oxidative quenching of fac-[Ir(ppy)3] by substrate 1 0.05 2.8 

2 TTA-UC of tBuPy 0.99 b 2.5 

2b reductive quenching of 3*tBuPy by DMA <0.05 2.4 

3 reductive quenching of 1*tBuPy by DMA 0.99 2.6 

3b oxidative quenching of 1*tBuPy by substrate 1 0.31 2.7 

4 electron transfer from tBuPy•- to substrate 1 0.99 2.10 

(a) Efficiencies estimated based on the initial concentrations in the photocatalytic reactions (substrate 1 

(30 mM), fac-[Ir(ppy)3] (1 mol%), tBuPy (10 mol%) and DMA (5 eq.)). This table is also given in the main 

manuscript (Table 2). An overview for the values used to calculate the efficiencies is provided in Table S5.  

 

Table S5. Detailed overview of reactive species, quencher (Q) and their concentrations ([Q]), rate constants 

(k), unquenched (t0) and calculated quenched decay times (t) and the efficiencies (h) for the individual 

elementary processes illustrated in Figure 2 of the main manuscript. 

step no. reactive species t0 / ns Q [Q] / mM k / M-1 s-1 t / ns a h b 

1 fac-3*[Ir(ppy)3] 1590 tBuPy 3 2.1·109 144 0.91 

1b fac-3*[Ir(ppy)3] 1590 DMA 150 1.1·104 1586 0.003 

1c fac-3*[Ir(ppy)3] 1590 1 30 9.8·105 1519 0.05 

2 3*tBuPy 335000 3*tBuPy 0.027 c 1.1·1010 3301 0.99 b 

2b 3*tBuPy 335000 DMA 150 <1.0·103 >319000 <0.05 

3 1*tBuPy 235 DMA 150 4.8·109 1 0.99 

3b 1*tBuPy 235 1 30 6.4·107 162 0.31 

4 tBuPy•-- 1070000 1 30 1.1·109 162 0.99 

 

All calculations are based on the initial concentrations in the photocatalytic reactions (substrate 1 (30 mM), 

fac-[Ir(ppy)3] (1 mol%), tBuPy (10 mol%) and DMA (5 eq.)) unless otherwise noticed.  (a) The quenched 

decay times are calculated with equation S6. (b) Efficiencies are calculated with equation S4. (c) Estimation 

of this concentration is discussed in further detail in the text. 

 

A list of the reactive species with the individual natural decay times (t0) as well as the relevant quencher for 

each elementary step is in Table S5. Together with the rate constant (k) and the concentration of each 
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quencher, equation S6 is applied to calculate the resulting quenched decay time (t) under photocatalytic 

conditions.  

Rate constants for step 1, 1b, 1c, 3 and 3b are obtained from Stern-Volmer emission quenching studies for 

excited photocatalysts with a mono-exponential decay and the quenching efficiencies can be calculated in 

straightforward fashion using equation S6. In step 2, two 3*tBuPy molecules undergo triplet-triplet annihilation 

upconversion. Consequently, 3*tBuPy serves also as quencher in this step and an estimation of its 

concentration is required under catalytic conditions. For a rough estimation we make several assumptions: 

First of all, we we assume that per photoexcited fac-[Ir(ppy)3] only one equivalent of 3*tBuPy is formed.  

(Based on the much longer lifetime of 3*tBuPy and due to the fact that tBuPy is present in tenfold higher 

concentration than fac-[Ir(ppy)3], each photoexcited fac-[Ir(ppy)3] complex could in principle sensitize 

several tBuPy molecules, before 3*tBuPy decay has occurred). In the upconversion quantum yield experiment 

(Figure 4 of the main manuscript), saturation is achieved under laser cw-excitation above 2 W cm-2, 

indicating that near this threshold power density our upconversion system begins to operate in the so-called 

strong annihilation limit. The photoredox catalysis was performed using cw-laser irradiation with a power 

density of about 42.5 W cm-2, and consequently it seems plausible that under these conditions, too, the 

upconversion operates in the strong annihilation limit. Using the calculated efficiency of 0.909 for the triplet-

triplet energy transfer and an initial concentration of 0.3 mM of fac-[Ir(ppy)3] under catalytic conditions, we 

obtain a concentration of 0.27 mM for 3*tBuPy. Using this concentration and a quenching constant of 

1.1·1010 M-1 s-1, equation S4 results in a quenching efficiency of 0.999. Given the crude assumptions made 

above, it is likely that the initial 3*tBuPy concentration is overestimated. However, for a ten times lowered 
3*tBuPy concentration (27 µM) one still obtains an annihilation efficiency of 0.990 for step 2. A value of 0.99 

is used in Table 2 for this step. 

Although the quenching efficiency can give insight into the individual steps of our catalytic cycle, a direct 

comparison of the calculated efficiencies in Table S5 can be misleading. The more important quantity to 

compare the importance of two potentially competing processes is the product of the rate constant (kQ) and 

the quencher concentration ([Q]), resulting in an estimation of the number of reaction events per unit time. 

As noted in the main manuscript, this simple analysis shows that reductive quenching of 1*tBuPy by DMA 

(step 3 in Figure 2) is faster by a factor of ca. 400 compared to oxidative quenching of 1*tBuPy by substrate 1 

(step 3b in Figure 2).  
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2.12. Spectro-electrochemical characterization of pyrenyl radical anion 
 

 
Figure S23. UV-Vis difference spectrum obtained upon electrochemical reduction of tBuPy in de-aerated 

DMF with an applied potential of -2.25 V vs SCE in the presence of TBAPF6 (0.1 M) as supporting 

electrolyte. The green trace of this dataset is also displayed in Figure 3D of the main manuscript. 

 

A spectro-electrochemical reduction of a solution containing tBuPy (1 mM) and TBAPF6 (0.1 M) as 

supporting electrolyte in de-aerated DMF with an applied potential of -2.25 V vs SCE resulted in a bleach of 

the ground state absorbance of tBuPy (negative signals below 350 nm) as well as the growth of new 

absorption bands with maxima at 496 nm and 456 nm (Figure S23). The spectra in Figure S23 are in line 

with previously published spectra for pyrenyl radical anion.17 

2.13. Cyclic voltammetry of catalytic system components and substrates 
 

Cyclic voltammetry was performed with a saturated calomel electrode (SCE) as reference electrode, a glassy 

carbon disk as working electrode, and a silver wire as counter electrode. Measurements were conducted with 

potential sweep rates of 0.1 V/s in dry de-aerated DMF containing 0.1 M TBAPF6 as an electrolyte. For 

oxidations or reductions with irreversible waves, peak potentials are reported. Cyclic voltammetry 

measurements are presented for fac-[Ir(ppy)3] and tBuPy (Figure S24) as well as for substrates 1 to 5 (Figure 

S25), while the corresponding oxidation and reduction potentials are summarized in Table S6.  
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Figure S24. Cyclic voltammetry measurements of catalytic system components determined with TBAPF6 

(0.1 M) as supporting electrolyte in de-aerated DMF. Voltammograms were recorded with scan rates of 100 

mV s-1. 

 
Figure S25. Cyclic voltammetry measurements of substrates determined with TBAPF6 (0.1 M) as supporting 

electrolyte in de-aerated DMF. Voltammograms were recorded with scan rates of 100 mV s-1 (blue) or 

50 mV s-1 (green). 
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Table S6. Oxidation and reduction potentials of catalytic system components and substrates in DMF vs SCE. 

compound Eox / V vs SCE Ered / V vs SCE 

fac-[Ir(ppy)3] 0.80 -2.20 
tBuPy 1.37 a -2.11 

2-chloro-4-fluorobenzonitrile (1) - b -2.0 a 

2-bromo-4-fluorobenzonitrile (2) - b -2.0 a 

4-bromo-2-fluorobenzonitrile (3) - b ~ -1.8 a 

4-fluoroacetophenone (4) - b -2.2 a 

N-(2-fluorophenyl)-4-

methylbenzenesulfonamide (5) 
- b -2.4 a 

1-bromo-4-fluorobenzene - b -2.9 a 

Conditions: Measurements in de-aerated DMF with 0.1 M TBAPF6 and a scan rate of 0.1 V s-1. (a) 

Irreversible oxidation/reduction peak. (b) Not measured. 
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3. Irradiation setup 

 

Figure S26. Irradiation setup for photoredox reactions with 447 nm cw laser (left) or 440 nm LED (right). 1: 

stirred screw-cap quartz cuvette with reaction mixture under argon; 2: stirred water bath for cooling of 

irradiated solution; 3: beam expander (used backwards) to reduce the size the laser beam; 4: 447 nm cw 

laser; 5: stirred Schlenk tube with reaction mixture under argon; 6: 440 nm LED; 7: two coloured glass 400 

nm cut-off filters; 8: cooling fan.  
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4. Synthetic procedures and photocatalysis experiments 

4.1. General procedures and isolated products 

4.1.1. Photocatalytic dehalogenation  – General Procedure with 447 nm cw-laser 
A quartz cuvette with septum cap was equipped with a magnetic stir bar and charged with substrate (e. g. 

90 μmol, 1 eq.), fac-[Ir(ppy)3] (e. g. 589 µg, 1 mol%) and 2,7-di(tert-butyl)pyrene (e. g. 2.83 mg, 9 μmol, 

10 mol%). DMF (3 mL), internal standard (4-fluorotoluene, 9.91 µL, 1 eq.) and N,N-dimethylaniline (56 µL, 

5 eq.) were added. The solution was purged with argon for at least 7 minutes and a balloon of argon was 

installed for the duration of the reaction. The stirred solutions were irradiated for specified durations with a 

447 nm diode laser (Roithner Lasertechnik, 1070 mW) using a beam expander (Thorlabs, GBE05-A used 

backwards) to compress the beam. Product formation was monitored by 19F-NMR spectroscopy (0.2 mL of 

the reaction solution was diluted with 0.4 mL of benzene-d6, before and after irradiation. The conversion and 

the yield were determined against the internal standard). 

 

4.1.2. Photocatalytic reduction reaction  – General Procedure with a 440 nm LED 
A Schlenk tube was equipped with a magnetic stir bar and charged with substrate (e. g. 90 μmol, 1 eq.), 

fac-[Ir(ppy)3] (e. g. 589 µg, 1 mol%) and 2,7-di(tert-butyl)pyrene (e. g. 2.83 mg, 9 μmol, 10 mol%). DMF 

(3 mL), internal standard (4-fluorotoluene, 9.91 µL, 1 eq.) and N,N-dimethylaniline (56 µL, 5 eq.) were 

added and the tube was closed with a septum. The solution was purged with argon for at least 7 minutes and 

a balloon of argon was installed for the duration of the reaction. The stirred solutions were irradiated for 

specified durations with a 440 nm LED (Kessil PR160, 40 W) and two 400 nm long-pass cut-off filters 

(Reichman Feinoptik GmbH) were installed in between the lamp and the tube. Product formation was 

monitored by 19F-NMR spectroscopy (0.2 mL of the reaction solution was diluted with 0.4 mL of benzene-d6 

before and after irradiation. The conversion and the yield were determined against the internal standard). 

Unlike the laser, the LED has no collimated beam and the position of the LED is therefore expected to have 

a larger influence on the photoreaction outcome than in the case of the laser. To account for that, not more 

than two samples were irradiated at once with this setup and all determined yields and conversions were 

averaged over two independent measurements. 

 

 

4.2. Confirmation of formed products  
All products from photochemical reactions were identified by comparison of their 19F-NMR spectra to those 

of reference compounds that were either commercially available or that were synthesized in a separate 

manner.  
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4.2.1. 2,3-bis(4-fluorophenyl)butane-2,3-diol (4-P) 
Following a known procedure,27 the dimerization of 4-fluoro-acetophenone (4) was performed on a 5 mmol 

scale to obtain 2,3-bis(4-fluorophenyl)butane-2,3-diol as white solid (4-P, 61 mg, 9%), comprised of a 1:2 

mixture of meso and dl isomers. 

The 1H-NMR spectra are in line with previously reported data.28 Assignment of isomers was accomplished 

following the literature.28 

dl: 1H{19F}-NMR (400 MHz, CDCl3): d 7.14 – 7.10 (m, 4H), 6.96 – 6.86 (m, 4H), 2.49 (s, 2H), 1.49 (s, 6H) 

ppm. 

dl: 19F{1H}-NMR (376 MHz, CDCl3): d 115.90 (s, 2F) ppm. 

dl: 13C-NMR (126 MHz, CDCl3): d 162.15 (d, 1JCF = 246.0 Hz), 139.20 (d, 4JCF = 3.2 Hz), 129.20 (d, 3JCF = 

7.9 Hz), 114.06 (d, 2JCF = 21.0 Hz, 2C), 78.73 (s), 25.07 (s) ppm. 

meso: 1H{19F}-NMR (400 MHz, CDCl3): d 7.22 – 7.16 (m, 4H), 6.96 – 6.86 (m, 4H), 2.25 (s, 2H), 1.57 (s, 

6H) ppm. 

meso: 19F{1H}-NMR (376 MHz, CDCl3): d 116.19 (s, 2F) ppm. 

meso: 13C-NMR (126 MHz, CDCl3): d 162.05 (d, 1JCF = 245.8 Hz), 139.59 (d, 4JCF = 3.3 Hz),  128.80 (d, 3JCF 

= 7.9 Hz), 114.14 (d, 2JCF = 21.1 Hz), 78.46 (s), 25.35 (s) ppm. 

 

4.2.2. Isolated yield of 2,3-bis(4-fluorophenyl)butane-2,3-diol (4-P) 

A stock solution containing 4-fluoroacetophenone (4, 79.6 mg 576 μmol, 1 eq.), fac-[Ir(ppy)3] (860 µg, 

1.31 µmol, 0.22 mol%), 2,7-di(tert-butyl)pyrene (17.0 mg, 54.1 µmol,  9.3 mol%) and N,N-dimethylaniline 

(360 µL, 2.88 mmol, 5 eq.) in DMF (18 mL) was prepared and equal volumes were distributed over 

six Schlenk tubes. All tubes were capped with a septum; the solutions were purged with argon for at least 7 

minutes and a balloon of argon was installed for the duration of the reaction. The stirred solutions were 

irradiated for 30 min in pairs of two with a 440 nm LED (Kessil PR160, 40 W). Two 400 nm long-pass cut-

off filters (Reichmann Feinoptik GmbH) were installed in between the lamp and the tubes. The six reaction 

mixtures were then combined and the solvent was removed under reduced pressure. The crude product was 

purified by flash column chromatography (SiO2, cyclohexane à cyclohexane/ethyl acetate 4:1) to obtain the 

pure 2,3-bis(4-fluorophenyl)butane-2,3-diol (4-P, 54.2 mg, 195 μmol, 68 %) as a mixture of isomers 

(dl:meso 1.06:1). 

The spectroscopic data match those obtained through a literature procedure (see above). 

 

As a side-product, 2-(4-fluorophenyl)-1-(methyl(phenyl)amino)propan-2-ol (4-SP) has been found and 

characterized.  The yield of this side-product was not determined. 
1H{19F}-NMR (400 MHz, CDCl3): d 7.47 (d, JH,H = 8.9 Hz, 2H), 7.23 (dd, JH,H = 8.9 Hz, JH,H = 7.2 Hz, 2H), 

7.05 (d, JH,H = 9.0 Hz, 2H), 6.87 (d, JH,H = 8.7 Hz, 2H), 6.77 (t, JH,H = 7.3 Hz, 2H), 3.58 (d, JH,H = 14.9 Hz, 

2H), 3.50 (d, JH,H = 14.9 Hz, 2H),  2.69 (s, 3H), 2.62 (s, 1H), 1.61 (s, 3H)  ppm. 
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19F{1H}-NMR (376 MHz, CDCl3): d 116.43 (s, 1F) ppm. 
13C-NMR (126 MHz, CDCl3): d 161.98 (d, 1JCF = 245.2 Hz), 151.30 (s), 142.72 (d, 4JCF = 3.2 Hz), 129.24 

(s), 126.81 (d, 3JCF = 7.9 Hz), 117.91 (s), 115.19 (d, 2JCF = 21.1 Hz), 118.41 (s), 75.06 (s), 66.35 (d, 5JCF = 

1.0 Hz), 40.42 (s), 28.32 (s) ppm. 

 

 

4.3. Conversion and product formation over time using a cw-laser 
 

Table S7. Conversion and product formation over time with a 447 nm cw-laser. 

 

entry substrate time / h yield (conversion) / % a 

1 b 
 

1 

1 

2 

3 

4 

5 

6 

7 

36 (45) 

48 (61) 

59 (72) 

66 (82) 

71 (87) 

76 (93) 

79 (97)  

2  
2 

1 

2 

4 

5 

6 

7 

31 (35) 

45 (55) 

65 (79) 

71 (86) 

78 (92) 

80 (95) 
 

3  
3 

0.5 

1 

2 

3 

4 

23 (31) 

36 (49) 

59 (72) 

76 (92) 

82 (100) 

 
(a) Reaction conditions identical to those given in the general procedure with a 447 nm cw-laser (section 

4.1). (b) Data from entry 1 is also included in the main manuscript (Figure 7). 
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In the main manuscript, the conversion of substrate 1 (and the yield of product 1-P) based on 19F-NMR 

analysis with an internal standard is given over time (see Figure 7). Analogous results for substrates 2 and 3 

under cw-laser excitation are presented in Table S7. 

 

 

4.4. Power dependence of product formation with blue LED 
 

The spectroscopic investigations and the catalytic reactions occurred with very different concentrations of 

substrates, sensitizers and annihilators. Whilst the bi-photonic nature of the SenI-ET process is well 

established for the spectroscopic experiments (Figure 4D), it seemed meaningful to corroborate this also for 

the photocatalytic reaction conditions. We have chosen an approach that has been previously employed for 

bi-photonic photoredox systems.29,30 

 
Figure S27. Investigated dimerization reaction for investigation of the power dependence of the SenI-ET 

process under photocatalytic conditions (A). Conversion of starting material 5 was monitored over time with 

50 % and 100 % LED intensity (B). The solid lines are linear regression fits to the experimental data 

(intercepts set to 0), resulting in the slopes indicated on the right-hand side. Samples were prepared 

according to the general procedure for irradiation with an LED and analysed by 19F-NMR spectroscopy. 

 

The dimerization of 5 was investigated (Figure S27A). This reaction is thermodynamically demanding, 

because two acetophenone radical anions are needed for a successful product formation. We monitored the 

conversion of 5 over the first 5 minutes of the reaction with 50 % and 100 % LED intensity (Kessil PR160, 

Appendix A. Supplementary Information

210



 S35  

440 nm). In theory for a biphotonic mechanism, a quadratic dependence on the irradiation intensity should be 

visible (resulting in a quadrupled substrate conversion for a doubled light intensity). Indeed, we found an 

increase by a factor of 3.3 for the conversion of 5 with a doubled light intensity (resulting from ratio of 5.98 

to 1.82 based on the slopes of the linear regression fits in Figure S27B), which supports our hypothesis that 

our investigated mechanism is also present under elevated concentrations compared to the spectroscopic 

experiments. Deviation from a perfectly quadratic dependence might be due to (partial) catalyst poisoning 

and a saturation effect at higher concentrations. Nevertheless, our data clearly support a bi-photonic rather 

than a mono-photonic mechanism. 
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5. NMR data 

 

Figure S28. 19F-NMR spectra monitoring dechlorination of substrate 1 over time using 447 nm cw-laser 

irradiation. Reaction conditions: 30 mM 1, 1 mol% fac-[Ir(ppy)3], 10 mol% tBuPy and 5 eq. DMA in DMF. IS 

= internal standard (4-fluorotoluene).  Unassigned signals at -104.85 ppm and -104.93 ppm are unidentified 

side products most likely based on side reactions with DMA related degradation intermediates. 
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Figure S29. 19F-NMR spectra monitoring debromination of substrate 2 over time using 447 nm cw-laser 

irradiation. Reaction conditions: 30 mM 2, 1 mol% fac-[Ir(ppy)3], 10 mol% tBuPy and 5 eq. DMA in DMF. IS 

= internal standard (4-fluorotoluene). Unassigned signals at -104.85 ppm and -104.93 ppm are unidentified 

side products most likely based on side reactions with DMA related degradation intermediates. 

 

Figure S30. 19F-NMR spectra monitoring debromination of substrate 3 over time using 447 nm cw-laser 

irradiation. Reaction conditions: 30 mM 3, 1 mol% fac-[Ir(ppy)3], 10 mol% tBuPy and 5 eq. DMA in DMF. IS 

= internal standard (4-fluorotoluene). Unassigned signals at -109.11 ppm and -109.28 ppm are unidentified 

side products most likely based on side reactions with DMA related degradation intermediates. 
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Figure S31. 19F-NMR spectra monitoring dechlorination of substrate 1 over time using 440 nm LED 

irradiation. Reaction conditions: 30 mM 1, 1 mol% fac-[Ir(ppy)3], 10 mol% tBuPy and 5 eq. DMA in DMF. IS 

= internal standard (4-fluorotoluene). Unassigned signals at -104.85 ppm and -104.93 ppm are unidentified 

side products most likely based on side reactions with DMA related degradation intermediates. 

 

Figure S32. 19F-NMR spectra monitoring dechlorination of substrate 4 over time using 440 nm LED 

irradiation. Reaction conditions: 30 mM 4, 0.25 mol% fac-[Ir(ppy)3], 10 mol% tBuPy and 5 eq. DMA in 

DMF. IS = internal standard (4-fluorotoluene); 4-SP = 2-(4-fluorophenyl)-1-(methyl(phenyl)amino)propan-

2-ol. 
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Figure S33. 19F-NMR spectra monitoring dechlorination of substrate 5 over time using 440 nm LED 

irradiation. Reaction conditions: 30 mM 5, 1 mol% fac-[Ir(ppy)3], 10 mol% tBuPy and DMA (5 eq.) in DMF. 

IS = internal standard (4-fluorotoluene). Unassigned signals are unidentified side products.  

A.2. SI for Chapter 3 (Chem. Sci., 2021, 12, 9922 – 9933)

215

https://pubs.rsc.org/en/content/articlelanding/2021/sc/d1sc02085d


 S40  

6. References 
1 H. E. Gottlieb, V. Kotlyar and A. Nudelman, J. Org. Chem., 1997, 62, 7512–7515. 

2 C. Kerzig and O. S. Wenger, Chem. Sci., 2018, 9, 6670–6678. 

3 F. Glaser, C. B. Larsen, C. Kerzig and O. S. Wenger, Photochem. Photobiol. Sci., 2020, 19, 1035–

1041. 

4 M. S. Mehata, Y. Yang, Z. J. Qu, J. S. Chen, F. J. Zhao and K. L. Han, RSC Adv., 2015, 5, 34094–

34099. 

5 P. Duan, N. Yanai and N. Kimizuka, Chem. Commun., 2014, 50, 13111–13113. 

6 J. H. Kim, S. Y. Kim, D. W. Cho, H. J. Son and S. O. Kang, Phys. Chem. Chem. Phys., 2019, 21, 

6908–6916. 

7 B. Pfund, D. M. Steffen, M. R. Schreier, M.-S. Bertrams, C. Ye, K. Börjesson, O. S. Wenger and C. 

Kerzig, J. Am. Chem. Soc., 2020, 142, 10468–10476. 

8 W. Zhao and F. N. Castellano, J. Phys. Chem. A, 2006, 110, 11440–11445. 

9 T. G. Pavlopoulos, J. Chem. Phys., 1970, 52, 3307–3308. 

10 S. M. Bachilo and R. B. Weisman, J. Phys. Chem. A, 2000, 104, 7713–7714. 

11 I. Carmichael, W. P. Helman and G. L. Hug, J. Phys. Chem. Ref. Data, 1987, 16, 239–260. 

12 T. N. Singh-Rachford and F. N. Castellano, Coord. Chem. Rev., 2010, 254, 2560–2573. 

13 M. S. Coles, G. Quach, J. E. Beves and E. G. Moore, Angew. Chem., 2020, 132, 9609–9613. 

14 B. M. Wilke and F. N. Castellano, J. Chem. Educ., 2013, 90, 786–789. 

15 A. Haefele, J. Blumhoff, R. S. Khnayzer and F. N. Castellano, J. Phys. Chem. Lett., 2012, 3, 299–

303. 

16 Y. Zhou, F. N. Castellano, T. W. Schmidt and K. Hanson, ACS Energy Lett., 2020, 5, 2322–2326. 

17 A. M. Funston, S. V. Lymar, B. Saunders-Price, G. Czapski and J. R. Miller, J. Phys. Chem. B, 2007, 

111, 6895–6902. 

18 R. G. Brown, A. Harriman and L. Harris, J. Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys., 1978, 

74, 1193–1199. 

19 C. D. Borsarelli, J. J. Cosa and C. M. Previtali, Photochem. Photobiol., 1998, 68, 438–446. 

20 F. Cao, J. Kim and A. J. Bard, J. Am. Chem. Soc., 2014, 136, 18163–18169. 

21 T. Shida, Electronic absorption spectra of radical ions, Elsevier, Amsterdam; New York, 1988. 

22 H. Masuhara and N. Mataga, Acc. Chem. Res., 1981, 14, 312–318. 

23 H. Hirano and T. Azumi, Chem. Phys. Lett., 1982, 86, 100–104. 

24 J. F. Delouis, J. A. Delaire and N. Ivanoff, Chem. Phys. Lett., 1979, 61, 343–346. 

25 H. Schomburg, H. Staerk and A. Weller, Chem. Phys. Lett., 1973, 22, 1–4. 

26 T. N. Das and K. I. Priyadarsini, J. Chem. Soc. Perkin Trans. 2, 1993, 733–739. 

27 H. Shi, C. Du, X. Zhang, F. Xie, X. Wang, S. Cui, X. Peng, M. Cheng, B. Lin and Y. Liu, J. Org. 

Chem., 2018, 83, 1312–1319. 

28 M. Paradas, A. G. Campaña, R. E. Estévez, L. Á. De Cienfuegos, T. Jiménez, R. Robles, J. M. 

Cuerva and J. E. Oltra, J. Org. Chem., 2009, 74, 3616–3619. 

Appendix A. Supplementary Information

216



 S41  

29 A. Chatterjee and B. König, Angew. Chem., Int. Ed., 2019, 58, 14289–14294. 

30 A. K. Pal, C. Li, G. S. Hanan and E. Zysman-Colman, Angew. Chem., Int. Ed., 2018, 57, 8027–8031. 

 

A.2. SI for Chapter 3 (Chem. Sci., 2021, 12, 9922 – 9933)

217

https://pubs.rsc.org/en/content/articlelanding/2021/sc/d1sc02085d


  

 S1 

Supporting Information for: 

 Red Light Based Dual Photoredox Strategy Resembling the Z-Scheme of 

Natural Photosynthesis 
Felix Glaser and Oliver S. Wenger* 

Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel, Switzerland 

 

Table of Contents 

1	 General experimental details S3	

2	 Synthetic procedures and photoredox catalysis experiments S5	

2.1	 Synthetic procedures for substrates S5	

2.1.1	General procedure 1 for tosylation of phenols S5	

2.1.2	General procedure 2 for tosylation of anilines and amines S5	

2.2	 General procedures and isolated products S32	

2.2.1	Photocatalytic reactions – general procedure S32	

2.3	 Reaction optimization S35	

2.3.1	General optimization of reaction conditions S35	

2.3.2	Conversion and yield over time S36	

2.3.3	Effect of caesium carbonate S36	

3	 Irradiation setup S38	

4	 Optical spectroscopic measurements S39	

4.1	 Optical spectroscopic properties of [Cu(dap)2]Cl and DCA S39	

4.1.1	Photophysical characterization of [Cu(dap)2]Cl and DCA S39	

4.1.2	Transient absorption spectroscopy: reference spectrum of 3*DCA S41	

4.2	 Cyclic voltammetry and spectro-electrochemical study S42	

Appendix A. Supplementary Information

218



  

 S2 

4.2.1	Cyclic voltammetry of catalysts S42	

4.2.2	Spectro-electrochemical study of oxidized and reduced catalysts S43	

4.2.3	Cyclic voltammetry of substrates S44	

4.3	 Mechanistic investigations S48	

4.3.1	General overview S48	

4.3.2	Formation of DCA•— S49	

4.3.3	Reduction of [Cu(dap)2]2+ by DiPEA S56	

4.3.4	Substrate activation by 2*DCA•—: insights based on reactivity S57	

4.3.5	Stability measurements: Photostability and UV-vis analysis S58	

4.3.6	Proposed mechanism for detosylation reactions S60	

5	 NMR data S61	

6	 References S87	

  

A.3. SI for Chapter 4 (JACS Au 2022, 2, 1488 – 1503)

219

https://pubs.acs.org/doi/10.1021/jacsau.2c00265


  

 S3 

1 General experimental details 
All deuterated solvents were purchased from Cambridge Isotope Laboratories Inc or Apollo Scientific. All reagents 

were purchased from Fluorochem, Alfar Aesar, Acros Organics or Sigma-Aldrich/Merck in “reagent grade” purity 

or better and were used as received. [Cu(dap)2]Cl and DCA were purchased from Sigma-Aldrich/Merck. Solvents 

for spectroscopic measurements were purchased “extra dry” in 99.8% purity from Acros Organics. 

NMR spectra were recorded on a Bruker Avance III instrument operating at 400 MHz proton frequency. All 

samples were recorded at 295 K in 5 mm diameter tubes. Chemical shifts were referenced internally to residual 

solvent peaks using d values as reported by GOTTLIEB et al.[1 Starting material consumption and product formation 

were determined from 1H-NMR-decoupled 19F-NMR measurements (19F{1H}: 376 MHz, 16 scans) or 1H-NMR 

measurements (1H: 400 MHz, 16 scans) in NMR tubes against 4-fluorotoluene or mesitylene as internal standards.  

Elemental analyses were performed on a Vario Micro Cube instrument by Ms. Sylvie Mittelheisser (Department 

of Chemistry at the University of Basel). 

Sample preparation for photoreduction reactions and spectrophotometric measurements were performed in screw 

cap quartz cuvettes. All solutions were purged with argon to remove oxygen and sealed under argon with septum 

caps. For photocatalytic reactions, a balloon with argon was installed during the time of the reaction. 

Separation of reaction mixtures by analytical HPLC was carried out on a Shimadzu system (equipped with a SPD-

M-20A photodiode array detector) on an Agilent ZORBAX XDB-C18 column (3.5 µm, XDB-C18, 75 x 4.6 mm, 

water:acetonitrile). After different times of irradiation, the reaction mixtures were diluted (10 ´ or 20 ´) with 

acetonitrile prior to HPLC analysis (buffer A: 0.1% formic acid (v/v) in ultrapure Millipor Milli-Q® water 

(specific resistance, 18.2 MWcm); buffer B: 0.1% formic acid (v/v) in acetonitrile; gradient (expressed as 

percentage of buffer B in buffer A): 5% (1 min) à 35% (1.5 min) à 40% (8.5 min) à 99% (9 min) à 99% 

(10.5 min) à 5% (11.5 min) à 5% (13.5 min), flow rate 3 mL/min). Conversion and yield were calculated based 

on peak areas determined by integration at suitable wavelengths and calculated based on calibration curves 

(retention times: 4-fluorotoluene: 7.2 min, 1: 4.9 min, 1-P: 3.4 min). 

Absorption spectra were recorded on a Cary 5000 UV-Vis-NIR spectrometer from Varian. Photoluminescence 

spectra were recorded on a Fluorolog-322 instrument from Horiba Jobin-Yvon. For laser flash photolysis, an 

LP920-KS apparatus from Edinburgh Instruments was used. A frequency-tripled Nd:YAG laser (Quantel Brilliant, 

ca. 10 ns pulse width) equipped with an OPO from Opotek and a beam expander (GBE02-A from Thorlabs) in the 

beam path were used for excitation with visible light. The direct output of another frequency-doubled Nd:YAG 

laser (Quantel Q-smart 450 mJ, ca. 10 ns pulse width) with a beam expander (GBE02-A from Thorlabs) in the 

beam path was used for excitation at 532 nm. The excitation energies were varied by the Q-switch delays and 

measured with a pyroelectric detector. Typically, pulse energies of ~50 mJ were used for the measurements with 

532 nm. Detection of transient absorption and time-resolved emission spectra was performed with an iCCD camera 

(Andor). Kinetics at single wavelengths were recorded using a photomultiplier tube.  
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Cyclic voltammetry was performed using a Versastat3-200 potentiostat from Princeton Applied Research. A 

saturated calomel electrode (SCE) served as reference electrode, a glassy carbon disk electrode was employed as 

working electrode, and a silver wire was used as counter electrode. Measurements were performed with potential 

sweep rates of 100 mV/s in dry de-aerated solvent with 0.1 M TBAPF6 (tetra-n-butylammonium 

hexafluorophosphate) as supporting electrolyte. Sample concentrations were adjusted to values between 1 mM 

and 5 mM of analyte. 

Spectro-electrochemical measurements were performed in a quartz cuvette using the abovementioned potentiostat 

and the UV-Vis-NIR spectrometer. A platinum grid electrode served as working electrode, a platinum wire was 

used as counter electrode and an SCE was employed as reference electrode.  

As light source for cw-laser experiments in photocatalysis, a 635 nm (optical output up to 500 mW) continuous 

wave (cw) laser (Roithner Lasertechnik) with precisely adjustable radiative power and high output stability (< 1%) 

was used. For measurements with a 623 nm LED, a high power LED (Thorlabs Solis-623C, 3.8 W) was used. 

Output spectra of the LED and cw laser are provided (Figure S5).   
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2 Synthetic procedures and photoredox catalysis experiments 

2.1 Synthetic procedures for substrates 

2.1.1 General procedure 1 for tosylation of phenols 

 
In a round-bottom flask the corresponding phenol (1 eq.) was dissolved in dichloromethane and triethylamine (1.5 

eq.) and tosyl chloride (1.2 eq.) were added. The reaction mixture was stirred at room temperature and the reaction 

progress was monitored by TLC. After complete consumption of the substrate (typically 5-20 h), the reaction was 

quenched by the addition of water and extracted with dichloromethane (3 ´). The combined organic phases were 

dried over Na2SO4, the solvent was removed under reduced pressure and the crude mixture was purified by flash 

column chromatography to obtain the desired tosylated product. 

 

2.1.2 General procedure 2 for tosylation of anilines and amines 

 
In a round-bottom flask the corresponding aniline (1 eq.) was dissolved in THF (10 mL for 1-2.5 mmol substrate) 

and NaH (60% in mineral oil, 2.5 eq.) and tosyl chloride (1.5 eq.) were slowly added. The reaction mixture was 

stirred at room temperature and the reaction progress was monitored by TLC. After complete consumption of the 

substrate (typically 5-20 h), the reaction was quenched by the addition of water and extracted with 

dichloromethane (3 ´). The combined organic phases were dried over Na2SO4, the solvent was removed under 

reduced pressure and the crude mixture was purified by flash column chromatography to obtain the desired 

tosylated product. 
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Methyl 2-bromo-4-fluorobenzoate (5) 

 
2-Bromo-4-fluorobenzoic acid (250 mg, 1.14 mmol, 1 eq.) and 1,8-diazabicyclo(5.4.0)undec-7-ene (255 µL, 

1.71 mmol, 1.5 eq.) were dissolved in acetone (5 mL) and methyl iodide (1.44 µL, 2.28 mmol, 2.0 eq.) was added. 

The reaction mixture was stirred at room temperature for 16 h, the solvent was evaporated, aqueous HCl (1 M, 

25 mL) was added and the mixture was extracted with ethyl acetate (3 × 30 mL). The combined organic phases 

were washed with brine, dried over Na2SO4 and the solvent was removed under reduced pressure. The crude 

mixture was purified by flash column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 4/1) to obtain the 

desired methyl 2-bromo-4-fluorobenzoate (5, 153 mg, 661 µmol, 58%) as white solid. 
1H-NMR (400 MHz, CDCl3): d 7.87 (dd, JH,H = 8.8 Hz, JH,F = 6.0 Hz, 1H), 7.40 (dd, JH,F = 8.3, JH,H = 2.5 Hz, 1H), 

7.07 (ddd, JH,H = 8.9, JH,F = 7.6, JH,H = 2.5 Hz, 1H), 3.92 (s, 3H). 
19F{1H}-NMR (376 MHz, CDCl3): d -105.76 (s, 1F). 
13C-NMR (101 MHz, CDCl3): d 164.0 (d, 1JC,F = 257.1 Hz), 133.5 (d, 3JC,F = 9.3 Hz), 128.1 (d, 4JC,F = 3.5 Hz), 

123.3 (d, 3JC,F = 9.9 Hz), 122.0 (d, 2JC,F = 24.6 Hz), 114.7 (d, 2JC,F = 21.3 Hz), 52.6 ppm.  

These analytical data are in agreement with previously reported characterization data for this compound.2 

 

1-Fluoro-4-(2-iodoethyl)benzene (12) 

 
1-Fluoro-4-(2-bromoethyl)benzene (420 µL, 3.0 mmol, 1 eq.) was dissolved in acetone (10 mL), NaI (2.33 g, 

15.5 mmol, 5.2 eq.) was added and the reaction mixture was refluxed at 60 °C for 16 h. The solvent was removed 

under reduced pressure and the crude mixture dissolved in dichloromethane and filtrated. The solvent was removed 

again under reduced pressure, and the crude mixture was purified by flash column chromatography (SiO2, 

cyclohexane) to obtain the desired 1-fluoro-4-(2-iodoethyl)benzene (12, 604 mg, 2.42 mmol, 81%) as a colourless 

oil. 
1H-NMR (400 MHz, CDCl3): d 7.16 (dd, JH,H = 8.5, JH,F = 5.5 Hz, 1H), 7.01 (t, JH,H;H,F = 8.6 Hz, 1H), 3.33 (t, 
3JH,H = 7.6 Hz, 1H), 3.15 (t, 3JH,H = 7.6 Hz, 1H) ppm. 
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19F{1H}-NMR (376 MHz, CDCl3): d -115.76 (s, 1F). 
13C-NMR (101 MHz, CDCl3): d 161.9 (d, 1JC,H = 245.1 Hz), 136.4 (d, 3JC,H = 3.3 Hz), 129.9 (dd, 3JC,H = 8.0 Hz), 

115.6 (d, 2JC,H = 21.3 Hz), 39.5 (s), 5.9 (s) ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.3 

 

4-Acetylphenyl 4-methylbenzenesulfonate (13) 

 
The general procedure 1 for tosylation using 4-hydroxyacetophenone (1.63 g, 7.49 mmol, 1.0 eq.) in 

dichloromethane (10 mL) yielded 4-acetylphenyl 4-methylbenzenesulfonate (13, 383 mg, 1.02 mol, 76%) as beige 

solid after flash column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 6/1). 
1H-NMR (400 MHz, CDCl3): d 7.90 (d, 3JH,H = 8.8 Hz, 1H), 7.71 (d, 3JH,H = 8.3 Hz, 2H), 7.33 (d, 3JH,H = 8.4 Hz, 

2H), 7.09 (d, 3JH,H = 8.7 Hz, 1H), 2.58 (s, 3H), 2.46 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 196.8, 153.1, 145.9, 135.8, 132.2, 130.2, 130.1, 128.6, 122.6, 26.7, 21.9 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.4 

 

N-(4-hydroxyphenyl)acetamide (S1) 

 
4-Aminophenol (1.02 g, 9.35 mmol, 1.0 eq.) and acetic anhydride (950 µL, 9.81 mmol, 1.05 eq.) were dissolved 

in ethanol (20 mL) and stirred over night at room temperature. The solvent was evaporated under reduced pressure 

and the crude product was purified by flash column chromatography (SiO2, cyclohexane), dispersed in hexane 

(15 mL). The solid was filtered off. The white solid was dried in-vacuo to obtain the desired N-(4-

hydroxyphenyl)acetamide (S1, 1.31 g, 8.67 mmol, 93%). 
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1H-NMR (400 MHz, acetone-d6): d 8.99 (s, 1H), 8.15 (s, 1H), 7.44 (d, 3JH,H = 8.9 Hz, 2H), 6.75 (d, 3JH,H = 8.9 Hz, 

2H), 2.02 (s, 3H) ppm. 
13C-NMR (101 MHz, acetone-d6): d 168.2, 154.2, 132.7, 121.7, 115.9, 24.0 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.5 

 

4-Acetamidophenyl 4-methylbenzenesulfonate (14) 

 
The general procedure 1 for tosylation using N-(4-hydroxyphenyl)acetamide (S1, 230 mg, 1.52 mmol, 1.0 eq.) in 

dichloromethane (10 mL) yielded 4-acetamidophenyl 4-methylbenzenesulfonate (14, 401 mg, 1.31 mol, 86%) as 

white solid after flash column chromatography (SiO2, cyclohexane / ethyl acetate 4/1 à 1/1).  
1H-NMR (400 MHz, CDCl3): d 7.67 (d, 3JH,H = 8.2 Hz, 2H), 7.62 (s, 1H), 7.42 (d, 3JH,H = 9.0 Hz, 2H), 7.30 (d, 
3JH,H = 8.2 Hz, 2H), 6.88 (d, 3JH,H = 9.0 Hz, 2H), 2.44 (s, 3H), 2.13 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 168.7, 145.7, 145.5, 137.1, 132.2, 129.9, 128.6, 123.0, 120.7, 24.6, 21.9 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.6 

 

p-Tolyl 4-methylbenzenesulfonate (15) 

 
The general procedure 1 for tosylation using p-cresol (420 µL, 4.01 mmol, 1.0 eq.) in acetonitrile (20 mL) yielded 

p-tolyl 4-methylbenzenesulfonate (15, 1.02 g, 3.90 mol, 97%) as white solid after flash column chromatography 

(SiO2, cyclohexane / ethyl acetate 1/0 à 6/1). 
1H-NMR (400 MHz, CDCl3): d 7.72 (d, 3JH,H = 8.4 Hz, 2H), 7.32 (d, 3JH,H = 8.1 Hz, 2H), 7.09 (d, 3JH,H = 8.4 Hz, 

2H), 6.87 (d, 3JH,H = 8.6 Hz, 2H), 2.47 (s, 3H), 2.33 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 147.6, 145.3, 137.1, 132.6, 130.2, 129.8, 128.7, 122.2, 21.8, 21.0 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.7 
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4-Fluorophenyl 4-methylbenzenesulfonate (16) 

 
The general procedure 1 for tosylation using 4-fluorophenol (551 mg, 4.92 mmol, 1.0 eq.) in dichloromethane 

(20 mL) yielded 4-fluorophenyl 4-methylbenzenesulfonate (16, 851 mg, 3.20 mol, 65%) as white solid after flash 

column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 6/1). 
1H-NMR (400 MHz, CDCl3): d 7.71 (d, 3JH,H = 8.3 Hz, 1H), 7.34 (d, 3JH,H = 8.1 Hz, 2H), 7.02 – 6.94 (m, 4H), 2.48 

(s, 3H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -114.56 (s, 1F). 
13C-NMR (101 MHz, CDCl3): d 161.1 (d, 1JC,F = 246.6 Hz), 145.7, 145.5 (d, 4JC,F = 3.0 Hz), 132.2, 130.0, 128.7, 

124.2 (d, 3JC,F = 8.8 Hz), 116.5 (d, 2JC,F = 23.7 Hz), 21.9 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.7 

 

4-Methoxyphenyl 4-methylbenzenesulfonate (17) 

 
The general procedure 1 for tosylation using 4-methoxyphenol (490 mg, 3.95 mmol, 1.0 eq.) in dichloromethane 

(20 mL) yielded 4-methoxyphenyl 4-methylbenzenesulfonate (17, 996 mg, 3.58 mol, 91%) as white solid after 

flash column chromatography (SiO2, cyclohexane / cyclohexane 9/1 à 1/1). 
1H-NMR (400 MHz, CDCl3): d 7.69 (d, 3JH,H = 8.4 Hz, 2H), 7.30 (d, 3JH,H = 8.5 Hz, 2H), 6.88 (d, 3JH,H = 9.2 Hz, 

2H), 6.76 (d, 3JH,H = 9.1 Hz, 2H), 3.76 (s, 3H), 2.45 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 158.3, 145.3, 143.2, 132.5, 129.8, 128.7, 123.5, 114.6, 55.7, 21.9 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.7 
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Naphthalene-2,3-diyl bis(4-methylbenzenesulfonate) (18) 

 
Naphthalene-2,3-diol (400 mg, 2.50 mmol, 1.0 eq.), sodium hydroxide (500 mg, 12.5 mmol, 5.0 eq.) and tosyl 

chloride (1.2 g, 6.29 mmol, 2.5 eq.) were dissolved in THF (15 mL) and stirred over night at room temperature. 

The reaction mixture was quenched by the addition of water (25 mL) and extracted with dichloromethane (3 × 

40 mL). The combined organic phases were dried over Na2SO4 and the solvent was removed under reduced 

pressure. The crude mixture was purified by flash column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 

à 20/1) and the product was recrystallized from hot ethanol / ethyl acetate (1:1) to obtain the desired naphthalene-

2,3-diyl bis(4-methylbenzenesulfonate) (18, 695 mg, 1.48 mmol, 59%) as a white solid. 

These analytical data are in agreement with previously reported characterization data for this compound.8 
1H-NMR (400 MHz, MeCN-d3): d 7.87 (dd, JH,H = 6.3 Hz, JH,H = 3.3 Hz, 2H), 7.70 (s, 2H), 7.65 (d, JH,H = 8.4 Hz, 

4H), 7.59 (dd, JH,H = 6.3 Hz, JH,H = 3.2 Hz, 4H), 7.38 – 7.34 (m, 2H), 2.44 (d, J = 0.8 Hz, 3H) ppm. 
13C-NMR (101 MHz, MeCN-d3): d 147.5, 140.3, 132.9, 132.6, 131.0, 129.4, 128.7, 128.7, 123.3, 21.8 ppm. 

Elemental analysis for C24H20O6S2 found (calculated): C 61.52 (61.52), H 4.35 (4.30), N 0 (0). 

High resolution ESI-MS (m/z) for C24H20O6S2+Na [18+Na]+: 491.0600 (calculated: 491.0594). 

 

9-Tosyl-9H-carbazole (19) 

 
Carbazole (1.01 g, 6.04 mmol, 1 eq.) was dissolved in THF (25 mL) and KOH (1.20 g, 21.4 mmol, 3.5 eq.)  and 

tosyl chloride (1.90 g, 10.0 mmol, 1.65 eq.) were slowly added. The reaction mixture was stirred at room 

temperature for 16 h, quenched by the addition of water (50 mL) and extracted with dichloromethane (3 × 50 mL). 

The combined organic phases were dried over Na2SO4 and the solvent was removed under reduced pressure. The 

crude mixture was purified by flash column chromatography (SiO2, cyclohexane / dichloromethane 1/0 à 4/1) to 

obtain the desired 9-tosyl-9H-carbazole (19, 1.60 g, 4.98 mmol, 82%) as a white solid. 
1H-NMR (400 MHz, CDCl3): d 8.34 (d, JH,H = 8.4 Hz, 2H), 7.90 (d, JH,H = 7.7, 2H), 7.70 (d, JH,H = 8.4 Hz, 2H), 

7.49 (dd, JH,H = 8.5 Hz, JH,H = 7.3 Hz, 2H), 7.36 (dd, JH,H = 7.7 Hz, JH,H = 7.3 Hz, 2H), 7.09 (d, JH,H = 8.4 Hz, 2H), 

2.25 (s, 3H) ppm. 
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13C-NMR (101 MHz, CDCl3): d 144.9, 138.4, 135.0, 129.7, 127.4, 126.5, 126.4, 123.9, 120.0, 115.2, 21.5 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.9 

 

3,6-Di-tert-butyl-9-tosyl-9H-carbazole (20) 

 
3,6-Di-tert-butyl-carbazole (550 mg, 1.98 mmol, 1 eq.) was dissolved in THF (10 mL) and KOH (280 mg, 

4.92 mmol, 2.5 eq.) and tosyl chloride (560 mg, 2.95 mmol, 1.5 eq.) were slowly added. The reaction mixture was 

stirred at room temperature for 16 h, quenched by the addition of water (25 mL) and extracted with 

dichloromethane (3 × 40 mL). The combined organic phases were dried over Na2SO4, the solvent was removed 

under reduced pressure and the crude mixture was purified by flash column chromatography (SiO2, cyclohexane / 

ethylacetate 1/0 à 3/1) to obtain the desired 3,6-di-tert-butyl-9-tosyl-9H-carbazole (20, 811 mg, 1.87 mmol, 95%) 

as an off-white solid. 
1H-NMR (400 MHz, CDCl3): d 8.20 (d, JH,H = 8.8 Hz, 2H), 7.90 (d, JH,H = 2.1 Hz, 2H), 7.72 (d, JH,H = 8.0 Hz, 2H), 

7.51 (dd, JH,H = 8.8 Hz, JH,H = 2.0 Hz, 2H), 7.10 (d, JH,H = 8.0 Hz, 1H), 2.26 (s, 3H), 1.42 (s, 18H).ppm. 
13C-NMR (101 MHz, CDCl3): d 146.9, 144.6, 136.6, 135.3, 129.6, 126.6, 126.3, 124.9, 116.1, 114.5, 34.8, 31.7, 

21.5 ppm. 

Elemental analysis for C27H31NO2S•0.05(CH2Cl2) found (calculated): C 74.13 (74.20), H 7.23 (7.16), N 3.22 

(3.20).  

High resolution ESI-MS (m/z) for C27H31NO2S+Na [20+Na]+: 456.1967 (calculated: 456.1968). 

 

1,1'-(9H-Carbazole-3,6-diyl)bis(ethan-1-one) (S2) 

 
Following a literature procedure,10 carbazole (750 mg, 4.49 mmol, 1.0 eq.) was slowly added to a suspension of 

AlCl3 (1.8 g, 13.5 mmol, 3.0 eq.) and acetyl chloride (1.43 mL, 20.2 mmol, 4.5 eq.) in DCM (25 mL) at 0 °C and 
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stirred for 5 h at room temperature. The reaction mixture was slowly poured into water (400 mL), extracted with 

DCM (3 × 200 mL) and the combined organic phases were dried over Na2SO4. The solvent was removed under 

reduced pressure and the crude mixture was purified by flash column chromatography (SiO2, cyclohexane / ethyl 

acetate 1/0 à 0/1) to obtain 1,1'-(9H-carbazole-3,6-diyl)bis(ethan-1-one) (S1, 750 mg, 2.98 mmol, 67%) as a 

beige solid. 
1H-NMR (400 MHz, CDCl3): d 8.79 (d, JH,H = 1.7 Hz, 2H), 8.15 (dd, JH,H = 8.5 Hz, JH,H = 1.7 Hz, 2H), 7.51 (d, 

JH,H = 8.5 Hz, 2H), 2.75 (s, 6H) ppm. 
13C-NMR (101 MHz, CDCl3): d 197.7, 143.0, 130.5, 127.4, 123.5, 122.2, 111.0, 26.9 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.11 

 

1,1'-(9-Tosyl-9H-carbazole-3,6-diyl)bis(ethan-1-one) (21) 

 
The general procedure 2 for tosylation using substrate S2 (502 mg, 2.0 mmol, 1 eq.) in THF (15 mL) yielded 1,1'-

(9-tosyl-9H-carbazole-3,6-diyl)bis(ethan-1-one) (21). The crude product was purified by flash column 

chromatography (SiO2, cyclohexane / ethyl acetate 4/1) followed by recrystallization from ethanol to obtain 21 

(380 mg, 938 µmol, 47%) as a white solid. 
1H-NMR (400 MHz, CDCl3): d 8.61 (d, JH,H = 1.8 Hz, 2H), 8.40 (d, JH,H = 8.8 Hz, 2H), 8.17 (dd, JH,H = 8.8 Hz, 

JH,H = 1.8 Hz, 2H), 7.74 (d, JH,H = 8.4 Hz, 2H), 7.16 (d, JH,H = 8.4 Hz, 2H), 2.72 (s, 6H), 2.30 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 197.0, 145.7, 141.6, 134.5, 133.3, 129.9, 128.3, 126.4, 125.8, 120.8, 114.76, 26.7, 

21.5 ppm. 

Elemental analysis for C23H19NO4S found (calculated): C 67.93 (68.13), H 4.72 (4.72), N 3.40 (3.45).  

High resolution ESI-MS (m/z) for (C23H19NO4S)2+Na [(21)2+Na]+: 833.1957 (calculated: 833.1962). 
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4,4'-Azanediyldibenzonitrile (S3) 

 
4-Aminobenzonitrile (590 mg, 4.99 mmol, 1.0 eq.), 4-fluorobenzonitrile (644 mg, 5.32 mmol, 1.05 eq.) and 

potassium tert-butoxide (1.12 g, 10.0 mmol, 2.0 eq.) were dissolved in DMSO (15 mL) and stirred over night at 

room temperature. The reaction mixture was poured into water (400 mL), and the precipitate filtered off. The crude 

product was purified by recrystallization from ethanol to obtain 4,4'-azanediyldibenzonitrile (S2, 575 mg, 

2.62 mmol, 52%) as a pale red solid.   
1H-NMR (400 MHz, CDCl3): d 7.59 (d, JH,H = 8.8 Hz, 4H), 7.15 (d, JH,H = 8.8 Hz, 4H), 6.34 (s, 1H) ppm. 
13C-NMR (101 MHz, CDCl3): d 144.9, 133.9, 119.0, 117.8, 105.0 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.12 

 

N,N-Bis(4-cyanophenyl)-4-methylbenzenesulfonamide (22) 

 
The general procedure 2 for tosylation using substrate S3 (295 mg, 1.35 mmol, 1.0 eq.) in THF (10 mL) yielded 

N,N-bis(4-cyanophenyl)-4-methylbenzenesulfonamide (22, 383 mg, 1.02 mol, 76%) as beige solid after flash 

column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 2/1). 
1H-NMR (400 MHz, CDCl3): d 8.61 (d, JH,H = 1.8 Hz, 2H), 8.40 (d, JH,H = 8.8 Hz, 2H), 8.17 (dd, JH,H = 8.8 Hz, 

JH,H = 1.8 Hz, 2H), 7.74 (d, JH,H = 8.4 Hz, 2H), 7.16 (d, JH,H = 8.4 Hz, 2H), 2.72 (s, 6H), 2.30 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 197.0, 145.7, 141.6, 134.5, 133.3, 129.9, 128.3, 126.4, 125.8, 120.8, 114.8, 26.7, 

21.5 ppm. 

Elemental analysis for C21H15N3O2S found (calculated): C 67.52 (67.54), H 4.13 (4.05), N 11.25 (11.25).  

High resolution ESI-MS (m/z) for C21H15N3O2S+Na [22+Na]+: 396.0772 (calculated: 396.0777). 
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Bis(4-(trifluoromethyl)phenyl)amine (S4) 

 
4-Iodobenzotrifluoride (1.01 g, 3.71 mmol, 1.0 eq.), 4-(trifluoromethyl)aniline (598 mg, 3.71 mmol, 1.0 eq.) and 

caesium carbonate (2.42 g, 7.43 mmol, 2.0 eq.) were dissolved in toluene (10 mL). The reaction mixture was 

degassed and Pd(OAc)2 (83.0 mg, 371 µmol, 0.1 eq.) and XPhos (177 mg, 371 µmol, 0.1 eq.) were added under a 

nitrogen atmosphere. The reaction mixture was refluxed over night and then cooled to room temperature. Water 

(50 mL) was added and the mixture extracted with ethyl acetate (3 × 50 mL). The combined organic phases were 

dried over Na2SO4, the solvent was removed under reduced pressure and the crude mixture was purified by column 

chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 20/1) to obtain bis(4-(trifluoromethyl)phenyl)amine (S4, 

820 mg, 2.69 mmol, 72%) as a beige solid.   
1H-NMR (400 MHz, CDCl3): d 7.55 (d, 3JH,H = 8.4 Hz, 4H), 7.16 (d, 3JH,H = 8.4 Hz, 4H), 6.10 (s, 1H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -61.76 (s, 6F) ppm. 
13C-NMR (101 MHz, CDCl3): d 144.9 (q, 4JC,F = 1.2 Hz), 127.0 (q, 3JC,F = 3.8 Hz), 124.5 (q, 1JC,F = 270.7 Hz), 

123.7 (q, 2JC,F = 32.8 Hz), 117.5 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.13 

 

4-Methyl-N,N-bis(4-(trifluoromethyl)phenyl)benzenesulfonamide (23) 

 
The general procedure 2 for tosylation using substrate S4 (610 mg, 2.00 mmol, 1.0 eq.) in THF (10 mL) yielded 

4-methyl-N,N-bis(4-(trifluoromethyl)phenyl)benzenesulfonamide (S3, 400 mg, 871 µmol, 44%) as a white solid 

after flash column chromatography (SiO2, cyclohexane / dichloromethane 9/1 à 1/1). 
1H-NMR (400 MHz, CDCl3): d 7.63 – 7.57 (m, 6H), 7.35 (d, JH,H = 8.3 Hz, 4H), 7.32 (d, JH,H = 8.4 Hz, 2H), 2.45 

(s, 3H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -61.62 (s, 6F) ppm. 
13C-NMR (101 MHz, CDCl3): d 197.0 145.7, 141.6, 134.5, 133.3, 129.9, 128.3, 126.4, 125.8, 120.8, 114.8, 26.7, 

21.5 ppm. 
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Elemental analysis for C21H15F6NO2S found (calculated): C 54.75 (54.90), H 3.31 (3.29), N 3.10 (3.05).  

High resolution ESI-MS (m/z) for C21H15F6NO2S+Na [23+Na]+: 482.0621 (calculated: 482.0620). 

 

N,N-Bis(4-bromophenyl)-4-methylbenzenesulfonamide (24) 

 
The general procedure 2 for tosylation using bis(4-bromophenyl)amine (980 mg, 3.00 mmol, 1.0 eq.) in THF 

(15 mL) yielded N,N-bis(4-bromophenyl)-4-methylbenzenesulfonamide (24, 575 mg, 1.19 mmol, 40%) as a white 

solid after flash column chromatography (SiO2, cyclohexane / ethyl acetate 20/1) and washing with cold pentane 

(10 mL). 
1H-NMR (400 MHz, CDCl3): d 7.49 (d, JH,H = 8.3 Hz, 2H), 7.40 – 7.34 (m, 4H), 7.22 (d, JH,H = 8.2 Hz, 2H), 7.07 

– 7.00 (m, 4H), 2.38 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 144.3, 140.4, 137.0, 132.7, 129.9, 129.8, 127.9, 121.6, 21.8 ppm. 

Elemental analysis for C19H15Br2NO2S found (calculated): C 47.37 (47.42), H 3.19 (3.13), N 3.04 (2.91).  

High resolution ESI-MS (m/z) for C19H15Br2NO2S+Na [24+Na]+: 501.9077 (calculated: 501.9082). 

 

Bis(4-chlorophenyl)amine (S5) 

 
1-Chloro-4-fluorobenzene (620 mg, 4.75 mmol, 1.0 eq.) and 4-chloroaniline (530 µL, 5.94 mmol, 1.25 eq.) were 

dissolved in DMSO (7 mL), potassium tert-butoxide (1.12 g, 10.0 mmol, 2.0 eq.) was added and the reaction 

mixture was stirred at room temperature over night. The reaction mixture was poured into water (50 mL), extracted 

with dichloromethane (3 × 75 mL), the combined organic phases were dried over Na2SO4 and the solvent was 

removed under reduced pressure. The crude product was purified by flash column chromatography (SiO2, 

cyclohexane / ethyl acetate 1/0 à 4/1) to obtain bis(4-chlorophenyl)amine (S5, 508 mg, 2.13 mmol, 45%) as a 

pale white solid.   
1H-NMR (400 MHz, CDCl3): d 7.72 (d, JH,H = 8.8 Hz, 4H), 6.96 (d, JH,H = 8.8 Hz, 4H), 5.63 (s, 1H) ppm. 
13C-NMR (101 MHz, CDCl3): d 141.5, 129.5, 126.2, 119.3 ppm. 

N
Ts

Br Br
24

F

Cl Cl

NH2 ClCl

N
HDMSO

RT, 16 h

tBuOK

+

S5

Appendix A. Supplementary Information

232



  

 S16 

These analytical data are in agreement with previously reported characterization data for this compound.14 

 

N,N-Bis(4-chlorophenyl)-4-methylbenzenesulfonamide (25) 

 
The general procedure 2 for tosylation using substrate S5 (500 mg, 2.10 mmol, 1.0 eq.) in THF (12 mL) yielded 

N,N-bis(4-chlorophenyl)-4-methylbenzenesulfonamide (25, 130 mg, 306 µmol, 15%) as a white solid after flash 

column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 4/1). 
1H-NMR (400 MHz, CDCl3): d 7.56 (d, JH,H = 8.4 Hz, 2H), 7.32 – 7.26 (m, 6H), 7.17 (d, JH,H = 8.8 Hz, 4H), 2.44 

(s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 144.3, 139.9, 137.0, 133.6, 129.9, 129.7, 129.5, 127.9, 21.8 ppm. 

Elemental analysis for C19H15Cl2NO2S found (calculated): C 58.27 (58.17), H 4.03 (3.82), N 3.71 (3.57).  

High resolution ESI-MS (m/z) for C19H15Cl2NO2S+Na [25+Na]+: 414.0095 (calculated: 414.0093). 

 

10-Tosyl-10H-phenoxazine (26) 

 
Phenoxazine (550 mg, 3.00 mmol, 1.0 eq.) was dissolved in dichloromethane (10 mL) and triethylamine (1.64 mL, 

12.0 mmol, 4.0 eq.) and tosyl chloride (860 mg, 4.51 mmol, 1.5 eq.) were slowly added. The reaction mixture was 

stirred at room temperature for 24 h, quenched by the addition of water (25 mL) and the mixture was extracted 

with dichloromethane (3 × 50 mL). The combined organic phases were dried over Na2SO4, the solvent was 

removed under reduced pressure and the crude mixture was purified by flash column chromatography (SiO2, 

cyclohexane / ethyl acetate 1/0 à 3/1) followed by recrystallization from hexane / ethyl acetate (5/1) to obtain the 

desired 10-tosyl-10H-phenoxazine (26, 650 mg, 1.93 mmol, 64%) as white crystals. 
1H-NMR (400 MHz, CDCl3): d 7.67 (dd, JH,H = 7.7 Hz, JH,H = 1.9 Hz, 2H), 7.20 (td, JH,H = 7.7 Hz, JH,H = 1.9 Hz, 

1H), 7.15 (td, JH,H = 7.6 Hz, JH,H = 1.7 Hz, 2H), 7.03 (d, JH,H = 8.1 Hz, 2H), 6.96 (d, JH,H = 8.3 Hz, 2H), 6.80 (dd, 

JH,H = 7.9 Hz, JH,H = 1.7 Hz, 2H), 2.35 (s, 3H) ppm. 
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13C-NMR (101 MHz, CDCl3): d 151.3, 144.5, 132.7, 129.2, 128.5, 128.2, 127.9, 126.5, 123.9, 116.4, 21.8 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.15 

 

N,N-Bis(4-methoxyphenyl)-4-methylbenzenesulfonamide (27) 

 
The general procedure 2 for tosylation using bis(4-methoxyphenyl)amine (1.50 g, 6.54 mmol, 1.0 eq.) in THF 

(20 mL) yielded N,N-bis(4-methoxyphenyl)-4-methylbenzenesulfonamide (27, 722 mg, 1.88 mmol, 29%) as a 

pale violet solid after flash column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 4/1) followed by 

recrystallization from hexane / ethyl acetate (2/1). 
1H-NMR (400 MHz, CDCl3): d 7.56 (d, JH,H = 8.3 Hz, 2H), 7.26 (d, JH,H = 7.8 Hz, 2H), 7.18 (d, JH,H = 9.0 Hz, 4H), 

6.81 (d, JH,H = 9.0 Hz, 4H), 3.77 (s, 6H), 2.44 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 158.89, 143.5, 137.7, 134.6, 129.9, 129.6, 128.0, 114.5, 55.6, 21.7 ppm. 

High resolution ESI-MS (m/z) for C21H21NO4S+Na [27+Na]+: 406.1086 (calculated: 406.1083). 

 

2-Phenyl-1-tosyl-1H-imidazole (28) 

 
The general procedure 2 for tosylation using 2-phenyl-1H-imidazole (721 mg, 5.01 mmol, 1.0 eq.) in THF (20 mL) 

yielded 2-phenyl-1-tosyl-1H-imidazole (28, 1.42 g, 4.76 mmol, 95%) as a white solid after flash column 

chromatography (SiO2, pentane / ethyl acetate 9/1 à 1/1). 
1H-NMR (400 MHz, CDCl3): d 7.63 (d, JH,H = 1.7 Hz, 1H), 7.49 – 7.41 (m, 1H), 7.41 – 7.38 (m, 2H), 7.37 –7.33 

(m, 2H), 7.27 (d, JH,H = 8.4 Hz, 2H), 7.11 (d, JH,H = 8.0 Hz, 2H), 7.10 (d, JH,H = 1.7 Hz, 1H), 2.36 (s, 4H) ppm. 
13C-NMR (101 MHz, CDCl3): d 148.7, 145.9, 134.7, 130.7, 130.0, 129.8, 129.6, 128.8, 127.8, 127.6, 120.9, 21.8 

ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.16 
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2-Phenyl-1-tosyl-1H-benzoimidazole (29) 

 
The general procedure 2 for tosylation using 2-phenyl-1H-benzoimidazole (920 mg, 4.74 mmol, 1.0 eq.) in THF 

(20 mL) yielded 2-phenyl-1-tosyl-1H-benzoimidazole (29, 1.25 g, 3.60 mmol, 76%) as a pale orange solid after 

flash column chromatography (SiO2, cyclohexane / ethyl acetate 9/1 à 1/1). 
1H-NMR (400 MHz, CDCl3): d 8.21 (d, JH,H = 8.0 Hz, 1H), 7.73 (dd, JH,H = 7.5 Hz, JH,H = 0.9 Hz, 1H), 7.61 (dd, 

JH,H = 8.3 Hz, JH,H = 1.3 Hz, 2H), 7.55 (t, JH,H = 7.5 Hz, 1H), 7.48 – 7.37 (m, 4H), 7.33 (d, JH,H = 8.4 Hz, 2H), 7.09 

(d, J = 7.8 Hz, 2H), 2.32 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 154.2 145.8, 142.8, 135.2, 134.0, 131.0, 130.6, 130.2, 129.8, 127.8, 127.1, 125.6, 

125.4, 120.5, 115.3, 21.7 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.17  

 

1-Tosyl-1H-indole (30) 

 
The general procedure 2 for tosylation using 1H-indole (580 mg, 4.95 mmol, 1.0 eq.) in THF (20 mL) yielded 1-

tosyl-1H-indole (30, 1.31 g, 4.83 mmol, 98%) as off-white solid after flash column chromatography (SiO2, 

cyclohexane / ethyl acetate 9/1 à 2/1). 
1H-NMR (400 MHz, CDCl3): d 7.99 (dd, JH,H = 8.3 Hz, JH,H = 0.9 Hz, 1H), 7.76 (d, JH,H = 8.4 Hz, 2H), 7.57 (d, 

JH,H = 3.7 Hz, 1H), 7.52 (dt, JH,H = 7.8 Hz, JH,H = 1.0 Hz, 1H), 7.31 (ddd, JH,H = 8.4, JH,H = 7.2 Hz, JH,H = 1.3 Hz, 

1H), 7.25 – 7.17 (m, 3H), 6.65 (dd, JH,H = 3.7, 0.8 Hz, 1H), 2.33 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 145.3, 135.7, 135.2, 131.1, 130.2, 127.2, 126.7, 124.9, 123.6, 121.7, 113.92, 

109.4, 21.9 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.16 
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5-Fluoro-1-tosyl-1H-indole (31) 

 
The general procedure 2 for tosylation using 5-fluoro-1H-indole (540 mg, 4.01 mmol, 1.0 eq.) in THF (20 mL) 

yielded 5-fluoro-1-tosyl-1H-indole (31, 985 mg, 3.40 mmol, 85%) as white solid after flash column 

chromatography (SiO2, cyclohexane / ethyl acetate 9/1 à 2/1).  
1H-NMR (400 MHz, CDCl3): d 7.92 (dd, 3JH,H = 9.0 Hz, JH,H = 4.4 Hz, 1H), 7.74 (d, 3JH,H = 8.4 Hz, 2H), 7.59 (d, 
3JH,H = 3.7 Hz, 1H), 7.23 (d, 3JH,H = 8.1 Hz, 2H), 7.17 (dd, JH,F = 8.8 Hz, JH,H = 2.5 Hz, 1H), 7.03 (td, 3JH,H = 9.1 Hz, 
4JH,H = 2.6 Hz, 1H), 6.61 (dd, 3JH,H = 3.6 Hz, 4JH,F = 0.8 Hz, 1H), 2.34 (s, 3H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -120.0 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 159.7 (d, 1JC,H = 240.0 Hz), 145.2, 135.2, 131.8 (d, 3JC,H = 10.1 Hz), 131.3 (d, 
4JC,H = 1.1 Hz), 130.1, 128.2, 126.9, 114.7 (d, 1JC,H = 9.4 Hz), 112.7 (d, 2JC,H = 25.7 Hz), 109.0 (d, 4JC,H = 4.1 Hz), 

107.0 (d, 2JC,F = 24.0 Hz), 21.7 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.16 

 

1-Tosyl-1H-pyrrole (32) 

 
The general procedure 2 for tosylation using pyrrole (260 µL, 3.76 mmol, 1.0 eq.) in THF (20 mL) yielded 1-tosyl-

1H-pyrrole (32, 692 mg, 3.13 mmol, 84%) as a white solid after flash column chromatography (SiO2, pentane / 

ethyl acetate 1/0 à 0/1). 
1H-NMR (400 MHz, CDCl3): d 7.74 (d, JH,H = 8.4 Hz, 2H), 7.28 (d, JH,H = 7.9 Hz, 2H), 7.18 – 7.12 (m, 2H), 6.29 

– 6.26 (m, 2H), 2.40 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 145.1, 136.3, 130.1, 127.0, 120.9, 113.6, 21.8 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.18 
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N-(4-Fluorobenzyl)-4-(trifluoromethyl)aniline (S6) 

 
4-Flurobenzyl bromide (625 µL, 5.00 mmol, 1.0 eq.) and 4-(trifluoromethyl)aniline (944 µL, 7.50 mmol, 1.5 eq.) 

were dissolved in MeCN (10 mL) and potassium carbonate (2.07 g, 15.0 mmol, 3.0 eq.) was added. The reaction 

mixture was stirred at room temperature over night, the solvent was removed under reduced pressure, water 

(25 mL) was added and the resulting mixture was extracted with dichloromethane (3 × 50 mL). The combined 

organic phases were dried over Na2SO4, the solvent was removed under reduced pressure and the crude mixture 

was purified by flash column chromatography (SiO2, cyclohexane / dichloromethane 1/0 à 4/1) to obtain N-(2-

fluorophenyl)-N,4-dimethylbenzene-sulfonamide (S6, 500 mg, 1.86 mmol, 37%) as pale yellow solid. 
1H-NMR (400 MHz, CDCl3): d 7.32 (d, JH,H = 8.5 Hz, 2H), 7.24 (dd, JH,H = 8.6 Hz, JH,H = 5.4 Hz, 2H), 6.96 (t, 

JH,H = 8.6 Hz, 2H), 6.54 (d, JH,H = 8.4 Hz, 2H), 4.27 (s, 2H), 4.26 (s, 1H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -61.07 (s, 3F), -115.07 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 162.3 (d, JC,F = 245.7 Hz), 150.4 (d, JC,F = 1.1 Hz), 134.3 (d, JC,F = 3.1 Hz), 129.1 

(d, JC,F = 8.1 Hz), 126.8 (q, JC,F = 3.8 Hz), 125.0 (q, JC,F = 270.3 Hz), 119.4 (q, JC,F = 32.7 Hz), 115.8 (d, JC,F = 21.5 

Hz), 112.2, 47.3 (d, JC,F = 0.7 Hz) ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.19 

 

N-(4-Fluorobenzyl)-4-methyl-N-(4-(trifluoromethyl)phenyl)benzene-sulfonamide (33) 

 
The general procedure 2 for tosylation using substrate S6 (450 mg, 1.67 mmol, 1.0 eq.) in THF (10 mL) yielded 

 N-(4-fluorobenzyl)-4-methyl-N-(4-(trifluoromethyl)phenyl)benzene-sulfonamide (33, 180 mg, 

425 µmol, 25%) as a white solid after flash column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 1/3). 
1H-NMR (400 MHz, CDCl3): d 7.52 (d, JH,H = 8.3 Hz, 2H), 7.48 (d, JH,H = 8.0 Hz, 2H), 7.30 (d, JH,H = 7.9 Hz, 2H), 

7.18 (dd, JH,H = 8.6 Hz, JH,F = 5.4 Hz, 1H), 7.11 (d, JH,H = 7.9 Hz, 2H), 6.92 (t, JH,H = 8.7 Hz, 2H), 4.71 (s, 2H), 

2.45 (s, 3H) ppm. 
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19F{1H}-NMR (376 MHz, CDCl3): d -62.61 (s, 3F), -114.10 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 162.5 (d, JC,F = 246.8 Hz), 144.2, 142.3, 135.3, 131.2 (d, JC,F = 3.2 Hz), 130.3 (d, 

JC,F = 8.3 Hz), 129.9, 129.9 (q, JC,F = 32.9 Hz), 129.0, 127.8, 126.2 (q, JC,F = 3.7 Hz), 123.8 (q, JC,F = 272.3 Hz), 

115.7 (d, JC,F = 21.6 Hz), 53.8, 21.7 ppm. 

Elemental analysis for C21H17F4NO2S·0.15(C6H12) found (calculated): C 60.27 (60.32), H 4.58 (4.35), N 3.25 

(3.21).  

High resolution ESI-MS (m/z) for C21H17F4NO2S+Na [33+Na]+: 446.0802 (calculated: 446.0808). 

 

N-(4-Fluorobenzyl)-4-methylaniline (S7) 

 
4-Fluorobenzyl bromide (650 µL, 5.19 mmol, 1.0 eq.) and 4-methylaniline (803 mg, 7.50 mmol, 1.5 eq.) were 

dissolved in MeCN (15 mL) and potassium carbonate (2.15 g, 15.6 mmol, 3.0 eq.) was added.  The reaction 

mixture was stirred at room temperature over 6 hours, the solvent was removed under reduced pressure, water 

(25 mL) was added and the resulting mixture was extracted with dichloromethane (3 × 50 mL). The combined 

organic phases were dried over Na2SO4, the solvent was removed under reduced pressure and the crude mixture 

was purified by flash column chromatography (SiO2, cyclohexane / dichloromethane 1/0 à 4/1) to obtain N-(4-

fluorobenzyl)-4-methylaniline (S7, 502 mg, 2.32 mmol, 45%) as oily liquid. 
1H-NMR (400 MHz, CDCl3): d 7.33 (dd, JH,H = 8.5 Hz, 3JH,F = 5.5 Hz, 2H), 7.03 (d, JH,H = 8.7 Hz, 2H), 7.01 – 6.98 

(m, 2H), 6.55 (d, 3JH,H = 8.4 Hz, 2H), 4.28 (s, 2H), 3.90 (s, 1H), 2.24 (s, 3H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -115.80 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 162.0 (d, 1JC,F = 244.8 Hz), 145.7, 135.3 (d, 4JC,F = 3.2 Hz), 129.8, 129.0 (d, 3JC,F = 

8.0 Hz), 127.0, 115.4 (d, 2JC,F = 21.5 Hz), 113.0, 47.9, 20.4 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.20,21 
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N-(4-Fluorobenzyl)-4-methyl-N-(p-tolyl)benzenesulfonamide (34) 

 
The general procedure 2 for tosylation using substrate S7 (500 mg, 2.32 mmol, 1.0 eq.) in THF (6 mL) yielded N-

(4-fluorobenzyl)-4-methyl-N-(4-(trifluoromethyl)phenyl)benzene-sulfonamide (34, 220 mg, 595 µmol, 26%) as a 

white solid after flash column chromatography (SiO2, cyclohexane / dichloromethane 9/1 à 1/1). 
1H-NMR (400 MHz, CDCl3): d 7.54 (d, 3JH,H = 8.3 Hz, 2H), 7.28 (d, 3JH,H = 8.1 Hz, 2H), 7.18 (dd, 3JH,H = 8.5 Hz, 
4JH,F = 5.5 Hz, 2H), 7.00 (d, 3JH,H = 8.1 Hz, 2H), 6.90 (t, 3JH,H,H,F = 8.7 Hz, 2H), 6.82 (d, 3JH,H = 8.3 Hz, 2H), 4.65 

(s, 1H), 2.44 (s, 3H), 2.27 (s, 3H). 
19F{1H}-NMR (376 MHz, CDCl3): d -114.81 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 162.3 (d, 1JC,F = 245.9 Hz), 143.5, 138.0, 136.2, 135.8, 132.0 (d, 4JC,F = 3.2 Hz), 

130.4 (d, 3JC,F = 8.2 Hz), 129.7, 129.6, 128.8, 127.9, 115.4 (d, 2JC,F = 21.5 Hz), 54.2, 21.7, 21.2 ppm. 

Elemental analysis for C21H20FNO2S•0.05(CH2Cl2) found (calculated): C 67.54 (67.66), H 5.40 (5.42), N 3.69 

(3.75).  

High resolution ESI-MS (m/z) for C21H20FNO2S+Na [34+Na]+: 392.1095 (calculated: 392.1091). 

 

N-(2-Fluorophenyl)-N-tosylacetamide (35) 

 
N-(2-fluorophenyl)-4-methylbenzenesulfonamide (38, 385 mg, 1.45 mmol, 1.0 eq.) and triethylamine (402 µL, 

2.90 mmol, 2.0 eq.) were dissolved in dichloromethane (5 mL) at 0 °C and acyl chloride (155 µL, 2.18 mmol, 

1.5 eq.) was slowly added. The reaction mixture was stirred at room temperature for 4 h, quenched by the addition 

of saturated aqueous NH4Cl solution (25 mL) and extracted with dichloromethane (3 × 50 mL). The combined 

organic phases were dried over Na2SO4, the solvent was removed under reduced pressure and the crude mixture 

was purified by flash column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 1/1) to obtain N-(2-

fluorophenyl)-N-tosylacetamide (35, 370 mg, 1.20 mmol, 82%) as a white solid. 
1H-NMR (400 MHz, CDCl3): d 7.95 (d, JH,H = 8.1 Hz, 2H), 7.55 – 7.44 (m, 1H), 7.42 (t, JH,H = 7.5 Hz, 1H), 7.34 

(d, JH,H = 8.1 Hz, 2H), 7.29 (t, JH,H = 7.5 Hz, 1H), 7.23 (d, JH,H = 8.7 Hz, 1H), 2.45 (s, 3H), 1.90 (s, 3H) ppm. 
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19F{1H}-NMR (376 MHz, CDCl3): d -118.65 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 169.6, 158.9 (d, JC,F = 252.1 Hz), 145.3, 135.9, 132.3, 132.2 (d, JC,F = 7.9 Hz), 

129.5 (d, JC,F = 1.4 Hz), 129.4, 125.4 (d, JC,F = 4.0 Hz), 124.7 (d, JC,F = 13.6 Hz), 117.1 (d, JC,F = 20.0 Hz), 24.4, 

21.9 ppm. 

Elemental analysis for C15H14FNO3S found (calculated): C 58.48 (58.62), H 4.61 (4.59), N 4.39 (4.56).  

High resolution ESI-MS (m/z) for C15H14FNO3S+Na [35+Na]+: 330.0574 (calculated: 330.0571). 

 

N-(2-Fluorophenyl)-N,4-dimethylbenzenesulfonamide (36) 

 
N-(2-fluorophenyl)-4-methylbenzenesulfonamide (38, 500 mg, 1.88 mmol, 1.0 eq.) was dissolved in DMF (5 mL). 

Potassium carbonate (1.55 g, 11.22 mmol, 6.0 eq.) and methyl iodide (176 µL, 2.85 mmol, 1.5 eq.) were added. 

The reaction mixture was stirred at room temperature over night, quenched by the addition of water (25 mL) and 

extracted with dichloromethane (3 × 50 mL). The combined organic phases were dried over Na2SO4, the solvent 

was removed under reduced pressure and the crude mixture was purified by flash column chromatography (SiO2, 

cyclohexane / ethyl acetate 20/1 à 4/1) to obtain N-(2-fluorophenyl)-N,4-dimethylbenzenesulfonamide (36, 

430 mg, 1.54 mmol, 82%) as an off-white solid. 
1H-NMR (400 MHz, CDCl3): d 7.52 (d, JH,H = 8.1 Hz, 2H), 7.32 – 7.18 (m, 4H), 7.08 (td, JH,H = 7.7 Hz, JH,H = 1.5 

Hz, 1H), 6.98 (ddd, JH,H = 10.8, JH,H = 8.2, JH,H = 1.5 Hz, 1H), 3.16 (d, JH,H = 1.5 Hz, 3H), 2.39 (s, 3H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -118.72 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 159.4 (d, 1JC,F = 252.8 Hz), 143.7, 135.2, 131.6 (d, 4JC,F = 1.5 Hz), 129.8 (d, 3JC,F 

= 8.0 Hz), 129.6, 128.7 (d, 2JC,F = 11.6 Hz), 127.8, 124.6 (d, 4JC,F = 3.7 Hz), 116.8 (d, 2JC,F = 20.1 Hz), 38.21 (d, 

JC,F = 3.8 Hz), 21.7 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.22 
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N-Butyl-N-(2-fluorophenyl)-4-methylbenzenesulfonamide (37) 

 
N-(2-fluorophenyl)-4-methylbenzenesulfonamide (38, 300 mg, 1.13 mmol, 1.0 eq.) were dissolved in DMF 

(5 mL) and potassium carbonate (781 mg, 5.65 mmol, 5.0 eq.) and butyl iodide (193 µL, 1.70 mmol, 1.5 eq.) were 

added. The reaction mixture was stirred at room temperature over 3 hours, quenched by the addition of water 

(25 mL) and extracted with dichloromethane (3 × 50 mL). The combined organic phases were dried over Na2SO4, 

the solvent was removed under reduced pressure and the crude mixture was purified by flash column 

chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 4/1) to obtain N-butyl-N-(2-fluorophenyl)-4-

methylbenzenesulfonamide (37, 271 mg, 843 µmol, 75%) as a colourless oil. 
1H-NMR (400 MHz, CDCl3): d 7.56 (d, 3JH,H = 8.3 Hz, 2H), 7.33 – 7.27 (m, 1H), 7.24 (d, 3JH,H = 8.1 Hz, 2H), 7.21 

(dd, 3JH,H = 7.7 Hz, JH,F = 1.8 Hz, 1H), 7.12 (td, 3JH,H = 7.7, JH,F = 1.4 Hz, 1H), 7.03 (ddd, JH,H = 10.5 Hz, JH,H = 

8.3 Hz, JH,H = 1.4 Hz, 1H), 3.53 (t, 3JH,H = 7.0 Hz, 2H), 2.42 (s, 3H), 1.40 – 1.23 (m, 4H), 0.85 (t, J = 7.1 Hz, 

2H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -118.14 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 160.1 (d, 1JC,F = 252.8 Hz), 143.5, 136.4, 132.7 (d, 2JC,F = 1.3 Hz), 130.0 (d, 3JC,F 

= 8.1 Hz), 129.6, 127.7, 126.5 (d, 3JC,F = 11.5 Hz), 124.5 (d, 4JC,F = 3.8 Hz), 116.8 (d, 2JC,F = 20.3 Hz), 50.2 (d, 
4JC,F = 3.2 Hz), 30.8, 21.7, 19.7, 13.8 ppm. 

Elemental analysis for C17H20FNO2S found (calculated): C 63.70 (63.53), H 6.27 (6.22), N 4.33 (4.36).  

High resolution ESI-MS (m/z) for C17H20FNO2S+Na [37+Na]+: 344.1093 (calculated: 344.1091). 

 

N-(2-Fluorophenyl)-4-methylbenzenesulfonamide (38) 

 
2-Fluoroaniline (870 µL, 9.00 mmol, 1.0 eq.), pyridine (4.34 mL, 54.0 mmol, 6.0 eq.) and tosyl chloride (1.89 g, 

9.90 mmol, 1.1 eq.) were dissolved in dichloromethane (35 mL). The reaction mixture was stirred at room 

temperature for 1 h, quenched by the addition of aqueous HCl solution (1 M, 25 mL) and extracted with 

dichloromethane (3 × 50 mL). The combined organic phases were dried over Na2SO4, the solvent was removed 
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under reduced pressure and the crude mixture was purified by column chromatography (SiO2, cyclohexane / ethyl 

acetate 1/0 à 1/1) to obtain N-(2-fluorophenyl)-4-methylbenzenesulfonamide (38, 1.77 g, 6.67 mmol, 74%) as a 

white solid. 
1H-NMR (400 MHz, CDCl3): d 7.66 (d, JH,H = 8.4 Hz, 2H), 7.59 (td, JH,H = 7.9, JH,H = 2.3 Hz, 1H), 7.22 (d, JH,H = 

8.1 Hz, 2H), 7.12 – 7.02 (m, 2H), 6.98 – 6.92 (m, 1H), 6.72 (s, 1H), 2.38 (s, 3H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -129.90 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 154.0 (d, JC,F = 244.4 Hz), 144.3, 136.0, 129.8, 127.3, 126.2 (d, JC,F = 7.5 Hz), 

124.9 (d, JC,F = 4.0 Hz), 124.8, 123.3 (d, JC,F = 0.7 Hz), 115.5 (d, JC,F = 19.4 Hz) 21.7 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.23 

 

N-(2-Fluorophenyl)-4-methyl-N-tosylbenzenesulfonamide (39) 

 
2-Fluoroaniline (870 µL, 9.00 mmol, 1.0 eq.), triethylamine (2.6 mL, 19.2 mmol, 2.2 eq.) and tosyl chloride (3.43 

g, 18.0 mmol, 2.0 eq.) were dissolved in dichloromethane (20 mL). The reaction mixture was stirred at room 

temperature over night, quenched by the addition of aqueous HCl solution (1 M, 20 mL) and extracted with 

dichloromethane (3 × 50 mL). The combined organic phases were dried over Na2SO4, the solvent was removed 

under reduced pressure and the crude mixture was purified by flash column chromatography (SiO2, cyclohexane / 

ethyl acetate 5/1 à 3/2) to obtain N-(2-fluorophenyl)-4-methyl-N-tosylbenzenesulfonamide (39, 1.60 g, 3.81 

mmol, 42%) as a white solid. 
1H-NMR (400 MHz, CDCl3): d 7.83 (d, JH,H = 8.5 Hz, 4H), 7.47 – 7.40 (m, 1H), 7.33 (d, JH,H = 8.1 Hz, 4H), 7.18 

– 7.07 (m, 3H), 2.47 (s, 6H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -115.79 (s, 1F) ppm. 
13C-NMR (101 MHz, CDCl3): d 160.4 (d, 1JC,F = 255.5 Hz), 145.3, 136.6 (d, JC,F = 0.6 Hz), 133.6, 132.4 (d, 
3JC,F = 8.1 Hz), 129.7, 128.8 (d, 4JC,F = 0.7 Hz), 124.6 (d, 3JC,F = 3.9 Hz), 122.3 (d, 2JC,F = 13.5 Hz), 116.9 (d, 
2JC,F = 20.1 Hz), 21.9 ppm. 

Elemental analysis for C20H18FNO4S2•0.05(CH2Cl2) found (calculated): C 56.85 (66.83), H 4.26 (4.31), N 3.34 

(3.31).  

High resolution ESI-MS (m/z) for C20H18FNO4S2+Na [39+Na]+: 442.0560 (calculated: 442.0553). 
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1-Tosylpiperidin-2-one (40) 

 
The general procedure 2 for tosylation using piperidin-2-one (199 µL, 2.15 mmol, 1.0 eq.) in THF (10 mL) yielded 

 tosylpiperidin-2-one (40, 200 mg, 790 µmol, 37%) as a white solid after flash column 

chromatography (SiO2, cyclohexane / ethyl acetate 9/1). 
1H-NMR (400 MHz, CDCl3): d 7.91 (d, JH,H = 8.4 Hz, 2H), 7.31 (d, JH,H = 8.5 Hz, 2H), 3.91 (t, JH,H = 6.0 Hz, 2H), 

2.45 – 2.38 (m, 5H), 1.96 – 1.82 (m, 2H), 1.83 – 1.74 (m, 2H) ppm. 
13C-NMR (101 MHz, CDCl3): d 170.3, 144.9, 129.4, 128.9 (2x), 47.1, 34.7, 23.5, 21.8, 20.6 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.24,25 

 

3-Tosyloxazolidin-2-one (41) 

 
The general procedure 2 for tosylation using oxazolidin-2-one (350 mg, 4.02 mmol, 1.0 eq.) in THF (15 mL) 

yielded  3-tosyloxazolidin-2-one (41, 501 mg, 2.08 mmol, 52%) as a white solid after flash column 

chromatography (SiO2, cyclohexane / ethyl acetate 9/1 à 1/1). 
1H-NMR (400 MHz, CDCl3): d 7.95 (d, 3JH,H = 8.4 Hz, 2H), 7.37 (d, 3JH,H = 8.1 Hz, 2H), 4.36 (dd, 3JH,H = 8.6 Hz, 
3JH,H = 6.9 Hz, 2H), 4.05 (dd, 3JH,H = 8.6 Hz, 3JH,H = 6.9 Hz, 2H), 2.46 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 152.2, 146.0, 134.0, 130.1, 128.5, 62.4, 44.8, 21.9 ppm. 

Elemental analysis for C10H11NO4S found (calculated): C 49.77 (49.78), H 4.69 (4.60), N 5.88 (5.81).  

High resolution ESI-MS (m/z) for C10H11NO4S+Na [41+Na]+: 264.0305 (calculated: 264.0301). 

 

1-Tosylpyrrolidine (42) 
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The general procedure 2 for tosylation using pyrrolidine (400 µL, 4.02 mmol, 1.0 eq.) in THF (15 mL) yielded 3-

tosyloxazolidin-2-one (42, 1.01 g, 4.48 mmol, 90%) as a white solid after flash column chromatography (SiO2, 

cyclohexane / ethyl acetate 9/1 à 2/1). 
1H-NMR (400 MHz, CDCl3): d 7.71 (d, 3JH,H = 8.3 Hz, 2H), 7.32 (d, 3JH,H = 8.0 Hz, 2H), 3.23 (t, 3JH,H = 6.8 Hz, 

4H), 2.42 (s, 3H), 1.74 (t, 3JH,H = 6.9 Hz, 4H) ppm.  
13C-NMR (101 MHz, CDCl3): d 143.4, 134.1, 129.7, 127.7, 48.1, 25.3, 21.7 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.26 

 

N-(2-(5-Methoxy-1-tosyl-1H-indol-3-yl)ethyl)acetamide (43) 

 
Following a literature procedure,27 melatonin (450 mg, 1.94 mmol, 1.0 eq.) was dissolved in dichloromethane 

(20 mL) and potassium hydroxide (360 mg, 6.42 mmol, 3.3 eq.), tetra-n-butylammonium bromide (370 mg, 

1.16 mmol, 0.6 eq.) and tosyl chloride (430 mg, 2.26 mmol, 1.16 eq.) were added. The reaction mixture was stirred 

at room temperature over night, quenched by the addition of water (25 mL) and extracted with ethyl acetate (3 × 

50 mL). The combined organic phases were dried over Na2SO4, the solvent was removed under reduced pressure 

and the crude mixture was purified by flash column chromatography (SiO2, dichloromethane / methanol 99/1) to 

obtain tosylated melatonin (43, 225 mg, 582 µmol, 30%) as solid white crystals. 
1H-NMR (400 MHz, CDCl3): d 7.90 – 7.82 (m, 1H), 7.70 (d, JH,H = 8.3 Hz, 2H), 7.31 (s, 1H), 7.19 (d, JH,H = 8.1 Hz, 

2H), 6.96 – 6.88 (m, 2H), 5.72 (s, 1H), 3.80 (s, 3H), 3.50 (q, JH,H = 6.8 Hz, 2H), 2.82 (t, JH,H = 6.8 Hz, 2H), 2.32 

(s, 3H), 1.92 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 170.3, 156.6, 145.0, 135.2, 131.8, 130.1, 129.9, 126.8, 124.2, 120.1, 114.8, 114.0, 

102.0, 55.8, 39.0, 25.3, 23.4, 21.7 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.28 
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4-Phenyl-3-(phenylsulfonyl)butan-2-one (46) 

 
Following a literature procedure,29 1-(phenylsulfonyl)propan-2-one (412 mg, 2.08 mmol, 1.0 eq.) and K2CO3 (400 

mg, 2.89 mmol, 1.39 eq.) were suspended in acetonitrile (10 mL) and benzyl chloride (290 µL, 252 mmol, 

1.21 eq.) was added. The reaction mixture was stirred for 20 h at 60 °C. The reaction was quenched by the addition 

of water (25 mL) and the two layers were separated. The aqueous layer was extracted with ethyl acetate (3 × 

25 mL), the organic phases were combined, extracted with brine (25 mL), and dried over Na2SO4. The solvent was 

removed under reduced pressure and the crude mixture was purified by flash column chromatography (SiO2, 

hexane / Et2O 20/1 à 5/1) and recrystallized from hexane / ethyl acetate (1/1) to obtain a white solid (46, 201 mg, 

2.08 mmol, 34%). 

The NMR spectra are in line with previously reported data.29  
1H-NMR (400 MHz, CDCl3): d 7.85 (m, 2H), 7.72 (m, 1H), 7.60 (m, 2H), 7.22 (m, 3H), 7.04 (m, 2H), 4.41 (dd, 

JH,H = 11.7 Hz, JH,H = 3.2 Hz 1H), 3.26 (dd, JH,H = 13.5 Hz, JH,H = 3.2 Hz 1H), 3.12 (dd, JH,H = 13.5 Hz, JH,H = 

11.7 Hz 1H), 2.18 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 199.8, 136.6, 135.9, 134.6, 129.6, 129.4, 129.1, 128.9, 127.4, 76.8, 33.1, 32.8 

ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.29 

 

4-Fluorobenzoic anhydride (47) 

 
4-Fluorobenzoic acid (565 mg, 4.03 mmol, 1.0 eq.), K2CO3 (830 mg, 6.05 mmol, 1.5 eq.) and tosyl chloride 

(380 mg, 2.02 mmol, 0.5 eq.) were dissolved in acetonitrile (20 mL) and stirred over night at room temperature. 

The reaction was quenched by the addition of water (50 mL) and the two layers were separated. The aqueous layer 

was extracted with dichloromethane (3 × 50 mL), the organic phases were combined and dried over Na2SO4. The 
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solvent was removed under reduced pressure and the crude mixture was purified by flash column chromatography 

(SiO2, cyclohexane / ethyl acetate 1/0 à 7/1) to obtain a white solid (450 mg, 1.72 mmol, 85%). 
1H-NMR (400 MHz, CDCl3): d 8.20 (m, 4H), 7.23 (t, 3JH,H = 8.6 Hz, 4H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -102.06 (s, 2F) ppm. 
13C-NMR (101 MHz, CDCl3): d 166.9 (d, 1JC,F = 257.3 Hz), 161.4, 133.5 (d, 3JC,F = 9.7 Hz), 125.1 (d, 4JC,F = 

3.0 Hz), 116.4 (d, 2JC,F = 22.3 Hz) ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.30 

 

Hydroxy(phenyl)-iodaneyl 4-methylbenzenesulfonate (S8) 

 
Following a literature procedure,31 iodobenzene (800 µL, 7.18 mmol, 1.0 eq.), p-toluenesulfonic acid monohydrate 

(1.50 g, 7.89 mmol, 1.0 eq.) and 3-chlorobenzoperoxoic acid (70%, 1.77 g, 7.18 mmol, 1.0 eq.) were dissolved in 

chloroform (8 mL) and stirred for 2 hours at room temperature. The solvent was removed and diethyl ether was 

added. The formed white precipitate was filtered off and washed with diethyl ether (2 ×). The white 

hydroxy(phenyl)-iodaneyl 4-methylbenzenesulfonate (S8, 2.50 g, 6.37 mmol, 89%) was dried under vacuum and 

used in the next step without further purification. 
1H-NMR (400 MHz, DMSO-d6): d 8.22 (d, 3JH,H 7.4 Hz, 2H), 7.71 (t, 3JH,H = 7.4 Hz, 1H), 7.62 (t, 3JH,H = 7.6 Hz, 

2H), 7.47 (d, 3JH,H = 8.1 Hz, 2H), 7.11 (d, 3JH,H = 7.8 Hz, 2H), 2.29 (s, 3H) ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.31 

 

2-Oxo-1,2-diphenylethyl 4-methylbenzenesulfonate (48) 

 
1,2-Diphenylethan-1-one (500 mg, 2.55 mmol, 1.0 eq.) and S8 (1.15 g, 2.93 mmol, 1.2 eq.) were dissolved in 

acetonitrile (18 mL) and refluxed for 2 hours. The reaction mixture was cooled to room temperature and the solvent 
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was removed under reduced pressure. The crude mixture was dissolved in dichloromethane and washed with water. 

The organic phase was dried over Na2SO4 and the solvent was removed. The crude product was purified by flash 

column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 9/1) to obtain a white solid (48, 150 mg, 

409 µmol, 16%). 
1H-NMR (400 MHz, CDCl3): d 7.84 (d, 3JH,H = 7.2 Hz, 2H), 7.72 (d, 3JH,H = 8.4 Hz, 2H), 7.52 (t, 3JH,H = 7.4 Hz, 

1H), 7.41 – 7.35 (m, 4H), 7.33 – 7.27 (m, 3H), 7.22 (d, 3JH,H = 8.0 Hz, 2H), 6.67 (s, 1H), 2.39 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 192.2, 145.0, 134.1, 133.9, 133.7, 132.8, 129.8, 129.7, 129.2, 129.1, 128.8, 128.3, 

128.2, 82.4, 21.8 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.32  

 

2-Oxo-1,2-diphenylethyl acetate (49) 

 
Benzoin (1.01 g, 4.76 mmol, 1.0 eq.) and pyridine (763 µL, 9.52 mmol, 2.0 eq.) were added in a round-bottom 

flask and heated with a heat gun for 5 minutes to 100 °C. The clear solution was cooled to room temperature, 

stirred for 15 min and acetyl choride (680 µL, 9.52 mmol, 2.0 eq.) was added slowly, heated again with a heat gun 

to 100 °C for 5 minutes and stirred at room temperature for 30 minutes. The resulting mixture was dissolved in 

dichloromethane (50 mL) and washed with aqueous sulfuric acid (2 M, 2 × 25 mL) and brine (100 mL). The 

organic phase was dried over Na2SO4 and the solvent was removed under reduced pressure. The crude product 

was purified by flash column chromatography (SiO2, cyclohexane / ethyl acetate 1/0 à 20/1) to obtain 2-oxo-1,2-

diphenylethyl acetate (49, 1.03 g, 4.05 mmol, 85%) as a pale yellow solid. 
1H-NMR (400 MHz, CDCl3): d 7.94 (d, 3JH,H = 7.1 Hz, 2H), 7.58 – 7.44 (m, 3H), 7.44 – 7.31 (m, 5H), 6.87 (s, 

1H), 2.21 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 193.8, 170.6, 134.7, 133.7, 133.6, 129.5, 129.3, 128.9, 128.8, 128.8, 77.9, 20.9 

ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.33 
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9-(Methylsulfonyl)-9H-carbazole (50) 

 
Carbazole (860 mg, 5.14 mmol, 1.0 eq.) and sodium hydride (60%, 600 mg, 14.9 mmol, 2.9 eq.) were dissolved 

in THF (15 mL) and methanesulfonyl chloride (500 µL, 6.43 mmol, 1.3 eq.) was added. The reaction mixture was 

stirred for 5 hours and quenched by the addition of aqueous sulfuric acid (2 M, 20 mL). The aqueous phase was 

extracted with dichloromethane (3 × 50 mL), the combined organic phases were dried over Na2SO4 and the solvent 

was removed under reduced pressure. The crude product was purified by flash column chromatography (SiO2, 

cyclohexane / ethyl acetate 19/1 à 4/1) to obtain 9-(methylsulfonyl)-9H-carbazole (50, 850 mg, 3.47 mmol, 67%) 

as a white solid. 
1H-NMR (400 MHz, CDCl3): d 8.18 (td, 3JH,H = 8.3 Hz, JH,H = 1.4 Hz, 2H), 8.02 (d, 3JH,H = 7.6 Hz, 2H), 7.51 (t, 
3JH,H = 8.5 Hz, 3JH,H = 7.3 Hz, 2H), 7.43 (t, J = 7.5 Hz, 2H), 2.98 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): d 138.5, 127.7, 126.4, 124.3, 120.3, 114.8, 38.8 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.34 
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2.2 General procedures and isolated products 

2.2.1 Photocatalytic reactions – general procedure  
A quartz cuvette with septum cap was equipped with a magnetic stir bar and charged with substrate (e. g. 50 μmol, 

1 eq.), [Cu(dap)2]Cl (441 µg, 1 mol%) and 9,10-dicyanoanthracene (1.14 mg, 10 mol%). MeCN-d3 (2 mL), 

N,N-diisoproylethylamine (174 µL, 20 eq.), internal standard (4-fluorotoluene, 5.5 µL, 1 eq. or mesitylene, 7.0 µL, 

1 eq.) and possible additives or trapping reagents (e.g. Cs2CO3 or N-methylpyrrole) were added. The solution was 

purged with argon for 8 to 10 minutes, and a balloon of argon was installed on top of the cuvette (using a syringe 

that penetrated through the silicone septum) for the duration of the irradiation. The stirred solutions were irradiated 

for specified durations either with a 635 nm diode laser (Roithner Lasertechnik, 500 mW) or a 623 nm high-power 

LED (Thorlabs Solis-623C, 3.8 W). Product formation was monitored by 19F{1H}-NMR or 1H-NMR spectroscopy. 

The conversion and the yield were determined against the internal standard. 

 

Isolated yield: 3,6-di-tert-butyl-9H-carbazole (20-P) 
A round-bottom flask with septum cap was equipped with a magnetic stir bar and charged with 3,6-di-tert-butyl-

9-tosyl-9H-carbazole (95.1 mg, 219 µmol, 1 eq.), [Cu(dap)2]Cl (1.85 mg, 2.09 µmol, 1 mol%) and 9,10-

dicyanoanthracene (5.01 mg, 21.9 µmol, 10 mol%). Dry acetonitrile (10 mL) and N,N-diisoproylethylamine 

(670 µL, 20 eq.) were added. The solution was purged with argon for 10 minutes and a balloon of argon was 

installed for the duration of the reaction. The stirred solution was irradiated for 5 hours with a 623 nm high-power 

LED (Thorlabs Solis-623C, 3.8 W). The solvent was removed in-vacuo and the crude mixture was purified by 

flash column chromatography (SiO2, cyclohexane / dichloromethane 1/0 à 4/1) to obtain pure 3,6-di-tert-butyl-

9H-carbazole (20-P, 48.3 mg, 173 µmol, 79%) as off-white solid. 
1H-NMR (400 MHz, CDCl3): d 8.08 (d, JH,H = 2.0 Hz, 2H), 7.88 (s, 1H), 7.46 (dd, JH,H = 8.6 Hz, JH,H = 2.0 Hz, 

2H), 7.34 (d, JH,H = 8.5 Hz, 2H), 1.45 (s, 18H) ppm. 
13C-NMR (101 MHz, CDCl3): d 142.4, 138.2, 123.7, 123.5, 116.3, 110.1, 34.8, 32.2 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.35 

 

Isolated yield: 4-fluoro-2-(1-methyl-1H-pyrrol-2-yl)benzonitrile (44-P)  

A round-bottom flask with septum cap was equipped with a magnetic stir bar and charged with 2-bromo-4-

fluorobenzonitrile (1, 52.1 mg, 261 µmol, 1 eq.), N-methylpyrrole (44, 454 µL, 5.21 mmol, 20 eq.), [Cu(dap)2]Cl 

(2.04 mg, 2.31 µmol, 1 mol%) and 9,10-dicyanoanthracene (5.70 mg, 25.0 µmol, 10 mol%). Dry acetonitrile 

(10 mL) and N,N-diisoproylethylamine (227 µL, 5 eq.) were added. The solution was purged with argon for 10 

minutes and a balloon of argon was installed for the duration of the reaction. The stirred solution was irradiated 
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for 5 hours with a 623 nm high-power LED (Thorlabs Solis-623C, 3.8 W). The solvent was removed in-vacuo and 

the crude mixture was purified by flash column chromatography (SiO2, cyclohexane / ethyl acetate 20/1 à 5/1) to 

obtain 4-fluoro-2-(1-methyl-1H-pyrrol-2-yl)benzonitrile (44-P, 40.1 mg, 200 µmol, 77%) as pale yellow solid. 
1H{19F}-NMR (500 MHz, CDCl3): d 7.74 (d, JH,H = 8.4 Hz, 1H), 7.11 (m, 2H), 6.82 (dd, JH,H = 2.7 Hz, JH,H = 1.8 Hz 

1H), 6.45 (d, JH,H = 3.8 Hz, JH,H = 1.7 Hz 1H), 6.25 (dd, JH,H = 3.7 Hz, JH,H = 2.7 Hz 1H), 3.64 (s, 3H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -103.15 (s, 1F) ppm. 
13C-NMR (126 MHz, CDCl3): d 164.6 (d, 1JCF = 246.7 Hz), 139.9 (d, 1JCF = 9.7 Hz), 136.0 (d, 4JCF = 9.9 Hz), 129.0 

(s), 125.7 (s), 118.0 (d, 3JCF = 22.7 Hz), 115.1 (d, 3JCF = 22.7 Hz), 112.3 (s), 108.9 (d, 2JCF = 3.3 Hz), 108.7 (s), 

35.1 (s) ppm. 

High resolution ESI-MS (m/z) for C12H9FN2+Na [44-P+Na]+: 223.0641 (calculated: 233.0642). 

These analytical data are in agreement with previously reported characterization data for this compound.36 

 

For this reaction, a lower concentration of N,N-diisopropylethylamine than for most other substrates investigated 

here in this series of reactions has been used (5 instead of 20 equivalents). In the specific case considered here, the 

C-C coupled reaction intermediate formed when the aryl radical is intercepted by N-methylpyrrole is a 

comparatively electron-rich intermediate, which seems thermodynamically competent to re-reduce the oxidized 

copper catalyst (or which can potentially even donate an electron to 3*DCA).37 This could be a possible reason why 

a lower N,N-diisopropylethylamine concentration is sufficient in this specific reaction, but we did not investigate 

this aspect systematically. 

 

Isolated yield: 5-fluoro-2',4',6'-trimethoxy-[1,1'-biphenyl]-2-carbonitrile (45-P) 
A round-bottom flask with septum cap was equipped with a magnetic stir bar and charged with 2-bromo-4-

fluorobenzonitrile (1, 49.2 mg, 246 µmol, 1 eq.), 1,3,5-trimethoxybenzene (45, 810 mg, 4.82 mmol, 20 eq.), 

Cs2CO3 (41.2 mg, 126 µmol, 0.5 eq.), [Cu(dap)2]Cl (2.20 mg, 2.49 µmol, 1 mol%) and 9,10-dicyanoanthracene 

(5.71 mg, 25.0 µmol, 10 mol%). Dry acetonitrile (10 mL) and N,N-diisoproylethylamine (430 µL, 10 eq.) were 

added. The solution was purged with argon for 10 minutes and a balloon of argon was installed for the duration of 

the reaction as described above. The stirred solution was irradiated for 10 hours with a 623 nm high-power LED 

(Thorlabs Solis-623C, 3.8 W). The solvent was removed in-vacuo and the crude mixture was purified by flash 

column chromatography (SiO2, cyclohexane / dichloromethane 1/0 à 3/2) to obtain 5-fluoro-2',4',6'-trimethoxy-

[1,1'-biphenyl]-2-carbonitrile (45-P, 30.1 mg, 105 μmol, 43%) as white crystalline solid. 
1H-NMR (500 MHz, CDCl3): d 7.68 (dd, JH,H = 8.6 Hz, JH,H = 5.6 Hz, 1H), 7.11 (dd, JH,H = 9.4 Hz, JH,H = 2.6 Hz, 

1H), 7.06 (td, JH,H = 8.3 Hz, JH,H = 2.6 Hz, 1H), 3.87 (s, 3H), 3.76 (s, 6H) ppm. 
19F{1H}-NMR (376 MHz, CDCl3): d -105.15 (s, 1F) ppm. 
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13C-NMR (126 MHz, CDCl3): d 164.4 (d, 1JCF = 254.4 Hz), 162.2, 158.2, 141.9 (d, 3JCF = 9.9 Hz), 134.5 (d, 3JCF = 

9.7 Hz), 120.0 (d, 2JCF =22.2 Hz), 118.3, 114.5 (d, 2JCF = 22.7 Hz), 111.0, 90.8, 55.8, 55.4 ppm. 

High resolution ESI-MS (m/z) for C16H14FNO3+Na [45-P+Na]+: 310.0855 (calculated: 310.0850). 
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2.3 Reaction optimization 

2.3.1 General optimization of reaction conditions 
Table S1. Optimization of photocatalytic dehalogenation reaction with red light at 20 °C. a 

 

entry [Cu(dap)2]+ / 
mol% 

DCA / 
mol% additive time / h light source yield (conv.) / %b 

1c 5 10 - 6 635 nm cw-laser 81 (81) 

2 2 10 - 16 635 nm cw-laser 96 (96) 

3 1 10 - 16 635 nm cw-laser 91 (91) 

4 2 10 - 6 635 nm cw-laser 80 (78) 

5 1 10 - 6 635 nm cw-laser (79) 

6 0.5 10 - 6 635 nm cw-laser 56 (56) 

7d 1 10 - 6 635 nm cw-laser 70 (70) 

8e 1 10 - 6 635 nm cw-laser 55 (55) 

9f 1 10 - 6 635 nm cw-laser 45 (45) 

10 1 4 - 6 635 nm cw-laser 56 (56) 

11 1 10 - 6 623 nm LED 86 (87) 

12 1 10 10 eq. epoxide 6 623 nm LED 90 (90) 

13 1 10 0.5 eq. Bu4NPF6 6 623 nm LED 86 (87) 

14 1 10 0.5 eq. MgSO4 5 623 nm LED 82 (82) 

15 1 10 0.5 eq. K2CO3 5 623 nm LED 93 (94) 

16 1 10 2.5 eq. Cs2CO3 5 623 nm LED 90 (100) 

17 1 10 0.5 eq. Cs2CO3 5 623 nm LED 95 (99) 

18 1 10 2 eq. DBU 5 623 nm LED 0 (0) 

19 - 10 0.5 eq. Cs2CO3 5 623 nm LED 0 (0) 

20 1 - 0.5 eq. Cs2CO3 6 623 nm LED 2 (2) 

21g 1 10 0.5 eq. Cs2CO3 6 623 nm LED 0 (0) 
22 1 10 0.5 eq. Cs2CO3 16 no light 0 (0) 

 
a) Reaction conditions: 25 mM substrate 1 and 20 eq. DiPEA in 2 mL de-aerated MeCN-d3. Sample irradiated in a quartz 
cuvette under an argon atmosphere at room temperature. b) Yields and conversions (in parentheses) were determined by 
quantitative 19F{1H}-NMR analysis using 4-fluorotoluene as internal standard. c) Acetone-d6 as solvent. d) 5 eq. DiPEA. e) 2 
eq. DiPEA. f) Triethylamine as electron donor. g) Reaction performed in the absence of DiPEA. 

CN

F Br

[Cu(dap)2]Cl
DCA

DiPEA
solvent, time
light source

CN

F H

1 1-P
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2.3.2 Conversion and yield over time 

 
Figure S1. Conversion (filled circles) and yield (empty circles) for the dehalogenation of substrate 1 driven by red light 
irradiation (623 nm high power LED) measured over time. Conversion and yields were determined by quantitative 19F{1H}-
NMR analysis using 4-fluorotoluene as internal standard. Further details are provided in the text. 

The reaction progress over time (Figure S1) was determined for substrate 1 with the reaction conditions given in 

section 2.2.1. The reaction scale given in the general procedure was triplicated and the reaction was performed in 

a round-bottom flask with a rubber septum under an Argon atmosphere instead of a cuvette with a silicon septum. 

The reaction progress was monitored for the reaction in the absence (red data points in Figure S1) and in the 

presence (blue data points) of 0.5 eq. of Cs2CO3 as additive. Conversion and yield were determined against 1-

fluorotoluene as internal standard. 

 

2.3.3 Effect of caesium carbonate 
Conversion and yield for substrate 1 in the absence and in the presence of caesium carbonate were determined by 
19F{1H}-NMR measurements against an internal standard, and the data is presented in the Figure S1. Analysis of 

the spectroscopic signals by 1H-NMR measurements indicates partial protonation of DiPEA over time especially 

in the absence of caesium carbonate (Figure S2). These changes are significantly less pronounced in the presence 

of caesium carbonate (Figure S3). The increasing concentration of protons over time is presumably caused by 

decomposition products of DiPEA,38 resulting in a deactivation of the remaining sacrificial electron donor. In 

principle, protonation of DCA•— could also occur, thereby introducing possible subsequent degradation pathways 

for DCA.39 Furthermore, increasing amounts of insoluble salt – presumably caesium bromide – are observable in 

the dehalogenation reactions over time in the presence of caesium carbonate. The additional bromide ions liberated 

into the solution over the course of the photo-reactions in the absence of caesium ions might cause side reactions 

or catalyst decomposition of the copper complex (see also Figure S29).40–42 
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Figure S2. 1H-NMR spectra of a solution containing 25 mM substrate 1, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. 
DiPEA in de-aerated MeCN-d3. Sample irradiated with a high power LED (623 nm) in a stirred round-bottom flask under an 
Argon atmosphere at room temperature. Over time, protonation of DiPEA occurs, resulting in a shift of the 1H-NMR signals 
of DiPEA (2.5 ppm and 3.1 ppm) as well as the appearance and shift of the new resonance associated with protonated DiPEA 
(3.2 ppm to 4.1 ppm). ). The latter is highlighted by a blue arrow (left) and vertical straight lines marking the middle of the 
1H-NMR signals of DiPEA before irradiation (t = 0 h). 

 
Figure S3. 1H-NMR spectra of a solution containing 25 mM substrate 1, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 20 eq. DiPEA 
and 0.5 eq. Cs2CO3 in de-aerated MeCN-d3. Sample irradiated with a high power LED (623 nm) in a stirred round-bottom 
flask under an Argon atmosphere at room temperature. Over time, protonation of DiPEA occurs, resulting in a shift of the 1H-
NMR signals of DiPEA (2.5 ppm and 3.1 ppm) as well as the appearance of a new resonance associated with the protonated 
form of DiPEA (2.4 ppm to 2.6 ppm). The latter is highlighted by a blue arrow (left) and vertical straight lines marking the 
middle of the 1H-NMR signals of DiPEA before irradiation (t = 0 h). In comparison to Figure S2, the changes of the respective 
shifts are significantly smaller. 
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3 Irradiation setup 
The experimental setup used for photoredox reactions with a cw-laser as irradiation source has been published 

recently.43 In this study, the light source was changed from a 447 nm cw-laser (as described previously)43 to a 

635 nm laser, but other than that, the setup remained essentially identical. The experiments performed with LED 

irradiation were performed using the setup shown in Figure S4. 

 
Figure S4. Irradiation setup for photoredox reactions with LED. 1: stirred screw-cap quartz cuvette with reaction mixture 
under Argon; 2: stirred water bath for cooling of irradiated solution; 3: LED (623 nm, 3.8 W); 4: cooling fan. 

 
Figure S5. Emission spectra of the 623 nm LED and the 635 nm cw-laser used in this study.  
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4 Optical spectroscopic measurements 

4.1 Optical spectroscopic properties of [Cu(dap)2]Cl and DCA 

4.1.1 Photophysical characterization of [Cu(dap)2]Cl and DCA 
All measurements were performed in de-aerated solvents at room temperature. Unless otherwise noted, acetonitrile 

was used as solvent for all optical spectroscopic investigations. 

 

 
Figure S6. UV-vis absorption (solid blue trace) and emission spectra (dotted blue trace) of DCA in de-aerated acetonitrile at 
20 °C. For emission measurements, excitation occurred at 380 nm. 

 
Figure S7. UV-vis absorption (solid blue traces) and emission spectra (dotted blue traces) of [Cu(dap)2]Cl in de-aerated 
acetonitrile at 20 °C. For emission measurements, excitation occurred at 532 nm. At 623 nm, the molar extinction coefficient 
is 534 M-1 cm-1. 
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Table S2. Overview of photophysical properties of [Cu(dap)2]Cl and DCA and some derivatives in acetonitrile at 20 °C. 

compound labs (e) / nm (103 M-1 cm-1) lem / nm t0 / ns 

[Cu(dap)2]+ 280 (66.2) 

326 (54.0) 

434 (2.2) 

749 123 (75 ± 5%), 

£ 8 (25 ± 5%) 

DCA 373 (10.6) 

395 (10.3) 

419 (11.3) 

434 

460 

14.7 

3*DCA a 440 (9.0)44 

735 (-)b 

- b 106 45 d 

DCA•— c 705 (8.4)46 

640 (-)b 

588 (-)b 

- b 0.003 47 

[Cu(dap)2]2+ c 287 (-)b 

358 (-)b 

- b - b 

a) Figure given in section 4.1.2. b) Values not available. c) Figure given in section 4.2.2. d) It was unclear to us in 

what solvent this literature value was determined. 

  

Absorption spectra, emission spectra for Cu(dap)2Cl and DCA were similar as in prior studies.48–50 

 

In principle, we would expect a mono-exponential decay of the emissive 3MLCT excited state of the [Cu(dap)2]+ 

complex in fluid solution at room temperature, similar to what is typically observable for related CuI a-diimine 

luminophores.51 Some of the early literature suggests that this is indeed the case for [Cu(dap)2]+,52,53 including a 

more recent report.54 In our experiments with commercial as well as with self-prepared [Cu(dap)2]Cl (synthesis 

according to reported procedure)50, we consistently observed bi-exponential 3MLCT excited state decays by time-

resolved luminescence spectroscopy, comprised of an instrumentally limited decay component (£ 8 ns) and a decay 

time of 123 ns. The latter seems compatible with the lifetime value reported previously in literature.49 Similar bi-

exponential excited state decay behaviour was observed in a previous study, but this aspect remained 

undiscussed.49  
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4.1.2 Transient absorption spectroscopy: reference spectrum of 3*DCA 

A reference spectrum of 3*DCA was measured using [Ru(bpy)3](PF6)2 as sensitizer and 500 µM of DCA with a 

time delay of 5 µs after the laser pulse (Figure S8). The long delay time ensures the absence of spectroscopic 

features caused by 3*[Ru(bpy)3]2+. The characteristic absorption bands of 3*DCA with maxima around 440 nm, 

670 nm and 730 nm are similar to literature reports in acetonitrile55 or toluene.44 At a concentration of 500 µM, the 

strong ground-state absorption of DCA between 370 nm and 430 nm leads to a strong filter effect, which in turn 

causes the unusual appearance of the transient absorption spectrum in that wavelength range. 

 
Figure S8. Normalized transient absorption spectrum for 3*DCA. [Ru(bpy)3](PF6)2 (75 µM) was excited at 500 nm with 
nanosecond laser pulses, and the transient absorption spectrum in the presence of 500 µM of DCA was recorded with a time 
delay of 5 µs in de-aerated acetonitrile at 20 °C, time-integrated over 200 ns. 
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4.2 Cyclic voltammetry and spectro-electrochemical study 
Cyclic voltammetry was performed with a saturated calomel electrode (SCE) as reference electrode, a glassy 

carbon disk electrode as working electrode, and a silver wire as counter electrode. Measurements were performed 

in dry de-aerated acetonitrile with 0.1 M TBAPF6 as an electrolyte. For oxidations or reductions with irreversible 

waves, the peak potential is given.  

 

4.2.1 Cyclic voltammetry of catalysts  
 

 
Figure S9. Cyclic voltammograms of DCA measured with TBAPF6 (0.1 M) as supporting electrolyte in de-aerated acetonitrile 
vs SCE. Voltammograms were recorded with scan rate of 100 mV s-1. 

 
Figure S10. Cyclic voltammograms of [Cu(dap)2]Cl measured with TBAPF6 (0.1 M) as supporting electrolyte in de-aerated 
acetonitrile vs SCE. Voltammogram was recorded with scan rate of 100 mV s-1. 

 
Table S3. Oxidation and reduction potentials of the two catalysts in acetonitrile reported in Volts vs SCE. 

catalyst E1/2, ox / V vs SCE E1/2, red / V vs SCE 

[Cu(dap)2]Cl 0.59 - 

DCA 1.09 a -0.93 

-1.62 
Conditions: Measurements in de-aerated acetonitrile vs SCE with 0.1 M TBAPF6 and a scan rate of 100 mV s-1. a) Irreversible 
oxidation/reduction peak. The measurements are in line with previously reported values.53,56 

 

A.3. SI for Chapter 4 (JACS Au 2022, 2, 1488 – 1503)

259

https://pubs.acs.org/doi/10.1021/jacsau.2c00265


  

 S43 

4.2.2 Spectro-electrochemical study of oxidized and reduced catalysts 
Spectro-electrochemical reduction of a solution containing DCA (1 mM) and TBAPF6 (0.1 M) as supporting 

electrolyte in de-aerated acetonitrile was performed at a potential of -1.0 V vs SCE. This resulted in a disappearance 

of the absorption bands of DCA (negative signals below 450 nm), as well as in the growth of new absorption bands 

with maxima at 590 nm and 640 nm and 705 nm (Figure S11). This spectrum is in line with previously published 

spectra for 9,10-dicyanoanthracene radical anion.46 A spectro-electrochemical oxidation of a solution containing 

[Cu(dap)2]Cl (0.25 mM) and TBAPF6 (0.1 M) as supporting electrolyte in de-aerated acetonitrile with an applied 

potential of 0.75 V vs SCE resulted in two new absorption bands with maxima at 388 nm and 360 nm (Figure 

S12). 

 
Figure S11. UV-Vis difference spectrum obtained upon electrochemical reduction of DCA in acetonitrile with an applied 
potential of -1.0 V vs SCE in the presence of TBAPF6 (0.1 M) as supporting electrolyte under Argon. The UV-Vis spectrum 
without a potential applied served as baseline. 

 
Figure S12. UV-Vis difference spectrum obtained upon electrochemical oxidation of [Cu(dap)2]Cl in de-aerated acetonitrile 
with an applied potential of 0.75 V vs SCE in the presence of TBAPF6 (0.1 M) as supporting electrolyte under Argon. The 
UV-Vis spectrum without a potential applied served as baseline. 
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4.2.3 Cyclic voltammetry of substrates  
 

 

Figure S13. Overview of one-electron reduction peak potentials of all investigated substrates within this study. The respective 
votammograms are shown in the following figures of this section. 
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Figure S14. Cyclic voltammograms of halogenated substrates and tosylated phenolic substrates measured with TBAPF6 
(0.1 M) as supporting electrolyte in de-aerated acetonitrile. Voltammograms were recorded with scan rates of 100 mV s-1. For 
the voltammogram of substrate 7, the scan rate was 500 mV s-1. 
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Figure S15. Cyclic voltammograms of tosylated substrates measured with TBAPF6 (0.1 M) as supporting electrolyte in de-
aerated acetonitrile. Voltammograms were recorded with scan rates of 100 mV s-1. 
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Figure S16. Cyclic voltammograms of tosylated substrates and other substrates measured with TBAPF6 (0.1 M) as supporting 
electrolyte in de-aerated acetonitrile. Voltammograms were recorded with scan rates of 100 mV s-1.  
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4.3 Mechanistic investigations 

4.3.1 General overview 
The two mechanisms from Figure 6 of the main paper are further discussed in this section. For both mechanisms 

additional spectroscopic data is provided. 

 
Figure S17. Two possible mechanisms for red light driven photoredox catalysis with [Cu(dap)2]+ and DCA, as in Figure 6 of 
the main manuscript, but here including the additional steps 1b, IIb and IIb2. 

Table S4. Rate constants (k) for the individual elementary processes illustrated in Figure 6 and Figure S17. All values were 
determined for de-aerated acetonitrile at 20 °C, unless otherwise mentioned. 

mechanism step no. description of step k / M-1 s-1 Figure 

PET 1 oxidative quenching of 3*[Cu(dap)2]+ by DCA ~6·109  a Figure S20 

PET/TTET 1b oxidative quenching of 3*[Cu(dap)2]+ by substrate 1 7·106 Figure S21 

PET/TTET 1c reductive quenching of 3*[Cu(dap)2]+ by DiPEA < 106 Figure S22 

PET 2 electron transfer from DiPEA to [Cu(dap)2]2+ ~107 Figure S26 

PET 3 electron transfer from 2*DCA•— to substrate 1 - b - 

TTET I 
triplet-triplet energy transfer (TTET) from 

3*[Cu(dap)2]+ to DCA 
~6·109 Figure S18 

TTET II reductive quenching of 3*DCA by DiPEA 2.5·106 c Figure S25 

TTET IIb triplet-triplet annihilation upconversion of 3*DCA - b - 

TTET III electron transfer from 2*DCA•— to substrate 1 - b - 

(a) This quenching constant is estimated based on steady-state emission quenching experiments, where static as well as 
dynamic quenching contribute to the determined rate constant.57 (b) These steps were not investigated in detail within 
this study. (c) Quenching constant determined in acetone. 
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In Figure S17 the two main mechanisms of our catalytic systems are reproduced from Figure 6 of the main 

manuscript. In the following section additional spectroscopic data is provided and discussed. All considered steps 

and the determined rate constants are summarized in Table S4.  

 

4.3.2 Formation of DCA•—  

As discussed in the main manuscript, our photoreaction has to start with the excitation of [Cu(dap)2]Cl. In contrast 

to some literature reports (discussion of the literature in section 4.1.1), we found biexponential luminescence 

decays for [Cu(dap)2]Cl, comprised of an instrumentally limited decay component of  £ 8 ns and a second decay 

component of 123 ns (Figure S18) – the latter is in line with previously reported values49 – although earlier reports 

reported a lifetime of 270 ns53 (presumably with dichloromethane as solvent).54 Excited state quenching by chloride 

anions can possibly lead to a static quenching contribution, causing the laser-limited decay component, as noted 

in the main paper.58,59 In general, for Cu(I) complexes, exciplex formation and solvent coordination in the excited 

state is well known and might be another explanation for the observable biexponential emission decays.58–60 When 

DCA is present, pre-association between the copper complex and DCA can potentially occur already in the 

electronic ground state, and then contribute to the static quenching.61  

An accurate determination of the quenching rate constant between [Cu(dap)2]+ and DCA (ideally including 

distinguished rate constants for energy and electron transfer) is not trivial due to the low solubility of DCA 

(~0.5 mM in acetonitrile at 20 °C). Measurements of the luminescence decay and luminescence intensity resulted 

in quenching constants of ~6·109 M-1 s-1 (based on time-resolved luminescence measurements, Figure S18) and 

~6·109 M-1 s-1 (based on steady-state luminescence measurements, Figure S20), using a Stern-Volmer type analysis 

with an inherent lifetime of 123 ns for 3MLCT-excited [Cu(dap)2]+ in acetonitrile. 

Kinetic transient absorption traces (Figure 7c of the main paper) recorded at 440 nm (mainly contributions from 
3*DCA) and at 705 nm (mainly contributions from DCA•—) have a different rate of formation. While the formation 

of DCA•— is essentially laser-limited and spectroscopic signals are already visible 10 ns after the laser pulse in the 

transient absorption spectrum (Figure 7a of the main paper), the signal of 3*DCA is growing on a longer (and not 

laser-limited) timescale (Figure 7a and Figure 7c of the main paper). Based on these findings it seems possible 

that direct PET occurs in the static process whereas TTET occurs predominantly by a dynamic quenching process. 

Qualitatively analogous observations for the rate of formation are made in acetone (Figure 7b and Figure 7d of the 

main paper). Due to the low solubility of DCA in acetonitrile at 20 °C, its exact concentration cannot be determined 

with sufficient accuracy to permit precise determination of the individual rate constants for static and dynamic 

quenching under these conditions.57 We observed that small amounts of undissolved DCA result in scattered laser 

excitation light, and this can lead to an (incorrect) apparent change of the relative intensity ratio between short-

lived and long-lived decay components in the respective experiments and this furthermore complicates an analysis 
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of the static quenching component from time-resolved data. The importance of the short-lived decay component 

is then inadvertently overestimated (see for example the blue trace in Figure S18), because this experiment with 

nanosecond time resolution fails to distinguish between scattered excitation laser light and the actual (true) sub-

nanosecond excited-state decay. Overall, both (steady-state and time-resolved) luminescence quenching 

experiments provide a quenching constant of ~6·109 M-1 s-1 in acetonitrile, indicating that the rates for energy and 

electron transfer steps are similar. Analogous experiments in acetone gave similar results as in acetonitrile (see 

Figure S19). 

Transient absorption spectroscopy of solutions containing [Cu(dap)2]Cl in acetonitrile and various concentrations 

of DCA were recorded at different delay times after the laser pulse (Figure S23a and b). Expectedly, increasing 

DCA concentrations lead to more pronounced changes in optical density at 705 nm (see Figure S23a and b as well 

as the kinetic traces at the bottom part of Figure S23c, where the signal intensity between 400 ns and 800 ns 

increases upon increasing concentration of DCA). On a longer time-scale, the reverse electron transfer between 

DCA•— and [Cu(dap)2]2+ is observable with a time constant of ~10 µs for the back electron transfer (Figure S23d). 

Focusing again on the formation step of DCA•—, the transient absorption signal at 705 nm (corresponding to 

DCA•—) appears instantaneously after the laser pulse (Figure S23a). In the lower part of Figure S23c, the evolution 

of the DCA•— signal at 705 nm over the first 800 ns is shown for the solutions mentioned above, together with the 

emission kinetics of 3*[Cu(dap)2]+ (top, black trace). This direct comparison between the emission and transient 

absorption traces reveals that the formation of DCA•— is instrumentally limited (Figure S23c, bottom) and 

therefore correlates with the short-lived component in the3*[Cu(dap)2]+ emission decay, rather than with its long-

lived (123 ns) decay component.  Evidently, the formation of DCA•— does not follow the rate of formation 

expected for a diffusion-controlled quenching process. In the latter case, a diffusion-limited bimolecular quenching 

in acetonitrile with a rate constant kET of 2·1010 M-1 s-1, a decay time for 3*[Cu(dap)2]+ of 123 ns and a DCA 

concentration of 0.5 mM would be expected to lead to DCA•— formation with a time constant of 55 ns (calculated 

based on a rewritten Stern-Volmer equation for the determination of t: t = (1/t0+kET·[DCA])-1  = (1/123 ns + 

2·1010 M-1 s-1 · 0.5 mM)-1 = 55 ns).43 Consequently, for a diffusion-controlled bimolecular reaction, one would 

expect the DCA•— signal intensity at 705 nm to increase with a time constant of 55 ns, even if the reaction were to 

occur at the diffusion limit. Since the rise at 705 nm instead occurs with instrumentally limited kinetics (£ 8 ns), 

it seems plausible to conclude that a static quenching elementary step between pre-aggregated 3*[Cu(dap)2]+ is 

DCA is at work. This observation supports the qualitative explanations and conclusions earlier in this section and 

is furthermore in line with the findings in the main manuscript. 

Spectroscopic evidence for the oxidized copper complex [Cu(dap)2]2+, formed as a result of electron transfer to 

DCA is given in Figure S23 and Figure S26, and discussed in more detail in section 4.3.3.  

As mentioned briefly in the main paper, triplet-triplet annihilation upconversion (step IIb in TTET mechanism of 

Figure S17) could potentially occur in our system, and the resulting 1*DCA species could then be quenched by 
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DiPEA to result in the catalytically relevant DCA•— species. The luminescence spectra in Figure S24 show direct 

evidence for the formation of 1*DCA via upconversion, in the form of delayed fluorescence. The delayed 

fluorescence is substantially more intense in acetone than in acetonitrile, in line with the predominant initial TTET 

step in acetone and a predominant initial PET step in acetonitrile.  

In the TTET mechanism of Figure 6b, DCA•— is formed by electron transfer from DiPEA to 3*DCA (step II in 

TTET mechanism of Figure S16). The kinetics for this elementary step is discussed in the following. These 

measurements were performed in acetone, in which TTET is the dominant initial elementary step (Figure S25). In 

the absence of DiPEA, 3*DCA has decays by a combination of a first order decay pathway (corresponding to the 

natural decay of 3*DCA to its electronic ground state) and a second order decay pathway (due to triplet-triplet 

annihilation).43,62,63 In our case, the experimentally observable transient absorption decays at 440 nm 

(corresponding to 3*DCA) in the absence and the presence of DiPEA (Figure S25) were fitted with a mono-

exponential decay function for simplicity. In the absence of DiPEA an approximated unquenched lifetime of t0 of 

9.84 µs for the natural decay of 3*DCA is obtained and a Stern-Volmer-type analysis based on this decay time of 
3*DCA resulted in a quenching constant kET of 2.5·106 M-1 s-1 for the triplet state quenching with DiPEA. At high 

concentrations of DiPEA (> 40 mM) the accumulation of DCA•— was observable by UV-Vis spectroscopy after 

the laser experiments. Under photoredox catalysis conditions typically 500 mM of DiPEA are present. In this case, 

the efficiency h for 3*DCA quenching by DiPEA is h = 1-t/t0 = 1 - 0.740 µs / 9.84 µs = 92.5% (t = 

(1/t0+kET·[DiPEA])-1  = (1/9.84 µs + 2.5·106 M-1 s-1 · 0.5 M)-1 = 0.740 µs, same equation as introduced above).43 An 

analogous analysis for the direct quenching of 3*[Cu(dap)2]+ by DiPEA based on a rate constant kET of <106 M-1 s-1 

results in a considerably lower quenching efficiency (h = 1-t/t0 = 1 – 116 ns / 123 ns = <5.7%). As already 

mentioned in the main manuscript, this simple comparative analysis shows that electron transfer from DiPEA to 
3*DCA is kinetically much more favored compared to electron transfer from DiPEA to 3*[Cu(dap)2]+, mainly due 

to the much longer lifetime of 3*DCA. 
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Emission spectroscopy and transient absorption spectroscopy  

 
Figure S18. Luminescence quenching of [Cu(dap)2]Cl by DCA in de-aerated acetonitrile at 20 °C. [Cu(dap)2]Cl (100 µM) 
was excited at 532 nm with nanosecond laser pulses, and the emission decay was monitored at 700 nm in the absence (green) 
and in the presence of different concentrations of DCA (0.1, 0.19, 0.25, 0.38, 0.48 mM). The Stern-Volmer plot obtained from 
this data set for the long-lived decay component of a biexponential fit and the resulting bimolecular rate constant for triplet-
triplet energy transfer (kTTET) are given in the inset. The short-lived decay component has a lifetime of £ 8 ns and is laser-
limited in these measurements. Further discussion is provided in the text. 

 
Figure S19. Luminescence quenching of [Cu(dap)2]Cl by DCA in de-aerated acetone at 20 °C. [Cu(dap)2]Cl (100 µM) was 
excited at 532 nm with nanosecond laser pulses, and the emission decay was monitored at 700 nm in the absence (green) and 
in the presence of different concentrations of DCA (0.1, 0.18, 0.22, 0.32, 0.38, 0.5 mM). The Stern-Volmer plot obtained 
from this data set for the long-lived decay component of a biexponential fit and the resulting bimolecular rate constant for 
triplet-triplet energy transfer (kTTET) are given in the inset. The short-lived decay component has a lifetime of £ 8 ns and is 
laser-limited in these measurements. 
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Figure S20. Steady-state emission quenching of [Cu(dap)2]Cl by DCA in de-aerated acetonitrile at 20 °C. [Cu(dap)2]Cl 
(100 µM) was excited at 540 nm, and the emission intensity was monitored in the absence (green) and in the presence of 
different concentrations of DCA (0.09, 0.23, 0.29, 0.45, 0.55, 0.60 mM). The Stern-Volmer plot obtained from this data set 
and the resulting quenching rate constant are given in the inset. To obtain the data points in the Stern-Volmer plot, emission 
spectra were converted to wavenumbers and then fitted with a Gaussian fit function. Integrals of the fit functions represent 
the emission intensity. A lifetime (t0) of 123 ns for [Cu(dap)2]Cl was used for the calculation of the quenching rate constant 
k.   

 
Figure S21. Luminescence quenching of [Cu(dap)2]Cl by substrate 1. [Cu(dap)2]Cl (100 µM) in de-aerated acetonitrile at 20 
°C was excited at 532 nm with nanosecond laser pulses and the emission decay was monitored at 700 nm in the absence 
(green) and in the presence of different concentrations of substrate 1 (20, 40, 60, 80, 100 mM). The Stern-Volmer plot obtained 
from this data set for the long-lived decay component of biexponential fits and the resulting bimolecular rate constant for 
electron transfer (kET) are given in the inset. The short-lived decay component has a lifetime of £ 8 ns and is laser-limited in 
these measurements. 
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Figure S22. Luminescence decay of [Cu(dap)2]Cl in the absence (light green) and in the presence of increasing concentrations 
of DiPEA (20, 40, 60, 80, 100 mM). [Cu(dap)2]Cl (100 µM) in de-aerated acetonitrile at 20 °C. [Cu(dap)2]+ was excited at 
532 nm with nanosecond laser pulses and the emission decay was monitored at 700 nm. The Stern-Volmer plot obtained from 
this data set for the long-lived decay component of biexponential fits and the resulting bimolecular rate constant (k) are given 
in the inset. The short-lived decay component has a lifetime of £ 8 ns and is laser-limited in these measurements. 

 
Figure S23. Transient absorption spectra and kinetic traces for excited [Cu(dap)2]Cl in the presence of different concentrations 
of DCA in de-aerated acetonitrile at 20 °C. [Cu(dap)2]Cl (100 µM) was excited at 532 nm with nanosecond laser pulses, and 
the transient absorption spectra in the absence (green trace) and presence of different concentrations of DCA (color code for 
all parts in the insets) were recorded with a time delay of 100 ns (a) and 1 µs (b), time-integrated over 200 ns. The kinetic 
traces at 705 nm over the first 900 ns after the laser pulse (c, bottom) and the emission decay of [Cu(dap)2]Cl at 700 nm (c, 
top, black trace) were monitored. d) Transient absorption decay of the DCA radical anion monitored at 705 nm for the sample 
with 480 µM DCA.  
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Figure S24. Relative emission intensities for [Cu(dap)2]Cl in the presence of DCA in different solvents at 20 °C. [Cu(dap)2]Cl 
(100 µM) was excited at 532 nm with nanosecond laser pulses in the presence of DCA (450 µM) in acetonitrile (green traces) 
and acetone (blue traces). Emission spectra were recorded with a time delay of 10 ns after the laser pulse and time-integrated 
over 30 µs. The inset displays the decay of the emission intensity at 450 nm over time. The apparent fast decay of the signal 
near t = 0 is attributed to scattered excitation light. 

 

 
Figure S25. Reduction of 3*DCA by DiPEA. [Cu(dap)2]Cl (100 µM) was excited at 532 nm with nanosecond laser pulses in 
the presence of DCA (500 µM) in de-aerated acetone at 20 °C. The decay of transient signals corresponding to 3*DCA was 
monitored at 440 nm in the absence (green) and in the presence of different concentrations of DiPEA (10, 20, 30, 40, 50, 100 
mM). The Stern-Volmer plot obtained based on mono-exponential decay fits and the resulting bimolecular rate constant for 
electron transfer to DiPEA to 3*DCA (kET) are given in the inset.  
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4.3.3 Reduction of [Cu(dap)2]2+ by DiPEA 

Following PET from 3*[Cu(dap)2]+ to DCA according to the mechanism in Figure 6a of the main manuscript, the 

spectral signature of [Cu(dap)2]2+ and DCA•— should be simultaneously detectable by transient absorption 

spectroscopy. The data in Figure S26a shows that this is indeed the case. The DCA radical anion has characteristic 

absorption bands in the red spectral range, which appear both in UV-Vis spectro-electrochemistry (green trace in 

Figure S26a, reproduced from Figure S11) and in a transient absorption measurement (red trace in Figure S26a). 

The spectro-electrochemical difference spectrum for the formation of [Cu(dap)2]2+ from [Cu(dap)2]+ (blue trace in 

Figure S26a, reproduced from Figure S12) shows mostly changes in the UV and blue spectral range. The transient 

absorption spectrum recorded after excitation of [Cu(dap)2]+ in the presence of DCA (red trace of Figure S26a) is 

essentially a linear combination of the spectro-electrochemical difference spectra obtained for DCA•— and 

[Cu(dap)2]2+. This supports the PET mechanism of Figure 6a. 

 
Figure S26. a) Stacked difference spectra of DCA•— (green trace) and [Cu(dap)2]2+ (blue trace) obtained from spectro-
electrochemical measurements (details in section 4.2.2), together with a transient absorption spectrum (red trace) of 
[Cu(dap)2]Cl (100 µM) in de-aerated acetonitrile excited at 532 nm with nanosecond laser pulses in the presence of 480 µM 
DCA. The latter was recorded 1 µs after the laser pulses (the same data is presented in Figure S23b, blue trace). b) The 
disappearance of [Cu(dap)2]2+ and the recovery of [Cu(dap)2]+ is followed at 380 nm for stirred solutions of [Cu(dap)2]Cl 
(100 µM) excited at 532 nm in acetonitrile with DCA (100 µM) in the absence (green) and in the presence of different 
concentrations of DiPEA (10, 20, 30 mM). The Stern-Volmer plot obtained from this data set and the resulting rate constant 
are given in the inset.  The intense and - with respect to the detection window - short-lived transient absorbance in the 
beginning of the measurement is caused by 3*[Cu(dap)2]+ and is therefore not taken into account within this analysis. 
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Based on the spectrum in Figure S26b, the disappearance of [Cu(dap)2]2+ can be monitored at 380 nm. Upon 

increasing concentration of DiPEA, the transient absorption decay at 380 nm gets faster, and a quenching constant 

of roughly ~107 M-1 s-1 for the electron transfer from DiPEA to [Cu(dap)2]2+ to recover [Cu(dap)2]+ is estimated 

based on an Stern-Volmer type analysis. Mono-exponential fits to the experimental kinetic traces (Figure S26b) 

were made. At higher concentrations of DiPEA (> 30 mM), direct flash light excitation of DCA and some 

accumulation of DCA•— in solution complicate the data collection. 

 

4.3.4 Substrate activation by 2*DCA•—: insights based on reactivity 

In the main manuscript we discuss previous reports on excitation of DCA•— and its stability. There has been some 

debate concerning the lifetime of the lowest electronically excited state of DCA•—, and a very recent study indicates 

that it is only ca. 3 ps in solution at room temperature.47,64,65 Ultrafast laser spectroscopy might in principle be able 

to provide insights about pre-association between DCA•— and the substrate in the ground state, or about the 

reactivity of the excited state,66–68 but this is beyond the scope of this study. Indirect methods, such as the 

thermodynamic considerations made in the following can however provide some indirect insight into the excited-

state reactivity.69 In our system, the redox potential Ered of 2*DCA•— can be estimated based on the equation 

(*Ered(DCA/2*DCA•—) ≈ Ered(DCA/DCA•—) – E0.0(2*DCA•—)), with a ground state potential Ered of -0.93 V vs SCE 

(see section 4.2) and an energy difference E0.0 between the ground and lowest excited doublet state of DCA•— of 

~1.7 eV. E0.0 is calculated from on the onset of the lowest absorption band of the radical anion at ~730 nm.47,66,70 

With this data, an oxidation potential of about -2.6 V vs SCE can be approxiated for 2*DCA•—.47 

 
Figure S27. Conversion of substrates after light-driven reaction plotted against substrate reduction potential Ered. (Differences 
in irradiation time are not considered). The specific conversion of each substrate is given in the main manuscript and the 
respective reduction potentials are summarized in Figure S13. 
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For all investigated substrates the reduction potential has been determined by cyclic voltammetry (see section 

4.2.), and the substrate conversions determined after irradiation for all substrates are plotted against these potentials 

(Figure S27). It is clearly visible, that almost all substrates with reduction potentials less negative than -2.3 V 

achieve conversions above 80% (green area in Figure S27) - and for a large majority this is the case within 5 hours 

of continuous irradiation. Focusing on the substrates with reduction potentials between -2.3 V and -2.4 V vs SCE 

(red area in Figure S27), significantly lower conversions are observable and substrates do not reach full conversion 

even with prolonged irradiation times. As this analysis ignores differences in the intrinsic reactivity and/or back-

electron transfer,71 as well as structural effects leading to possible pre-aggregation (e.g. the lack of an (electron-

deficient) aromatic system in substrate 10, 12, 37 or 50),68,72 and uncertainty or errors in the determination of 

(irreversible) reduction potentials,73,74 the abovementioned range between -2.3 V and -2.4 V vs SCE represents 

only an estimate. Nevertheless, this redox potential range is in reasonable agreement with the abovementioned 

estimated excited state redox potential of -2.6 V vs SCE of the DCA radical anion. 

 

4.3.5 Stability measurements: Photostability and UV-vis analysis 

Photostability of [Cu(dap)2]Cl in acetonitrile 

 
Figure S28. The emission intensity of [Cu(dap)2]Cl (100 µM) in the absence (green trace) and in the presence (red trace) of 
1 mM DCA under cw-laser irradiation (635 nm, 500 mW) is detected over time in acetonitrile at 20 °C. The main plot 
represents the normalized emission intensity detected at 750 nm, while the insets display the recorded UV-vis absorption (left 
inset) and emission spectra (right inset). In the emission spectra small peaks caused by scattered excitation light are visible.  

We investigated the photostability of [Cu(dap)2]Cl to gain insights about possible degradation of the copper 

complex over time and the influence of the presence of DCA. The general setup for the measurements has been 

reported previously.63 Detection of the emission intensity over several hours (Figure S28) reveals only small 

differences between the data set in the presence of DCA (red trace) compared to the dataset in the absence of DCA 

(green dataset). After 3 hours of continuous irradiation, over 80% of the initial emission intensity is still observable 
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in both cases, indicating that the intrinsic photostability of the [Cu(dap)2]+ allows an application in photocatalysis 

with irradiation times of several hours.  

 

Titration of [Cu(dap)2]Cl with bromide ions  

 
Figure S29. UV-vis absorption spectra of [Cu(dap)2]Cl (250 µM with different concentrations of tetra-n-butylammonium 
bromide in acetonitrile at 20 °C. The given bromide concentrations are presented in the inset. 
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4.3.6 Proposed mechanism for detosylation reactions 
In Figure 6 of the main manuscript, a mechanistic proposal for the hydrodehalogenation of substrate 1 is given as 

as an example for a reductive dehalogenation reaction. An analogous mechanistic proposal is made here for the 

detosylation reaction of substrate 19, as exemplary case. This proposed detosylation mechanism is in accordance 

with the literature.16,38,75,76 

 

 
Figure S30. Plausible reaction mechanism for the detosylation reaction based on an initial photoinduced electron transfer 
(PET) step between 3MLCT-excited [Cu(dap)2]Cl and 9,10-dicyanoanthracene (DCA). Gray circles mark the elementary 
reaction steps of (1) oxidative quenching of 3*[Cu(dap)2]+ (abbreviated as 3*[CuI]) by DCA, (2) spontaneous reduction of the 
oxidized copper photocatalyst ([CuII]) by DiPEA, and (3) substrate activation after excitation of the DCA radical anion.  (b) 
Reaction mechanism based on an initial triplet-triplet energy transfer (TTET) step between 3MLCT-excited [Cu(dap)2]Cl and 
DCA. Gray circles mark the elementary reaction steps of (I) TTET, (II) reductive quenching of 3*DCA by DiPEA, and (III) 
substrate activation after excitation of DCA•–. The doublet excited state of that radical anion is extremely short-lived,47 and 
therefore 2*DCA•– is set in quotation marks, to emphasize the possibility that the photoreaction could in fact predominantly 
occur from pre-aggregated DCA•–/substrate encounter complexes, or could even involve some DCA photo-degradation 
products. 
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5 NMR data 
All fluorinated substrates were analysed by 19F{1H}-NMR spectroscopy. For all other substrates, 1H-NMR 

spectroscopy was applied to determine conversion and yield against an internal standard.27 In most cases the 

product is easily detectable by 1H-NMR spectroscopy (e.g. substrate 6) and reference spectra are readily available 

in the literature; for all other cases a product reference spectrum is included for comparison (e.g. substrate 11). An 

experimental uncertainty of around 5% is estimated for the determined conversions and yields with our method. 

In general, all detected signals corresponding to the staring material (X), the product (X-P) and internal standard 

(IS) are labelled within the respective figures.  

For detosylation reactions, signals corresponding to the cleaved tosyl group furthermore become detectable. While 

a detailed analysis of decomposition pathways of the tosyl group is beyond the scope of this paper, in some cases 

p-toluensulfonic acid (1H-NMR (400 MHz, CD3CN): d 7.76 (3JH,H = 8.1 Hz, 2H), 7.39 (t, 3JH,H = 8.1 Hz, 2H), 4.50 

(br, 1H), 2.42 (s, 3H) ppm) can be detected (e.g. substrates 21, 25 or 48), while in other cases two signals around 

~7.25 ppm and ~7.55 ppm, corresponding to an unknown side product, appear (e.g. substrates 13, 15, 17, 24). 

In the special case of substrate 18 (naphthalene-2,3-diyl bis(4-methylbenzenesulfonate), a partial deprotonation of 

the product was observed by DiPEA in the reaction mixture, and therefore the 1H-NMR shifts of this sample are 

not matching to a reference sample. The formation of the desired product was confirmed by comparison to a 

sample of 2,3-naphthalenediol recorded in the presence of DiPEA (Figure S48). 

 

Figure S31. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 1 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part of the figure over a wider ppm range. 
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Figure S32. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 2 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part over a wider ppm range. 

 

Figure S33. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 3 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part over a wider ppm range. 
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Figure S34. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 4 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part over a wider range. 

 

Figure S35. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 5 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part over a wider ppm range. 
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Figure S36. 1H{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 6 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the 
main part over a wider ppm range. 

 

Figure S37. 1H{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 7 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part over a wider ppm range. 
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Figure S38. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 8 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 20 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part over a wider ppm range. 

 

Figure S39. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 9 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 20 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the 
main part over a wider ppm range. 
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Figure S40. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 10 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 
20 eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) 
as the main part over a wider ppm range. 

 

Figure S41. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 11 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 20 
eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as 
the main part over a wider ppm range. 
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Figure S42. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 12 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA, 0.5 eq Cs2CO3 and 
20 eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) 
as the main part over a wider ppm range. 

 

Figure S43. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 13 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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Figure S44. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 14 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main part 
over a wider ppm range. 

 

Figure S45. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 15 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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Figure S46. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 16 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA 
in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main 
part over a wider ppm range. 

 

Figure S47. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 17 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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Figure S48. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 18 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). 1H-NMR shifts change upon deprotonation of 2,3-naphthalenediol (18-P) with 
excess DiPEA. Reference spectra of 2,3-naphthalenediol (18-P) in MeCN-d3 and of 2,3-naphthalenediol (18-P) in MeCN-d3 
in the presence of excess DiPEA are included in the lower half of the figure (further information at the beginning of this 
section). The inset presents the same spectra (in the same colours) as the main part over a wider ppm range. 

 

Figure S49. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 19 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

A.3. SI for Chapter 4 (JACS Au 2022, 2, 1488 – 1503)

287

https://pubs.acs.org/doi/10.1021/jacsau.2c00265


  

 S71 

 

Figure S50. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 20 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

 

Figure S51. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 21 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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Figure S52. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 22 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

 

Figure S53. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 23 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA 
in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main 
part over a wider ppm range. 
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Figure S54. 1H-NMR spectra monitoring consumption of substrate 24 over time using a 623 nm high power LED irradiation. 
Reaction conditions: 20 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in MeCN-d3; IS = internal 
standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over a wider ppm range. 

 

Figure S55. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 25 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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Figure S56. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 26 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

 

Figure S57. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 27 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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Figure S58. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 28 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The difference in chemical shift observed for the proton resonance around 
8.0 ppm between the reaction after 5 h of irradiation and the reference compound (28-P) is likely caused by partial protonation 
of the product in the reaction mixture. The inset presents the same spectra (in the same colours) as the main part over a wider 
ppm range. 

 

Figure S59. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 29 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The difference in chemical shift observed for the proton resonance around 
8.1 ppm between the reaction after 5 h of irradiation and the reference compound (29-P) is likely caused by partial protonation 
of the product in the reaction mixture. The inset presents the same spectra (in the same colours) as the main part over a wider 
ppm range. 
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Figure S60. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 30 over time using a 623 nm high 
power LED irradiation (Thorlabs). Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. 
DiPEA in MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main 
part over a wider ppm range. 

 

Figure S61. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 31 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA 
in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main 
part over a wider ppm range. 
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Figure S62. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 32 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

 

Figure S63. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 33 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA 
in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main 
part over a wider ppm range. 
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Figure S64. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 34 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA 
in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main 
part over a wider ppm range. 

 

Figure S65. 19F-NMR spectra monitoring the light-driven reaction progress of substrate 35 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main part 
over a wider ppm range. 
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Figure S66. 19F-NMR spectra monitoring the light-driven reaction progress of substrate 36 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main part 
over a wider ppm range. 

 

Figure S67. 19F-NMR spectra monitoring the light-driven reaction progress of substrate 37 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main part 
over a wider ppm range. 
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Figure S68. 19F-NMR spectra monitoring the light-driven reaction progress of substrate 38 over time using a 623 nm high 
power LED irradiation (Thorlabs). Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. 
DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the 
main part over a wider ppm range. 

 

Figure S69. 19F-NMR spectra monitoring the light-driven reaction progress of substrate 39 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main part 
over a wider ppm range. 
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Figure S70. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 40 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

 

Figure S71. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 41 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

Appendix A. Supplementary Information

298



  

 S82 

 

Figure S72. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 42 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

 

Figure S73. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 43 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The upper inset presents the same spectra (in identical color coding) as the 
main part without zoom of relevant spectral range. The bottom inset presents a zoom of the aromatic region of the 1H-NMR 
spectra. 
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Figure S74. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 1 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 20 eq. N-methylpyrrole 44, 1 mol% [Cu(dap)2]Cl, 10 mol% 
DCA and 20 eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the 
same colours) as the main part over a wider ppm range. 

 

Figure S75. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 1 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 20 eq. 1,3,5-trimethoxybenzene 45, 1 mol% [Cu(dap)2]Cl, 10 
mol% DCA, 0.5 eq. Cs2CO3 and 20 eq. DiPEA in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the 
same spectra (in the same colours) as the main part over a wider ppm range. 
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Figure S76. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 46 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The upper inset presents the same spectra (in identical color coding) as the 
main part without zoom of relevant spectral range. The bottom inset presents a zoom of the aromatic region of the 1H-NMR 
spectra. 

 

Figure S77. 19F{1H}-NMR spectra monitoring the light-driven reaction progress of substrate 47 over time using a 623 nm 
high power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA 
in MeCN-d3; IS = internal standard (4-fluorotoluene). The inset presents the same spectra (in the same colours) as the main 
part over a wider ppm range. 
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Figure S78. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 48 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 

 

Figure S79. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 49 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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Figure S80. 1H-NMR spectra monitoring the light-driven reaction progress of substrate 50 over time using a 623 nm high 
power LED irradiation. Reaction conditions: 25 mM substrate, 1 mol% [Cu(dap)2]Cl, 10 mol% DCA and 20 eq. DiPEA in 
MeCN-d3; IS = internal standard (mesitylene). The inset presents the same spectra (in the same colours) as the main part over 
a wider ppm range. 
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1. General experimental details 
All deuterated solvents were purchased from Cambridge Isotope Laboratories Inc or Apollo Scientific. All 

reagents and substrates without synthetic procedure given below (section 2.1) were purchased from 

Fluorochem, Alfar Aesar, Acros Organics or Sigma-Aldrich/Merck in “reagent grade” purity or better and 

were used as received. 9,10-Dicyanoanthracene (DCA) was purchased from Sigma-Aldrich/Merck. 

[Os(bpy)3](PF6)2 was synthesized following a reported procedure.1 Solvents for spectroscopic measurements 

were purchased “extra dry” in 99.8% purity from Acros Organics.  

NMR spectra were recorded on a Bruker Avance III instrument operating at 400 MHz proton frequency. All 

samples were recorded at 295 K in 5 mm diameter tubes. Chemical shifts were referenced internally to 

residual solvent peaks using G values as reported previously. 2 Starting material consumption and product 

formation were determined from 1H-NMR measurements (1H: 400 MHz, 16 scans) in NMR tubes against 

dioxane as internal standard.  

Sample preparation for spectrophotometric measurements were performed in screw cap quartz cuvettes. 

Solutions with DCA in acetone and acetonitrile were sonicated in an ultrasonic bath prior to spectroscopic 

measurements. All solutions were purged with argon to remove oxygen and sealed under argon with septum 

caps. Sample preparation for photoredox reactions was done in a LabStar Eco glove box from MBrown with 

an argon atmosphere. Alternatively, samples were deoxygenated with three cycles of freeze-pump-thaw and 

then transferred to a screw cap NMR tube and sealed. 

Absorption spectra were recorded on a Cary 5000 UV-Vis-NIR spectrometer from Varian. 

Photoluminescence spectra were recorded on a Fluorolog-322 instrument from Horiba Jobin-Yvon. For laser 

flash photolysis, a LP920-KS apparatus from Edinburgh Instruments was used. A frequency-tripled Nd:YAG 

laser (Quantel Brilliant, ca. 10 ns pulse width) equipped with an OPO from Opotek and a beam expander 

(GBE02-A from Thorlabs) in the beam path were used for excitation with visible light. The direct output of 

another frequency-doubled Nd:YAG laser (Quantel Q-smart 450 mJ, ca. 10 ns pulse width) with a beam 

expander (GBE02-A from Thorlabs) in the beam path was used for excitation at 532 nm. The excitation 

energies were varied by the Q-switch delays and measured with a pyroelectric detector. Typically, pulse 

energies of ~50 mJ were used for the measurements with 532 nm. Detection of transient absorption and time-

resolved emission spectra was performed with an iCCD camera (Andor). Kinetics at single wavelengths 

were recorded using a photomultiplier tube.  

Cyclic voltammetry was performed using a Versastat3-200 potentiostat from Princeton Applied Research. A 

saturated calomel electrode (SCE) served as reference electrode, a glassy carbon disk electrode was 

employed as working electrode, and a silver wire was used as counter electrode. Measurements were 

performed with potential sweep rates of 100 mV/s in dry de-aerated solvent with 0.1 M TBAPF6 (tetra-n-

butylammonium hexafluorophosphate) as supporting electrolyte. Sample concentrations were adjusted to 

values between 1 mM and 5 mM of analyte. 

Spectro-electrochemical measurements were performed in a quartz cuvette with 1 mm path length using the 

abovementioned potentiostat and the UV-Vis-NIR spectrometer. A platinum grid electrode served as 
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working electrode, a platinum wire was used as counter electrode and an SCE was employed as reference 

electrode.  

As light source for cw-laser experiments in photocatalysis, a 635 nm (optical output up to 500 mW) 

continuous wave (cw) laser (Roithner Lasertechnik) with precisely adjustable radiative power was used. For 

measurements with a 623 nm LED, a high power LED (Thorlabs Solis-623C, min. 3.8 W) was used, 

collimated with a biconvex lens (Thorlabs, LB4592), and a 590 nm long-pass filter (Thorlabs) was installed 

between the lamp and the sample. Output spectra of the LED and cw laser have recently been reported.3 For 

measurements with a 440 nm LED, a Kessil PR160 LED (40 W) was used, and a 400 nm long-pass filter 

(coloured glass 400 nm cut-off filter, Reichmann Feinoptik GmbH) was installed between the lamp and the 

sample. An output spectrum of the LED has been reported previously.4 For excitation with 705 nm light a 

Lambda Beam 705 (optical output up to 45 mW) cw laser (RGB lasersystems) was used. An output spectrum 

is reported in Figure S7. 

For the measurements of the triplet-triplet annihilation upconversion power dependencies, the 

Fluorolog-3-22 was equipped with the abovementioned cw laser (Roithner Lasertechnik) as light source and 

a beam expander (GBE02-A from Thorlabs) was installed backwards in the beam path to obtain a 

compressed laser beam. The beam size was measured with a SP932U high resolution from Ophir and for the 

combination with a beam expander an average beam area of 0.007 cm2 was measured. For excitation with 

705 nm laser light no additional collimation was performed and a beam area of 0.001 cm2 was used for 

calculations. 

In some cases, acetonitrile and dichloromethane are abbreviated with the known short forms MeCN and 

DCM. 
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2. Synthetic procedures and photocatalysis experiments 

2.1. Synthetic procedures for substrates and catalysts 
N-tetrabutylammonium 2-phenoxybenzoate (TBA+ 4—) 

 
Following a literature procedure,5 2-phenoxybenzoic acid (428 mg, 2.0 mmol, 1 eq.) was dissolved in 

tetrabutylammonium hydroxide (40% in MeOH, 2.0 mL, 2.0 mmol, 1 eq.) and the reaction mixture was 

stirred over night at room temperature. The solvent was removed under reduced pressure and the crude 

product was dried under high vacuum to obtain N-tetrabutylammonium 2-phenoxybenzoate (TBA+ 4—, 

899 mg, 1.97 mmol, 98%) as a viscous oil. 
1H-NMR (400 MHz, CD2Cl2): G 7.56 (dd, J = 7.5, 1.9 Hz, 1H), 7.27 (dd, JH,H = 8.6 Hz, JH,H = 7.2 Hz, 2H), 

7.16 (td, JH,H = 7.7 Hz, JH,H = 1.9 Hz, 1H), 7.05 (td, JH,H = 7.4 Hz, JH,H = 1.2 Hz, 1H), 6.98 (m, 3H), 6.81 (dd, 

JH,H = 8.1, JH,H = 1.2 Hz, 1H), 3.15 (m, 8H), 1.55 (m, 8H), 1.36 (h, 3JH,H = 7.4 Hz, 8H), 0.96 (t, 3JH,H = 7.3 

Hz, 12H) ppm. 
13C-NMR (101 MHz, CD2Cl2): G 171.6, 159.3, 153.5, 136.7, 130.0, 129.8, 128.5, 123.7, 122.5, 120.5, 118.7, 

59.2, 24.4, 20.2, 13.9 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.6 

 

O-(4-Methoxyphenyl) dimethylcarbamothioate (3) 

 
Following a literature procedure,5 4-methoxyphenol (500 mg, 4.03 mmol, 1 eq.) was dissolved in DMF 

(5 mL), cooled to 0 °C, and sodium hydride (60% in mineral oil, 177 mg, 4.43 mmol, 1.1 eq.) was added in 

small portions. The reaction mixture was stirred for 1 h at 0 °C followed by the addition of 

N,N-dimethylthiocarbamoyl chloride (650 mg, 5.24 mmol, 1.3 eq.) and further stirring at room temperature 

for 1 hour. The reaction mixture was poured into 25 mL of deuterated water and the formed precipitate was 

filtered off. The crude product was purified by recrystallization from cyclohexane to obtain the desired 

O-(4-methoxyphenyl) dimethylcarbamothioate (3, 472 mg, 2.23 mmol, 55%) as a white solid. 
1H-NMR (400 MHz, CDCl3): G 6.98 (m, 2H), 6.90 (m, 2H), 3.81 (s, 3H), 3.45 (s, 3H), 3.33 (s, 3H) ppm. 
13C-NMR (101 MHz, CDCl3): G 188.5, 157.4, 147.8, 123.6, 114.3, 55.7, 43.4, 38.8 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.5  
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2.2. Photoredox catalysis and isolated products 

 Photocatalytic reaction  – general procedure for NMR scale reactions 
An oven-dried screw-cap glass container was charged with [Os(bpy)3](PF6)2, DCA and solid reagents (e.g. 

solid substrates or naphthalene). The tube was transferred to a glovebox and deuterated solvent (normally 

1 mL, substrate concentration 50-200 mM) as well as liquid reagents (e.g. cis-stilbene), additives (e.g. 

tMePy) and dioxane as internal standard were added. The reaction components were mixed and 0.6 mL were 

transferred to a screw-capped NMR tube and sealed under an Argon atmosphere. Product formation was 

monitored by 1H-NMR spectroscopy. The solutions were irradiated for specified durations with a 635 nm 

diode laser (Roithner Lasertechnik, 250 to 500 mW) using a beam expander (Thorlabs, GBE05-A used 

backwards) to compress the beam. The conversion and the yield were determined against the internal 

standard. 

The exact conditions for the individual reactions are provided in the captions of the reaction optimisation 

tables and in the captions of the relevant figures in the ESI. 

 

 Isolated yield for [2+2]-cycloaddition of substrate 2 
In a Schlenk tube, 9-vinyl-9H-carbazole (2, 77.2 mg, 399 Pmol, 1 eq.) was dissolved in acetone (2 mL) and 

[Os(bpy)3](PF6)2 (1.90 mg, 1.98 Pmol, 0.5 mol%) and DCA (2.21 mg, 9.68 Pmol, 2.4 mol%) were added. 

The mixture was degassed by three freeze-pump-thaw cycles and irradiated for 90 h at room temperature 

with a red LED (623 nm) collimated with a converging glass. A 590 nm long-pass filter (Thorlabs) was 

installed between the lamp. The solvent was evaporated and the crude mixture was purified by flash column 

chromatography (SiO2, cyclohexane/dichloromethane 1/0 Æ 5/1) to obtain the desired cyclized product (2-P, 

50.1 mg, 130 Pmol, 65%) as white solid. 
1H-NMR (400 MHz, CDCl3): G 8.06 (d, JH,H = 7.7 Hz, 4H), 7.56 (d, JH,H = 8.3 Hz, 4H), 7.39 (t, JH,H = 

8.4 Hz,  JH,H = 7.5 Hz, 4H), 7.21 (t, JH,H = 7.5 Hz, 4H), 6.30 (m, 2H), 3.11 (m, 2H), 2.75 (m, 2H) ppm. 
13C-NMR (101 MHz, CDCl3): G  140.1, 125.9, 123.7, 120.7, 119.5, 109.8, 54.6, 21.1 ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.7,8  

 

 Isolated yield for ether-to-ester rearrangement of substrate 4 
In microwave tube, 2-phenoxybenzoic acid (4, 54.5 mg, 254 Pmol, 1 eq.) was dissolved in dichloromethane 

(2.5 mL) and [Os(bpy)3](PF6)2 (1.15 mg, 1.20 Pmol, 0.5 mol%), DCA (2.80 mg, 9.68 Pmol, 4.8 mol%), 

tetra-n-butylammonium hexafluorophosphate (98.5 mg, 254 Pmol, 1.0 mol) and 2,4,6-trimethylpyridine 

(33.6 PL, 254�Pmol, 1.0 eq.) were added. The mixture was purged with argon for 10 minutes and sealed. The 

reaction was irradiated with a red LED (623 nm), collimated with a converging glass and a 590 nm long-pass 

filter (Thorlabs) installed between the lamp and the sample, for 140 h at room temperature. The solvent was 
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evaporated and the crude mixture was purified by flash column chromatography (SiO2, cyclohexane/ethyl 

acetate 100/0 Æ 97/3) to obtain the desired product (4-P, 40.9 mg, 191 Pmol, 75%). 
1H-NMR (400 MHz, CDCl3): G 10.51 (s, 1H), 8.09 (dd, JH,H = 8.0 Hz, JH,H = 1.8 Hz, 1H), 7.55 (ddd, 

JH,H = 8.8 Hz, JH,H = 7.2 Hz, JH,H = 1.8 Hz, 1H), 7.46 (t, JH,H = 8.0 Hz, 2H), 7.32 (t, JH,H = 7.5 Hz, 1H), 7.22 

(d, JH,H = 8.6 Hz, 2H), 7.05 (d, JH,H = 8.5 Hz, 1H), 6.98 (dd, JH,H = 8.2 Hz, JH,H = 7.2 Hz, 1H) ppm.  
13C-NMR (101 MHz, CDCl3): G 169.1, 162.4, 150.3, 136.6, 130.5, 129.8, 126.5, 121.8, 119.6, 118.0, 112.0 

ppm. 

These analytical data are in agreement with previously reported characterization data for this compound.6  

 

2.3. Reaction optimisation and control experiments 
For all photocatalytic reactions that have not been reported with DCA as photocatalyst up to now,9 a 

preliminary screening with blue light (440 nm LED) has been performed to investigate whether the reaction 

occurs at all (following direct monophotonic excitation), typically starting from conditions (solvent, substrate 

concentration) that have been reported in earlier studies with other catalysts. In a second step, suitable 

reactions were then tested with different solvents to find conditions that are best for our investigated 

upconversion system (based on red biphotonic excitation). 

For the measurements of reaction progress over time, fit curves were sometimes included as guidance for the 

eye. For irreversible reactions (substrates 3 and 4) an exponential fit curve was used (assuming first order 

kinetics, y = A·exp(k·x)), while for reactions that are expected to have significant contributions of backward 

reaction (substrates 1 and 2), a biexponential fit curve was used (assuming second order kinetics, y = 

A1·exp(k·x)+ A2·exp(k2·x)). 

 

Comparison of irradiation setups 

For photoredox catalysis via triplet-triplet annihilation upconversion, the power density and the light 

intensity emitted by the lamp are more curical factors than for mono-photonic mechanisms. Therefore 

typically (cw) laser irradiation is used for triplet-triplet annihilation upconversion in photoredox catalysis,10,11 

and only in recent publications (collimated) LED irradiation was taken into account.10,12,13 Herein, a 635 nm 

cw laser with an output power of up to 500 mW and a collimated high power 623 nm LED providing at least 

3.8 W were used. Both light sources are significantly weaker than the blue LEDs (440 nm, 40 W) used for 

the reaction optimisation (Table S1, Table S3, Table S5, Table S7). In the case of the cw laser, the irradiation 

beam spot size was between 0.005 cm2 and 0.01 cm2 after collimation, and thus the light beam passed 

essentially completely through the middle of the NMR sample tube (inner diameter 0.4 cm), thereby 

maximizing the amount of light absorbed by the osmium complex. For the collimated LED, a squared beam 

shape with a side length of ~1.25 cm was formed, consequently leading to a quadratic area with ~1.56 cm2. 

Given the limited size of the NMR tube (~1.25 cm · 0.4 cm = ~0.5 cm2), this implies that about ~1.22 W of 

photons pass indeed through the reaction solution. However, given the curvature of the NMR tube (causing 
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shorter beam paths at the edges than in the middle), the number of absorbed photons is most likely 

considerably lower than this estimated value.  Furthermore, the estimated power density for the collimated 

LED is ~2.43 W·cm-2 and this value is only slightly above the determined threshold value of ~1.65 W·cm-2. 

At the threshold intensity determined herein, one fourth of the maximum upconversion quantum yield is 

reached, and it seems likely that with the power density of the LED our system is not yet operating in the 

fully linear regime.14–16 Overall, a direct comparison between both setups is not readily possible, but even 

with the high overall output power of the LED, the cw laser is most likely equally good or even slightly 

better due to the comparably low power density of the LED and the smaller overlap between the NMR tube 

and the LED beam size. Notably, when upscaling the reaction, the irradiated area significantly increases and 

essentially the full beam penetrates the solution and the full output from the LED with a power of at least 

3.8 W can be absorbed. Consequently, better performance might be possible under these conditions.  

Irradiation with the employed 705 nm cw laser is expected to be less efficient, especially due to its low 

output power of only 45 mW. Due to the highly collimated nature of the laser beam it is assumed that the 

linear regime is more easily accessible with this setup. In comparison to the almost constant absorbance 

between 550 nm and 650 nm (indicating similar photon absorption by the 623 m LED and the 635 nm cw 

laser for the same concentration of [Os(bpy)3](PF6)2), the absorbance above 700 nm is significantly weaker 

(Figure S8). Consequently, the amount of absorbed photons is lower with this setup. Evidently, the exact 

catalyst loading and the effective concentrations in solution are relevant for the respective measurements, 

and a direct comparison (especially between different reactions) is therefore not easily possible. 

 

 Isomerisation of cis-stilbene (1) 
 

Table S1. Optimization for isomerisation of cis-stilbene (1) with blue light.a 

 

entry DCA / mol% solvent time / h conversion / % b 

1 5 acetonitrile 1 97 

2 5 dichloromethane 1 79 

a) Reaction conditions: 100 mM cis-stilbene in 1 mL non-deuterated de-aerated solvent. Sample de-aerated 
by three freeze-pump-thaw cycles, irradiated with a 440 nm Kessil PR160 LED (40 W) and a 400 nm long-
pass filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b) After 
removal of the solvent the crude product mixture was analysed by 1H-NMR spectroscopy and the ratio 
between remaining starting material and product determined as relative conversion.  
 

 
DCA

solvent
440 nm

1 1-P
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Table S2. Optimization and control experiments for isomerisation of cis-stilbene (1) with red light.a 

 

entry [Os(bpy)3](PF6)2  / mol% DCA / mol% light source time / h yield (conv.) / % b 

1 1 5 623 nm LED c 
2 

4 

60 (61) 

82 (83) 

2 1 5 635 nm laser 2 78 (78) 

3 1 5 635 nm laser 3 80 (80) 

4 0.1 5 635 nm laser 16 82 (82) 

5 - 5 635 nm laser 16 0 (1) 

6 0.1 - 635 nm laser 16 0 (0) 

7 0.1 5 dark 20 0 (0) 

a) Reaction conditions: 100 mM cis-stilbene in 1 mL de-aerated dichloromethane-d2. Sample irradiated in a 
sealed NMR tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses) 
were determined by quantitative 1H-NMR analysis using dioxane as internal standard. c) LED collimated 
with a lens.  

 

  [2+2]-Cycloaddition of vinylcarbazole (2) 
 

Table S3. Optimization for isomerisation of [2+2]-cycloaddition of substrate 2 with blue light.a 

 

entry DCA / mol% solvent time / h conversion / % b 

 1 c - acetone 0.5 18 

2 - acetone 0.5 2 

3 2.5 acetone 0.5 80 

4 2.5 dichloromethane 0.5 19 

a) Reaction conditions: 200 mM substrate 2 in 1 mL non-deuterated de-aerated solvent. Sample de-aerated 
by three freeze-pump-thaw cycles, and irradiated with a 440 nm Kessil PR160 LED (40 W) and a 425 nm 
long-pass filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b) 
After removal of the solvent the crude product mixture was analysed by 1H-NMR spectroscopy and the ratio 
between remaining starting material and product determined as conversion. c) 400 nm long-pass filter 
instead of 425 nm long-pass filter. 

[Os(bpy)3]2+ 
DCA

dichloromethane-d2
red light

1 1-P
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Table S4. Optimization and control experiments of [2+2]-cycloaddition of 2 with red light.a 

 

entry [Os(bpy)3](PF6)2 / mol% DCA / mol% solvent time / h yield (conv.) / % b 

1 0.5 2.5 acetone-d6 2.5 15 (15) 

2 0.5 2.5 acetone-d6 7 34 (35) 

3 0.5 2.5 acetone-d6 90 71 (71) 

3 - 2.5 acetone-d6 65 1 (2) 

4 0.5 - acetone-d6 40 0 (0) 

 5 c 0.5 2.5 acetone-d6 65 0 (0) 

a) Reaction conditions: 200 mM substrate 2 in 1 mL de-aerated acetone-d6. Sample irradiated in a sealed 
NMR tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses) were 
determined by quantitative 1H-NMR analysis using dioxane as internal standard. c) No irradiation. 
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 Newman-Kwart rearrangement 
 

Table S5. Optimization for Newman-Kwart rearrangement of substrate 3 with blue light.a 

 
entry DCA / mol% solvent additive time / h conversion / % b 

1 5 acetonitrile - 2 0 

2 5 acetonitrile biphenyl (1 eq.) 2 8 

3 5 acetonitrile naphthalene (1 eq.) 
2 

8 

15 

56 

4 5 dichloromethane biphenyl (1 eq.) 1 0 

5 5 dichloromethane 
biphenyl (1 eq.),  

TBAPF6 (1 eq.) 
1 ~5 c 

6 5 dichloromethane naphthalene (1 eq.) 2 0 

7 5 dichloromethane 
naphthalene (1 eq.) 

TBAPF6 (1 eq.) 
2 58 

8 5 dichloromethane TBAPF6 (1 eq.) 1 4 

a) Reaction conditions: 50 mM substrate 3 in 1 mL non-deuterated de-aerated solvent. Sample de-aerated by 
three freeze-pump-thaw cycles, irradiated with a 440 nm Kessil PR160 LED (40 W) and a 400 nm long-pass 
filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b) After 
removal of the solvent the crude product mixture was analysed by 1H-NMR spectroscopy and the ratio 
between remaining starting material and product determined as relative conversion. c) Overlap between 
resonances of biphenyl and the product complicate the integration of product signals. 
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Table S6. Optimization and control experiments for the Newman-Kwart rearrangement of 3 with red light.a 

 

entry 
[Os(bpy)3](PF6)2 / 

mol% 

DCA / 

mol% 
additive time / h 

yield (conv.) / 

% b 

1 1 10 naphthalene (2 eq.), TBAPF6 (1 eq.) 20 10 (10) 

2 1 10 naphthalene (2 eq.) 40 0 (0) 

3 1 10 TBAPF6 (1 eq.) 60 0 (0) 

4 - 10 naphthalene (2 eq.), TBAPF6 (1 eq.) 40 0 (0) 

5 1 - naphthalene (2 eq.), TBAPF6 (1 eq.) 40 0 (0) 

  6 c 1 10 naphthalene (2 eq.), TBAPF6 (1 eq.) 65 0 (0) 

a) Reaction conditions: 50 mM substrate in 1 mL de-aerated dichloromethane-d2. Sample irradiated in a 
sealed NMR tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses) 
were determined by quantitative 1H-NMR analysis using dioxane as internal standard. c) No irradiation.  
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 Ether-to-ester rearrangement 
Table S7. Optimization for rearrangement of substrate 4 with blue light.a 

 

entry 
DCA / 

mol% 
solvent base, additive time / h conversion / % b 

1 5 acetonitrile Cs2CO3 (0.1 eq.) 1 98 

2 5 acetonitrile Et3N (0.1 eq.) 1 61  

3 5 dichloromethane Et3N (0.1 eq.) 1 11  

4 5 dichloromethane Et3N (0.1 eq.), TBAPF6 (1 eq.) 1 73  

5 5 dichloromethane DBU (0.1 eq.), TBAPF6 (1 eq.) 1 65  

6 5 dichloromethane CsOAc (0.1 eq.), TBAPF6 (1 eq.) 1 98  

7 5 dichloromethane tMePy (0.1 eq.), TBAPF6 (1 eq.) 1 39  

8 5 dichloromethane tMePy (1 eq.), TBAPF6 (1 eq.) 
0.5 

1 

72 

98  

9 5 dichloromethane tMePy (1 eq.) 
0.5 

1 

59 

97  

a) Reaction conditions: 100 mM substrate 4 in 1 mL non-deuterated de-aerated solvent. Sample de-aerated 
by three freeze-pump-thaw cycles, irradiated with a 440 nm Kessil PR160 LED (40 W) and a 400 nm long-
pass filter between the lamp and the reaction flask under an inert atmosphere at room temperature. b) After 
removal of the solvent the crude product mixture was analysed by 1H-NMR spectroscopy and the ratio 
between remaining starting material and product determined as relative conversion.  
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Table S8. Optimization and control experiments for rearrangement of substrate 4 with red light.a 

 

entry 
[Os(bpy)3](PF6)2 / 

mol% 

DCA / 

mol% 
base, additive time / h yield (conv.) / % b 

1 0.5 5 
tMePy (1 eq.), TBAPF6 (1 

eq.) 
20 24 (35) 

2 0.5 5 tMePy (1 eq.) 20 5 (8) 

3 0.5 5 TBAPF6 (1 eq.) 20 0 (2) 

4 - 5 
tMePy (1 eq.), TBAPF6 (1 

eq.) 
65 0 (0) 

5 0.5 - 
tMePy (1 eq.), TBAPF6 (1 

eq.) 
65 0 (0) 

  6 c 0.5 5 
tMePy (1 eq.), TBAPF6 (1 

eq.) 
65 0 (0) 

a) Reaction conditions: 100 mM substrate 4 in 1 mL de-aerated solvent. Sample irradiated in a sealed NMR 
tube under an inert atmosphere at room temperature. b) Yields and conversions (in parentheses) were 
determined by quantitative 1H-NMR analysis using dioxane as internal standard. c) No irradiation. 
 
 

 Reaction progress over time 
 

Isomerisation of cis-stilbene (1) over time 

The reaction progress for the isomerisation of cis-stilbene by direct excitation of DCA with 440 nm reveals a 

fast reaction in acetonitrile and dichloromethane that is finished within one to three hours (Figure S1a and b). 

In acetonitrile, essentially complete isomerisation is observed while in dichloromethane an equilibrium state 

with ~85% trans-stilbene (1-P) and ~15% cis-stilbene (1) is found.17 With [Os(bpy)3](PF6)2 as sensitizer in 

the presence of DCA under 623 nm LED irradiation the reaction progress is much faster in dichloromethane 

than in acetonitrile (Figure S1c), most likely due to the higher upconversion quantum yield in the more 

apolar solvent (see section 4.3.2). As expected, the reaction is faster with higher concentrations of sensitizer 

under 635 nm cw laser irradiation (Figure S1d) and the change to the weaker 705 nm cw laser as light source 

(see above for technical details) results in a comparably slow reaction progress (Figure S1e). 
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Figure S1. Isomerisation of cis-stilbene (1) over time. Following the general procedure for NMR scale 

reactions, the isomerisation of cis-stilbene (1, 100 mM) was investigated by direct excitation of DCA 

(5 mol%) with 440 nm LED (40 W) in (a) acetonitrile-d3 and (b) dichloromethane-d2 (blue traces). For the 

reaction starting with trans-stilbene (100% 1-P) und otherwise identical conditions the same equilibrium 

state is found in dichloromethane-d2 (green trace in b) as with cis-stilbene 1 (blue trace). The reaction 

progress for the isomerisation in acetonitrile-d3 and dichloromethane-d2 for a solution containing 

[Os(bpy)3](PF6)2 (1 mol%) and DCA (5 mol%) under collimated 623 nm LED light irradiation (min. 3.8 W) 

with a 590 nm long-pass filter (Thorlabs) in the beam path is provided in (c). The influence of the 

concentration of [Os(bpy)3](PF6)2 under 635 nm cw laser irradiation (~450 mW) in dichloromethane-d2 is 

illustrated in (d). The reaction progress over the first 3 hours under 705 nm cw laser irradiation (~45 mW) 

for a solution containing [Os(bpy)3](PF6)2 (1 mol%) and DCA (5 mol%) is presented in (e). The amount of 

trans-stilbene (1-P, determined by quantitative 1H-NMR spectroscopy against dioxane as internal standard) 

in the reaction mixture is reported as filled circles while the substrate conversion is given as empty circles in 

the same colour (often overlapping with the filled circles). 
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[2+2] Cycloaddition of vinylcarbazole (2) over time 

 
Figure S2. [2+2]-Cycloaddition over time. a) Following the general procedure for NMR scale reactions, the 

isomerisation of vinylcarbazole (2, 200 mM) was investigated by direct excitation of DCA (2.5 mol%) in 

acetone-d6 under 440 nm LED irradiation. A 425 nm long-pass filter was placed between the lamp and the 

sample. b) Reaction progress for the [2+2]-cycloaddition under collimated 635 nm cw-laser irradiation of a 

solution containing [Os(bpy)3](PF6)2 (0.5 mol%) and DCA (2.5 mol%) in acetone-d6 as a function of time. In 

all graphs the product yield (2-P, determined by quantitative 1H-NMR spectroscopy against dioxane as 

internal standard) in the reaction mixture is represented by filled circles while the conversion of substrate 2 is 

given as empty circles in the same colour as the yield (often overlapping with the filled circles). 

 
Newman-Kwart rearrangement over time 

 
Figure S3. Newman-Kwart rearrangement over time. Following the general procedure for NMR scale 

reactions, a solution containing substrate 3 (50 mM), [Os(bpy)3](PF6)2 (1 mol%), DCA (10 mol%), 

naphthalene (100 mM) and TBAPF6 (50 mM) in dichloromethane-d2 has been prepared and the product 

formation under collimated 635 nm laser irradiation has been monitored over time. The product yield (3-P, 

determined by quantitative 1H-NMR spectroscopy against dioxane as internal standard) in the reaction 

mixture is reported as filled circles while the conversion of substrate 3 is given as empty circles in the same 

colour as the yield (often overlapping with the filled cycles of the yield). 
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Ether-to-ester rearrangement over time 

 

Figure S4. Ether-to-ester rearrangement over time. a) Following the general procedure for NMR scale 

reactions, the isomerisation of substrate 4 (100 mM) was investigated by direct excitation of DCA (5 mol%) 

in the presence of tMePy (100 mM) and TBAPF6 (100 mM) in dichloromethane-d2 under 440 nm LED 

irradiation. b) The reaction progress for an identical solution as in (a), but with [Os(bpy)3](PF6)2 (0.5 mol%)  

irradiated with a collimated 635 nm cw-laser has been monitored over time. The product yield (4-P, 

determined by quantitative 1H-NMR spectroscopy against dioxane as internal standard) in the reaction 

mixture is given as filled circles while the conversion of substrate 4 is given as empty circles.  
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3. Irradiation setup 
The laser output of the red cw laser (635 nm),3 the high-power red LED (623 nm)3 and the blue LED 

(440 nm)10 have been reported recently. The setup with the red cw laser (635 nm) is given as Figure S5 and 

the collimated red LED setup is given in Figure S6. 

 

 

Figure S5. Irradiation setup for photoredox reactions with laser irradiation. 1: screw-capped or flame-sealed 

NMR tube with reaction mixture under Argon; 2: stirred water bath for cooling of irradiated solution; 3: cw 

laser (635 nm, up to 500 mW); 4: beam expander (used backwards) to reduce the size the laser beam. 

 

Figure S6. Irradiation setup for photoredox reactions with collimated LED irradiation. 1: screw-capped or 

flame-sealed NMR tube with reaction mixture under Argon; 2: stirred water bath for cooling of irradiated 

solution; 3: high-power LED (623 nm, min. 3.8 W); 4: lens (Thorlabs, LB4592); 5: 590 nm long-pass filter 

(Thorlabs). 
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Figure S7. Emission spectrum of the 705 nm cw-laser used in this study. 
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4. Optical spectroscopic measurements 

4.1. Spectroscopic properties of [Os(bpy)3](PF6)2 and DCA 

 Photophysical characterisation in different solvents 
 

All measurements were performed in de-aerated solvents at room temperature. 

 
Figure S8. UV-vis absorption and emission spectra of [Os(bpy)3](PF6)2 (top) and DCA (middle) in de-

aerated solvents (colour codes indicated in the respective figure parts). The emission lifetimes measured at 

the respective emission band maximum for both compounds are presented in the bottom part. Low 

temperature emission in frozen matrix ([Os(bpy)3](PF6)2 in butyronitrile, DCA in 2-methyl-tetrahydrofuran) 

is presented as insets. The main data is also summarized in Table S9. 
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Table S9. Overview of photophysical properties of [Os(bpy)3](PF6)2 and DCA at 20 °C in different solvents. 

catalyst solvent 
Oabs (ε) / nm 

(103 M-1 s-1) 
Oem / 

nm 
ϕ / % a ϕair / % a W0 / ns 

E0.0 / 

eV b 

DCA acetonitrile 419 (11.2) 434 93 ±1 - 14.9 2.91 

 acetone 423 (11.7) 434 95±1 - 14.4 2.90 

 dichloromethane 425 (12.1) 434 97 ±1 - 12.6 2.89 

[Os(bpy)3](PF6)2 acetonitrile 
480 (12.7) 

635 (3.19) 
741 1.1 ±0.1 0.75 ±0.03 60.5 1.80 

 acetone 
480 (12.7) 

635 (3.20) 
749 1.0 ±0.1 0.74 ±0.01 61.5 1.80 

 dichloromethane 
481 (13.2) 

635 (3.23) 
720 2.7 ±0.1 2.2 ±0.1 94.1 1.81 

a) Photoluminescence quantum yields of [Os(bpy)3](PF6)2 were determined relative to an aerated solution of 
[Ru(bpy)3](PF6)2 in acetonitrile (ϕ = 0.018)18. Photoluminescence quantum yields of DCA were determined 
relative to a de-aerated solution of 9,10-diphenylanthrancene in cyclohexane (ϕ = 0.90)19. b) The energies of 
first singlet excited state (for DCA) and triplet excited state (for [Os(bpy)3]2+) (E0,0) were estimated based on 
the energy at the intersection of the normalized emission and absorption spectra. 

 

Absorption spectra, emission spectra, luminescence quantum yields, excited-state lifetimes and the energy of 

the lowest excited singlet state of DCA are in agreement with prior studies.3,20–22 

For [Os(bpy)3](PF6)2, the absorption spectra, excited-state lifetimes and the energy of the lowest triplet 

excited state were similar to prior studies.1,23–28 Surprisingly, our detected emission shape does not perfectly 

resemble the data known from literature, where no emission was detectable at 900 nm.26 As a consequence, 

our measured quantum yields are somewhat higher than the values reported in literature (literature values 

listed later in this paragraph). Two reasonable explanations for this behaviour are plausible. First of all, 

literature-known quantum yields of [Os(bpy)3]2+ are typically reported from emission spectra that do not 

return to the baseline in the near-infrared region similar to our data.25,26,29 Therefore it is unsurprising that our 

reported emission quantum yields differ from the (inconsistent) literature values (1.19 % in acetonitrile;26 1.0 

% in acetonitrile;30 0.8 % in acetonitrile;25 0.8 % in acetonitrile;27 0.49 % in acetonitrile;29 0.5 % in 

acetonitrile;31 0.35 % in acetonitrile;32 1.4 % in dichloromethane;25 0.58 % in dichloromethane;33 0.9 % in 

dichloroethane1; in many cases it is unclear whether aerated or dearated solvents). Secondly, our steady state 

emission setup seems to have a poor instrument response towards the detector limit,34,35 and the emission 

intensity is likely overestimated in this part of the spectrum. This hypothesis is in line with a slightly 

different shape of the emission observed in the time-resolved spectra with pulsed lasers on our nanosecond 

laser setup (see Figure S16a, blue trace) where the emission indeed returns to the baseline towards 850 nm.  
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 Cyclic voltammetry of catalysts  
 

Cyclic voltammetry was performed with a saturated calomel electrode (SCE) as reference electrode, a glassy 

carbon disk electrode as working electrode, and a silver wire as counter electrode. Measurements were 

performed in dry de-aerated solvents with 0.1 M TBAPF6 as an electrolyte. For oxidations or reductions with 

irreversible peaks, a peak potential (at maximum current) is given instead of a half-wave potential.  

 

Table S10. Oxidation and reduction potentials in different solvents vs SCE. 

catalyst E1/2, ox / V vs SCE E1/2, red  / V vs SCE 
 acetonitrile dichloromethane acetonitrile dichloromethane 
[Os(bpy)3](PF6)2 0.84 

1.20 a 
0.96 -1.27 

-1.46 

-1.78 

-1.19 

-1.48 

DCA b 1.09 a - -0.93 a 

-1.62 

-1.01 

Conditions: Measurements in de-aerated solvent vs SCE in the presence of 0.1 M TBAPF6. a) Irreversible 

oxidation/reduction peak. b) These values have recently been published.3 All measurements are in line with 

previous reports.28 

 
Figure S9. Cyclic voltammetry measurements of [Os(bpy)3](PF6)2 with TBAPF6 (0.1 M) as supporting 

electrolyte in de-aerated acetonitrile (blue) and dichloromethane (red) vs SCE. Voltammograms recorded 

with scan rate of 500 mV s-1 in acetonitrile and 100 mV s-1 in dichloromethane. 
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Figure S10. Cyclic voltammetry measurement of DCA with TBAPF6 (0.1 M) as supporting electrolyte in 

de-aerated and dichloromethane vs SCE. Voltammogram recorded with scan rate of 100 mV s-1. 

 

 

  Spectro-electrochemical study of oxidized and reduced species 
 

Data for the spectro-electrochemical reduction DCA to DCAx   −  in de-aerated acetonitrile has been published 

recently.3 The electrochemical oxidation of [Os(bpy)3]2+ indicates that all absorption bands in the visible 

range are occuring as negative signal in the difference spectrum (Figure S11) and only between 300 and 

350 nm a new positive band is detected. 

 
Figure S11. UV-Vis difference spectrum obtained upon electrochemical oxidation of [Os(bpy)3](PF6)2 in de-

aerated acetonitrile with an applied potential of 1.0 V vs SCE  in the presence of TBAPF6 (0.1 M) as 

supporting electrolyte. The UV-Vis spectrum without a potential applied served as baseline. 
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 Cyclic voltammetry of substrates  
 

Table S11. Oxidation potentials of substrates and additives in acetonitrile vs SCE. 

substrate / additive E1/2, ox / V vs SCE a 

cis-stilbene (1) 1.64  

trans-stilbene (1-P) 1.50  

vinylcarbazole (2) 1.30 

 O-(4-methoxyphenyl)dimethylcarbamothioate (3) ~1.05 

2-phenoxybenzoic acid (4) 1.92 

2-phenoxybenzoate (4—) 1.11 

2.4.6-trimethylpyridine (tMePy) 2.25 

1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) 1.24 

naphthalene 1.72 

biphenyl 1.95 

Conditions: Measurements in de-aerated acetonitrile vs SCE with 0.1 M TBAPF6 and a scan rate of 0.1 V s-1. 

a) Irreversible oxidation peak.  

 

The measured values for stilbenes (1 and 1-P)9,36 substrates 35 and 437 as well as the additives DBU,38 

naphthalene,39 and biphenyl40 are in line with previously reported values. The oxidation potentials of 4— 

(literature: 1.77 V vs SCE, here 1.11 V vs SCE) and 2 (literature: 0.94 V vs SCE, here 1.30 V vs SCE) are 

different, and we tentatively attribute this to the different conditions (electrolyte, reference electrode) in the 

respective measurements. 
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Figure S12. Cyclic voltammetry measurements of substrates and additives determined with TBAPF6 (0.1 M) 

as supporting electrolyte in de-aerated acetonitrile vs SCE. Voltammogram recorded with scan rate of 

100 mV s-1. 
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4.2. Mechanistic investigation of sTTA-UC  
The solubility of DCA is very limited in polar solvents such as acetonitrile or acetone (~0.5 mM), and this 

limits the obtainable data quality and complicates the spectroscopic analysis. Therefore, the variation 

between different datasets is typically high and a good reproducibility of the datasets is less easily achieved 

in polar solvents. For acetonitrile and acetone we assume an error of 10-20% on the spectroscopic 

measurements (e.g. upconversion quantum yields, triplet-triplet annihilation constant and triplet state 

lifetime), while for the investigations in dichloromethane the higher solubility (and consequent higher signal 

intensity) provides a better quality of the datasets. Spectroscopic measurements are therefore expected to be 

more accurate in this apolar solvent. 

 Overview 

 
Figure S13. Possible mechanistic pathway for red light driven photoredox catalysis via sensitized triplet-

triplet annihilation upconversion (sTTA-UC) with [Os(bpy)3](PF6)2 (abbreviated as [Os]) and DCA followed 

by reductive quenching of 1*DCA by the substrate. A description of the different elementary steps is 

provided in Table S12. 

Table S12. Summary of relevant data for sTTA-UC in different solvents.a 

step no. general description symbol acetonitrile acetone DCM 

1 TTET from [Os(bpy)3]2+ to DCA kTTET 4·109 M-1  s-1 4·109 M-1 s-1 3·109 M-1  s-1 

2 triplet-triplet annihilation kTTA 6.9·109 M-1  s-1 6.4·109 M-1  s-1 6.7·109 M-1  s-1 

1+2 sensitized TTA-UC quantum yield 
ϕsTTA-UC c 
ϕsTTA-UC d 

0.22 % 

0.10 % 

0.13 % 

0.15 % 

1.5 % 

1.4 % 

3 
electron transfer from a suitable 

substrate S to 1*DCA  
kET - b - b - b 

a) The same data is presented in the main manuscript as Table 1. b) The respective values for the 

investigated reactions are presented in section 4.4-4.7. c) Excitation wavelength of 635 nm. d) Excitation 

wavelength of 705 nm. Further details are provided in the individual subsections of this chapter.  
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 Triplet-triplet energy transfer from 3*[Os(bpy)3]2+ to DCA 
 

Further information concerning step 1 (TTET) in Figure S13 is given here together with possible alternative 

reaction pathways. 

 

Oxidative quenching or energy transfer between 3*[Os(bpy)3]2+ and DCA 

A comparison of the UV-vis absorption spectra of both catalysts (see in section 4.1) reveals that only the 

metal complex has an absorption band in the red spectral range. After selective excitation of [Os(bpy)3]2+, 

two different possibilities for a thermodynamically feasible (exothermic) quenching of excited 

[Os(bpy)3](PF6)2  by DCA are in in principle conceivable. The first possibility is triplet-triplet energy transfer 

(TTET) from 3*[Os(bpy)3]2+ (~1.8 eV, see Table S9) to populate the lowest triplet excited state of 

dicyanonathracene (3*DCA) with an energy of ~1.8 eV. 31 The second possibility is photoinduced electron 

transfer (PET) to form the oxidized metal complex and dicyanoanthracene radical anion (DCAx   − ). The 

excited state oxidation potential for 3*[Os(bpy)3]2+  can be estimated by *Eox(3*[Os]2+/[Os]3+) ≈ 

Eox([Os]2+/[Os]3+) - E0.0(3*[Os]2+) = 0.84 V vs SCE - 1.8 eV ≈ -0.96 V vs SCE, and this is similar to the 

ground state reduction potential of DCA (-0.93 V vs SCE in acetonitrile, section 4.1.2). Hence, both 

elementary steps (TTET and PET) do not have a large driving force but are both in principle 

thermodynamically viable. The respective two reaction types (TTET and PET) can be distinguished by 

transient absorption spectroscopy. 

 

Triplet-triplet energy transfer from 3*[Os(bpy)3]2+ to DCA 

Transient absorption spectroscopy of 50 PM [Os(bpy)3](PF6)2 excited at 532 nm in the presence of 500 PM 

DCA in de-aerated solvents (Figure S14 a: acetonitrile, b: acetone, c: dichloromethane) indicates a ground 

state bleach caused by population of excited 3*[Os(bpy)3]2+ for a measurement with 10 ns delay after the laser 

pulse (light traces in Figure S14, time integrated over 200 ns). The typical spectroscopic features of 3*DCA 

are visible with longer delay times of 10 Ps (dark traces in Figure S14, time integrated over 200 ns). 

Furthermore, no spectroscopic signals of DCAx   − (with a maximum expected around 705 nm)3 or any 

prolonged bleach caused by oxidized osmium complex (reference spectrum in Figure S11) are visible in any 

of the investigated solvents. These measurements reveal that only triplet-triplet energy transfer and no 

electron transfer is occurring between 3*[Os(bpy)3]2+ and DCA. Detecting the change of transient absorption 

traces with different time delays after the laser pulse, a deactivation of 3*[Os(bpy)3]2+ (bleach in Figure S15a) 

and a simultaneous formation of 3*DCA (new positive spectroscopic features in Figure S15a) are detectable. 

While this is visible on a timescale of several hundred nanoseconds and can be confirmed by the 

corresponding kinetic traces (Figure S15c) the formed 3*DCA decays on a microsecond timescale (Figure 

S15b and d). This analysis of transient spectra with different time delays after the laser pulse further 

confirms that no DCAx   − is formed and no oxidative excited state quenching of the metal complex is 

occurring. 
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Even within these measurements at comparably low concentrations of DCA (500 PM) a clear filter effect 

from the ground state absorption of DCA between 360 nm and ca 430 nm is detectable (marked in Figure 

S15 a + b by vertical dotted lines). While at these concentrations of DCA its triplet state can clearly be 

detected in all three investigated solvents (see Figure S14), this blocking of the light from the flash lamp of 

the transient absorption setup is of course even more prominent at higher concentrations of DCA. While the 

solubility in acetonitrile and acetone is limited, in more apolar solvents such as dichloromethane higher 

concentrations of DCA are soluble. 

Therefore, in dichloromethane changes upon different concentrations of DCA can more easily be 

investigated than in acetone or acetonitrile. In fact, integration of the emission spectra over 200 Ps of a 

solution containing [Os(bpy)3](PF6)2 (50 PM) excited at 532 nm clearly provides an increasingly intense 

emission of 1*DCA between 400 nm to 600 nm upon higher concentrations of DCA in dichloromethane 

(Figure S16a). In line with more efficient quenching 3*[Os(bpy)3]2+ by DCA, for higher concentrations of 

DCA the intensity of the prompt 3*[Os(bpy)3]2+ emission is furthermore decreasing (around 700 nm in Figure 

S16a). Upon increasing concentration of DCA at concentrations in the millimolar range, the upconverted 

emission of 1*DCA is detectable below ~440 nm as a negative signal in the transient absorption spectra (in 

Figure S16b). DCA absorbs essentially all light of the flash lamp and therefore the very prominent negative 

emission signal appears. Furthermore, upon increasing concentration of DCA this filter effect and emission 

complicates the proper detection of 3*DCA at its maximum around 440 nm.41,42 In fact, while the transient 

absorption maxima around 735 nm and 810 nm increase upon increasing concentrations of DCA (exact 

conditions given in Figure S16b) the maximum around 440 nm shifts towards 450 nm and decreases at the 

same time, indicating a significant filter effect at these concentrations. This is also observable when the 

kinetic traces at 450 nm and 810 nm are compared for a solution containing [Os(bpy)3]2+ excited at 532 nm 

in the 2 mM DCA; while at 450 nm hardly any positive signal of 3*DCA is detectable, this is indeed the case 

at 810 nm (Figure S16c). A detection of the emission at 707 nm on a sub-microsecond timescale reveals that 

the emission at 707 nm (corresponding to prompt emission by 3*[Os(bpy)3]2+) decreases over time while the 

emission around 450 nm is growing over time. This is in line with a sensitized triplet-triplet annihilation 

upconversion mechanism. Focusing on the kinetic traces on longer timescales of a few hundred 

microseconds, the 3*DCA signal (detected at 810 nm, Figure S16d) and the upconversion luminescence 

intensity of *DCA (detected at 450 nm, Figure S16d), both increase in intensity with concentrations of DCA. 
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Figure S14. Sensitized formation of 3*DCA. [Os(bpy)3](PF6)2 (50 PM) in de-aerated solvent was excited at 

532 nm and the transient absoprtion spectra recorded in the presence of DCA (500 PM) with time delays of 

10 ns and 10 Ps (both time-integrated over 200 ns). The individual spectra were recorded in acetonitrile 

(red), acetone (green) and dichloromethane (blue), and in all cases mainly the ground state bleach of 

[Os(bpy)3](PF6)2 is present when recording with a time delay of 10 ns after the laser pulse (along with the 

emission signal around 650-850 nm). When using a delay time of 10 Ps, the spectroscopic caracterisitics of 
3*DCA are detected.3 
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Figure S15. Triplet state formation and decay of 3*DCA. [Os(bpy)3](PF6)2 (50 PM) in de-aerated acetonitrile 

was excited at 532 nm and the transient absorption spectra were recorded in the presence of DCA (500 PM) 

with different time delays, time-integrated over 200 ns. 3*DCA formation visible in the transient absorption 

traces over time (a) correlate to the signal growth monitored at 445 nm within the first 800 ns after the laser 

pulse in comparison to the emission of [Os(bpy)3]2+ of the same solution (c). Decay of 3*DCA on a longer 

time scale (d). In the transient absorption spectra the ground state absorption blocking the flashlight between 

360 nm and ca. 430 nm is clearly visible in (a) and (b), as marked by dotted vertical lines. 
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Figure S16. Upconverted emission, transient absoprtion spectra and kinetics with different concentrations of 

DCA. [Os(bpy)3](PF6)2 (50 PM) in de-aerated dichloromethane was excited at 532 nm and the emission 

spectra recorded in the absence and in the presence of different concentrations of DCA (colour code as 

indicated in the figure) with no time delay after the laser pulses, time-integrated over 200 Ps (a). Transient 

absoprtion spectra of the same solutions as described under (a) were measured with a delay of 1 Ps after the 

laser pulses, time-integrated for 200 ns (b). The inset presents a zoom of the spectral region featuring 

positive signals, and the arrows indicate the change of the signals upon increasing concentration of DCA 

(color code identical to (a). The kinetics of the transient absoprtion (top) and emission traces (bottom) for the 

solution containing 2 mM DCA were measured at different wavelengths (c). The decay of 3*DCA at 810 nm 

(top) as well as the emission intensity at 450 nm for the solutions described under (a) are presented in (d). 
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Triplet-triplet energy transfer rate constants (kTTET) 

 

Further information concerning the rate constant of step 1 in Figure S13 is given here. 

 

In acetone and acetonitrile as solvents, Stern-Volmer quenching experiments (Figure S17 and Figure S18) of 

the emission of [Os(bpy)3](PF6)2 after excitation with a 532 nm laser resulted in quenching constants of 

4·104 M-1 s-1 (acetonitrile) and 4·104 M-1 s-1 (acetone). These bimolecular rate constants are about five times 

lower than the diffusion limit in these solvents (1.9·1010 M-1 s-1 in acetonitrile and 2.1·1010 M-1 s-1 in 

acetone).31 As already mentioned before, the low solubility of DCA in acetonitrile and acetone complicates 

our optical spectroscopic measurements, and the kTTET values might be not fully accurate. In both cases, at 

higher concentrations DCA is not soluble anymore (0.5 - 1 mM) and the ratio of W to W0 does not change with 

increasing amounts of DCA added. Therefore, these datapoints were omitted for the respective Stern-Volmer 

analyses. 

For dichloromethane, a Stern-Volmer analysis with higher concentrations of DCA is possible (Figure S19) 

and a quenching constant of 3·109 M-1 s-1 is measured, but with much narrower distribution of individual data 

points. Overall, a comparison of all investigated solvents indicates that the rate constant for the energy 

transfer is not strongly dependent on the solvent in this case.  

 

 
Figure S17. Emission lifetime quenching of 3*[Os(bpy)3](PF6)2 by DCA. [Os(bpy)3](PF6)2 (50 PM) in de-

aerated acetonitrile was excited at 532 nm and the emission decay was monitored at 720 nm in the absence 

(green) and in the presence of different concentrations of DCA (0.23, 0.40, 0.62, 0.97 mM). The Stern-

Volmer plot obtained from this data set and and the resulting quenching rate constant for a fit of all 

datapoints up to 0.6 mM are given in the inset. 
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Figure S18. Emission lifetime quenching of 3*[Os(bpy)3](PF6)2 by DCA. [Os(bpy)3](PF6)2 (50 PM) in de-

aerated acetone was excited at 532 nm and the emission decay was monitored at 720 nm in the absence 

(green) and in the presence of different concentrations of DCA (0.15, 0.32, 0.52, 0.74, 0.98 mM). The Stern-

Volmer plot obtained from this data set and and the resulting quenching rate constant for a fit of all 

datapoints up to 0.74 mM  are given in the inset. 

 

 
Figure S19. Emission lifetime quenching of 3*[Os(bpy)3](PF6)2 by DCA. [Os(bpy)3](PF6)2 (50 PM) in de-

aerated dichloromethane was excited at 532 nm and the emission decay was monitored at 707 nm in the 

absence (green) and in the presence of different concentrations of DCA (1, 2, 3, 4, 5 mM). The Stern-Volmer 

plot obtained from this data set and and the resulting quenching rate constant are given in the inset. 
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4.3. Triplet-triplet annihilation upconversion 

 Triplet-triplet annihilation rate constants 
 

For the triplet state deactivation of DCA two concurrent pathways are possible.43 Triplet-triplet annihilation 

upconversion as a second-order decay pathway between two 3*DCA molecules as well as the natural decay to 

the ground state as a first order reaction pathway are viable and both dependent on the concentration of 
3*DCA. Using equations S1 and S2,10,12,43,44 the triplet-triplet annihilation constant (kTTA) and the natural 

lifetime τ0 (= 1/kT) can be calculated when the initial triplet concentration ([ 𝐴 3 ]0) is known. For DCA the 

extinction coefficient is known at 440 nm (9000 M-1 cm-1),42 and the corresponding concentration can be 

calculated from the initial intensity at a delay time of 0 Ps at this wavelength. The measurements were 

repeated with different laser excitation intensities and the obtained values were averaged. 

 

 ∆𝐴 = ∆𝐴0∙(1−𝛽)
exp(𝑘𝑇∙𝑡)−𝛽

 (S1)   

 

 𝛽 =
𝑘𝑇𝑇𝐴∙[ 𝐴 3 ]0

𝑘𝑇𝑇𝐴∙[ 𝐴 3 ]0+𝑘𝑇
 (S2)  

 

In our measurements the excitation wavelength is 532 nm for these experiments (due to the limited light 

intensity available at 635 nm on our setup). With more sophisticated setups also a determination by emission 

measurements would be possible (yielding potentially more precise triplet-triplet annihilation rate 

constants),14,15 nevertheless the method herein likely provides a reasonable estimation for the triplet-triplet 

annihilation constant and the rate constant and natural lifetime of 3*DCA in different solvents. While the 

solubility limits the concentration of DCA in acetone and acetonitrile (as mentioned above), the achievable 

ratio in these measurements is comparably high, and detection at the maximum of the 3*DCA absorption 

(440 nm) is possible.42 For the measurements in dichloromethane higher concentrations of DCA are 

dissolvable, but filter effects (see Figure S22) prevent reliable detection at 440 nm. Consequently, the 

extinction coefficient for the 3*DCA absorption signals at 735 nm and 810 nm were determined based on a 

comparison between a sample containing [Os(bpy)3](PF6)2 and either 0.5 mM or 2 mM of DCA. A 

normalisation to 9000 M-1 cm-1 at 440 nm and overlay between both spectra above 500 nm yielded 

approximate values for the extinction coefficients at 735 nm (~3500 M-1 cm-1) and 810 nm (~4500 M-1 cm-1). 

While the lower concentrated sample clearly has its maximum around 440 nm, with a higher concentration 

of DCA a significant decrease of the signal intensity around 440 nm is visible (Figure S22). On the other 

hand, the higher concentration of DCA results in a more efficient quenching of the osmium complex and 

higher concentrations of 3*DCA are detectable, resulting in an increased signal intensity and better data 

quality above 500 nm. Consequently, the determination of the natural lifetime and the triplet-triplet 

annihilation rate constant in dichloromethane is feasible using 735 nm or 810 nm as detection wavelengths 

(Figure S23). 
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Figure S20. Power-dependent decay of 3*DCA in acetonitrile. [Os(bpy)3](PF6)2 (50 PM) in de-aerated 

acetonitrile was excited at 532 nm in the presence of DCA (500 PM). Decay of transient absorption signals 

corresponding to 3*DCA were monitored at 440 nm with different excitation pulse energies (as indicated in 

inset) and the corresponding fitting curves are displayed as dashed black traces. The indiviual values for all 

traces were averaged to obtain kTTA and τ0. 

 
Figure S21. Power-dependent decay of 3*DCA in acetone. [Os(bpy)3](PF6)2 (50 PM) in de-aerated acetone 

was excited at 532 nm in the presence of DCA (500 PM). Decay of transient absorption signals of 3*DCA 

were monitored at 440 nm with different excitation pulse energies (as indicated in inset) and the 

corresponding fitting curves are displayed as dashed black traces. The indiviual values for all traces were 

averaged to obtain kTTA and τ0. 
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Figure S22. Molar absorption coefficients of 3*DCA at different wavelengths. [Os(bpy)3](PF6)2 (50 PM) was 

excited at 532 nm in the presence of 0.5 mM (red) and 2 mM (blue) DCA and transient absoprtion spectra 

were measured 1 Ps after the laser pulse (time-integrated for 200 ns). After that time delay only 

spectroscopic signals corresponding to the 3*DCA are expectable. The trace recorded at a lower 

concentration of DCA (red) was normalized to the known exctinction coefficient (9000 M-1 cm-1 at 440 nm)42 

and the trace recorded at a higher concentration of DCA (blue) was scaled to the transient bands above 

500 nm. Below 500 nm (dotted blue trace) a filter effect (and contributions from emission of 1*DCA) is 

clearly visible for a DCA concentration of 2 mM (blue), while the spectral resolution is better above 500 nm 

compared to the sample containing 0.5 mM DCA (red).  

 
Figure S23. Power-dependent decay of 3*DCA in dichloromethane. [Os(bpy)3](PF6)2 (50 PM) in de-aerated 

dichloromethane was excited at 532 nm in the presence of DCA (3 mM). Decay of transient signals of 
3*DCA were monitored at 810 nm with different excitation pulse energies (as indicated in inset) and the 

corresponding fitting curves are displayed as dashed black traces. The indiviual values for all traces were 

averaged to obtain kTTA and τ0. 
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 Power dependence and upconversion quantum yield estimation 
 

Upconversion quantum yield estimation 

The upconversion quantum yield (ϕsTAA-UC) for our system in different solvents was measured as relative 

value in comparison to the prompt emission of [Os(bpy)3]2+ in the respective solvent. Equation S3 is used to 

calculate the relative quantum yield. The absorbance at the excitation wavelength (A), the integrated 

emission (I) and the refractive index of the solvent K are needed for the upconversion system (denoted with 

subscript UC) and the reference system (denoted with subscript Ref) under identical conditions. In our case a 

sample of [Os(bpy)3]2+ in the respective solvent without annihilator served as reference. 

 

 𝜙𝑠𝑇𝑇𝐴−𝑈𝐶 = 𝜙𝑅𝑒𝑓 ∙
𝐴𝑅𝑒𝑓

𝐴𝑈𝐶
∙ 𝐼𝑈𝐶

𝐼𝑅𝑒𝑓
 ∙ 𝜂𝑈𝐶

2

𝜂𝑅𝑒𝑓
2  (S3)  

 

The general experimental setup used for these measurements has been described earlier, incorporating a blue 

(rather than red) cw laser.44 The necessary attenuation of the prompt emission intensity by neutral density 

filters (to avoid detector over-saturation) has been accounted for in our analysis. As it evident from the 

spectroscopic datasets (Figure S24-Figure S29), the prompt emission of [Os(bpy)3]2+ tails into the near-

infrared spectral range and at the detector limit at 900 nm, the emission has not fully returned to the baseline. 

To avoid a systematic error in our reference system caused by this detector limit, the photoluminescence 

quantum yield of [Os(bpy)3]2+ was determined on the same instrument in all three solvents relative to 

[Ru(bpy)3]2+ (Table S9). These photoluminescence quantum yield values were then used as references for 

our upconversion quantum yield determinations. This method minimizes errors caused by the incomplete 

emission detection caused by the detector cut-off around 900 nm. 

In dichloromethane the lifetime and quantum yield of [Os(bpy)3]2+ (see Table S9) as well as the solubility of 

DCA is much higher than in acetonitrile and acetone, hence it is unsurprising that the upconversion quantum 

yield (ϕsTAA-UC) is significantly higher in dichloromethane (see also next paragraph). Nevertheless, a direct 

comparison might be misleading due to the different concentrations of DCA used in the different solvents. 

For the measurements with a 705 nm cw-laser light source, the prompt emission of 3*[Os(bpy)3]2+ is not fully 

detectable because it spectrally overlaps with the excitation wavelength. The integration of the reference 

emission was therefore performed using a scaled emission trace of the full emission spectrum obtained by 

excitation at a shorter wavelength (see Figure S8). In these datasets, the lowest excitation power density 

(2.5 W · cm-2) is close to the determined threshold intensity (~1.65 W · cm-2) and therefore a comparatively 

high upconversion quantum yield is detectable even for the datapoints acquired at the lowest power densities 

(Figure S25, Figure S27, Figure S29). 
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Figure S24. Emission and upconversion quantum yield (ϕsTTA-UC) of the [Os(bpy)3](PF6)2 (20 PM) and DCA 

(500 PM) combination in de-aerated acetonitrile. The excitation power-dependent steady-state emission of 

upconverted 1*DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of 

[Os(bpy)3](PF6)2 in the absence of annihilator as reference system (red spectral range)  upon excitation at 

705 nm with a continous-wave laser are displayed. The inset contains the calculated upconversion quantum 

yield with respect to the power density of the excitation light source (see text for details). 

 

 
Figure S25. Emission and upconversion quantum yield (ϕsTTA-UC) of [Os(bpy)3](PF6)2 (50 PM) and DCA 

(500 PM) in de-aerated acetonitrile. The excitation power-dependent steady-state emission of upconverted 
1*DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of [Os(bpy)3](PF6)2 in 

the absence of annihilator as reference system (red spectral range) upon excitation at 705 nm with a 

continous-wave laser are displayed. The inset contains the calculated upconversion quantum yield with 

respect to the power density of the excitation light source (see text for details). 
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Figure S26. Emission and upconversion quantum yield (ϕsTTA-UC) of [Os(bpy)3](PF6)2 (20 PM) and DCA 

(500 PM) in de-aerated acetone. The steady-state emission of upconverted 1*DCA fluorescence (blue 

spectral range) as well as the prompt emission of a solution of [Os(bpy)3](PF6)2 in the absence of annihilator 

as reference system (red spectral range) upon excitation at 635 nm with a continous-wave laser are 

displayed. The inset contains the calculated upconversion quantum yield with respect to the power density of 

the excitation light source (see text for details). 

 

 
Figure S27. Emission and upconversion quantum yield (ϕsTTA-UC) of [Os(bpy)3](PF6)2 (50 PM) and DCA 

(500 PM) in de-aerated acetone. The excitation power-dependent steady-state emission of upconverted 
1*DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of [Os(bpy)3](PF6)2 in 

the absence of annihilator as reference system (red spectral range) upon excitation at 705 nm with a 

continous-wave laser are displayed. The inset contains the calculated upconversion quantum yield with 

respect to the power density of the excitation light source (see text for details). 
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Figure S28. Emission and upconversion quantum yield (ϕsTTA-UC) of [Os(bpy)3](PF6)2 (20 PM) and DCA 

(3 mM) in de-aerated dichloromethane. The excitation power-dependent steady-state emission of 

upconverted 1*DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of 

[Os(bpy)3](PF6)2 in the absence of annihilator as reference system (red spectral range) upon excitation at 635 

nm with a continous-wave laser are displayed. The inset contains the calculated upconversion quantum yield 

with respect to the power density of the excitation light source (see text for details). The same dataset is also 

presented in the main manuscript in Figure 2c. 

 
Figure S29. Emission and upconversion quantum yield (ϕsTTA-UC) of [Os(bpy)3](PF6)2 (20 PM) and DCA 

(3 mM) in de-aerated dichloromethane. The excitation power-dependent steady-state emission of 

upconverted 1*DCA fluorescence (blue spectral range) as well as the prompt emission of a solution of 

[Os(bpy)3](PF6)2 in the absence of annihilator as reference system (red spectral range) upon excitation at 

705 nm with a continous-wave laser are displayed. The inset contains the calculated upconversion quantum 

yield with respect to the power density of the excitation light source (see text for details). 
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Quadratic power dependence 

For small excitation power densities, a quadratic dependence of the upconverted emission of 1*DCA relative 

to the excitation power density can be excepted.45,46 Since the measurements of the upconversion 

luminescence quantum yields in the previous paragraphs do not contain enough datapoints with sufficiently 

low excitation power densities, additional measurements in dichloromethane were performed to analyse this 

aspect in more detail.  

In Figure S30 different laser intensities between 0 and 60 mW were used to analyse the power dependence, 

and the laser intensity was attenuated by neutral density filters. For the emission of [Os(bpy)3]2+ in the 

absence of DCA (b), an essentially linear dependence on the excitation power is obtained (d, slope ~0.97), 

while for the upconverted emission (a) indeed a quadratic dependence is found at low power densities (c, 

slope ~2.06). The dataset in Figure S30c is a non-logarithmic representation of the data presented in Figure 

2c of the main manuscript, with a focus on low excitation densities. The emission spectra in Figure S30a 

represent the original data for the respective figure in the main paper. 

 

 
Figure S30. Power dependence of emission intensities. Steady state emission spectra of DCA (3 mM) upon 

excitation of [Os(bpy)3](PF6)2 (50 PM) in de-aerated dichloromethane with variation of the irradiation power 

of a 635 nm cw laser (a) and of an identical solution in the absence of DCA (b, as reference system, 

monitoring the prompt emission of the osmium complex) were measured. The relation between the 

excitation power of the laser and the integrated relative emission intensity of the upconverted emission of 
1*DCA (c) and the prompt emission of the osmium sensitizer (d) for the data from (a) and (b) is shown 

together with the corresponding best power function fit results (fit function y(x) = a ∙ xb; fit curves in green 

and blue). In (c), a focus to the powers up to 15 mW with a quadratic dependence is shown, while the full 

dataset is presented in the main manuscript as Figure 2c (in a double logarithmic representation). 
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Anti-Stokes shift, excimer emission and inner filter effects 

For upconversion systems several different approaches to calculate the anti-Stokes shift have been used in 

the literature.1,34,47,48 Especially differences in the emission band maximum for the upconverted delayed 

emission and the prompt annihilator emission obtained by direct excitation of a diluted solution can make a 

difference for the actual value of the anti-Stokes shift. This effect becomes evident in the calculated anti-

Stokes shifts for different solvents (Table S13) based on the datasets presented in the previous section. In the 

case of acetonitrile and acetone the solubility of DCA is low and the inner filter effect affects the emission 

bandshape. Consequently, the emission maximum of the upconverted emission is at lower energy and the 

calculated anti-Stokes shift is smaller for dichloromethane compared to the more polar solvents (e.g. 0.73 eV 

vs 0.88 eV for excitation with a 635 nm cw laser, Table S13). 

 

Table S13. Summary of anti-Stokes shift calculation with different light sources. 

solvent Oex (E) / nm (eV) Oem,max (E) / nm (eV) 'E / eVa 

acetonitrile 
635 (1.95) 

705 (1.76) 

438 (2.83) 

440 (2.82) 
0.88 
1.06 

acetone 
635 (1.95) 

705 (1.76) 

438 (2.83) 

437 (2.84) 
0.88 
1.08 

dichloromethane 
635 (1.95) 

705 (1.76) 

462 (2.68) 

462 (2.68) 
0.73 
0.92 

Anti-Stokes shift estimates for the upconversion measurements presented earlier (Figure S24 – Figure S29). 

a) The apparent pseudo anti-Stokes shift is calculated here as the difference between the excitation 

wavelength and the band emission band maximum of the delayed upconverted fluorescence. Further 

discussion is provided in the text. 

 

Hanson, Castellano and co-workers recently distinguished between two different ways to define the 

upconversion quantum yield. One the one hand, they considered the measured upconversion quantum yield (

ΦsTTA-UC, for the upconverted delayed fluorescence) and on the other hand they considered the so-called 

generated upconversion quantum yield, which takes filter effects into account (ΦsTTA-UC,g,).49  

In our case, the actual photo-generated quantum yield for 1*DCA formation via upconversion would 

furthermore be of interest, because this is in fact more relevant for the photoredox catalysis than the actual 

upconversion luminescence quantum yield. A normalization of the upconverted emission spectrum obtained 

with 635 nm cw-laser excitation (Figure S31, green trace, bottom) at 460 nm and a normalization of the 

emission of 1*DCA generated by direct excitation of a diluted solution of DCA (red trace) at the same 

wavelength clearly shows the inner filter effect in the upconversion system. This is unsurprising due to the 

increasing absorption below ~460 nm (especially caused by the ground state absorption of DCA, Figure S31, 
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top), and under these conditions in dichloromethane ~35% of the generated emission below 460 nm cannot 

be detected (value calculated based on emission traces normalized to their maximum around 460 nm, see 

figure caption). Unfortunately a (weak) excimer emission is also detectable under upconversion conditions 

(in line with a literature report)50,51 and the emission above ~500 nm has also contributions from excimer 

emission.14,49 Based on the normalized emission at 460 nm, this additional excimer emission increases the 

overall measured emission intensity by about ~25%. Due to the unknown contribution of the inner filter 

effect and the excimer emission, the normalization at 460 nm at the peak maximum represents only a proxy, 

and therefore a more accurate calculation of the generated upconversion quantum yield is not possible. In our 

system, the overestimation of the upconversion quantum yield by integrating part of the excimer emission 

and the neglection of the emission reabsorbed by the inner filter effect seem to have similar absolute 

contributions. 

 

 
Figure S31. Excimer emission and inner filter effect. Bottom: 1*DCA emission following direct excitation of 

DCA (15 PM) at 385 nm and generated via sensitized triplet-triplet annihilation upconversion (20 PM 

[Os(bpy)3](PF6)2, 3mM DCA) under cw laser excitation at 635 nm. For both measurements the solvent is 

dichloromethane and the spectra are normalized to the (local) peak maximum around ~460 nm. Top: UV-vis 

absorption spectrum of [Os(bpy)3](PF6)2 (20 PM) in the absence (blue) and in the presence of DCA (3 mM) 

in dichloromethane (green). For the measurement with annihilator present, the absorbance values at different 

wavelengths are indicated. 
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 Limiting factors of upconversion quantum yield  
 

Table S14. Summary of quantum yields of each step of sTTA-UC in different solvents.a 

symbol general description abbreviation acetonitrile acetone 
dichloro-

methane 

ϕsTTA-UC measured upconversion 

quantum yield a 
sTTA-UC 0.22 % 0.13 % 1.5 % 

ϕTTET quantum yield of triplet-triplet 

energy transfer b  
TTET 11 % 11 % 46 % 

ϕTAA triplet-triplet annihilation 

quantum yield b 
TTA - c - c - c 

ϕFL fluorescence quantum yield of 
1*DCA d 

FL 93 % 95 % 97 % 

a) Details provided in section 4.3.2. b) Details provided in the text below. c) These values were not 

determined. d) Details provided in section 4.1.1. 

 

In principle, the triplet-triplet annihilation upconversion quantum yield (ϕUC,g) should be the product of all 

individual steps involved (equation S4). It has to emphasized that the abovementioned quantum yield of 

ϕTAA—UC corresponds to experimentally determined values, while ϕUC,g represents the internal (generated) 

quantum yield based on the calculated values for all individual steps (and without taking inner-filter effects 

of the upconversion measurements into account, as discussed in the previous section).14,49 

 

 𝜙𝑈𝐶,𝑔 = 𝑓 ∙  𝜙𝑇𝑇𝐸𝑇 ∙  𝜙𝑇𝑇𝐴 ∙  𝜙𝐹𝐿  (S4)  

 

In equation S4, f is the spin-statistical factor, ϕTTET is the quantum yield for triplet-triplet energy transfer, Φ

TAA is the triplet-triplet annihilation quantum yield, and ϕFL is the fluorescence quantum yield of the 

annihilator. While the fluorescence quantum yield of 1*DCA is almost equal in all three solvents (see Table 

S9), differences in ϕ TTET and ϕ TAA depending on the solvent can result in a change of the overall 

upconversion quantum yield.  

 

 𝜙𝑇𝑇𝐸𝑇 = 𝜙𝐼𝑆𝐶,𝑂𝑠
𝑘𝑇𝑇𝐸𝑇 ∙ [𝑄]

𝑘𝑇𝑇𝐸𝑇 ∙ [𝑄] + 𝑘𝑇
 (S5)  

 

For the determination of ϕTTET, the contribution of energy transfer (kTTET · [Q]) to the overall deactivation of 

the excited 3*[Os(bpy)3]2+ is relevant (equation S5).14 This quantity can be calculated by taking into account 

the quantum yield for the formation of the lowest triplet excited state of [Os(bpy)3]2+ via intersystem crossing 
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( ϕ ISC, Os, which is essentially unity for this compound).52 The triplet-triplet energy transfer rate constants 

determined in 4.3.1 and the natural lifetime (using kT = 1/W0) provided in Table S9 are furthermore needed to 

obtain ϕTTET.14 

For the determination of the triplet-triplet annihilation quantum yield ϕTTA a new method was developed 

recently by Albinsson and co-workers.14,15 In principle equation S6 with the triplet-triplet annihilation 

constant and the natural lifetime of 3*DCA can be used to calculate the respective quantum yield. 

 

 𝜙𝑇𝑇𝐴 =
𝑘𝑇𝑇𝐴∙[ 𝐴 3 ]𝑆

2∙𝑘𝑇𝑇𝐴∙[ 𝐴 3 ]𝑆+𝑘𝑇
 (S6)  

 

However, this equation requires knowledge of the steady-state concentration of 3*DCA (abbreviated as [3A]S 

in equation S6), and with our spectroscopic setup this value is not readily available. While the triplet-triplet 

annihilation rate constant is determined by time-resolved transient absorption kinetic measurements with a 

pulsed 532-nm laser, a determination of the steady-state triplet concentration would require a modulated cw 

laser setup with the 635 nm laser used for all other upconversion measurements.14,15 Consequently, the 

absolute 3*DCA  concentration is not accessible to us. 

Our rather simple analysis of different steps contributing to the overall quantum yield clearly indicates that 

the limited solubility of DCA is a key factor. While possible small differences between acetone and 

acetonitrile are not readily distinguishable (and the limiting solubility might introduce larger overall errors to 

the determined absolute values), the higher solubility in dichloromethane clearly increases the quantum yield 

of the triplet-triplet energy transfer as a main factor for the higher observable sensitized triplet-triplet 

annihilation upconversion quantum yield. 
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4.4. Mechanistic investigations of cis-trans isomerisation of stilbene 

 
Figure S32. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)3](PF6)2 and DCA, 

as in Figure 3 of the main manuscript, but here including the additional side reaction steps 1b, 2b and  4B. 

 

Table S15. Summary of relevant data for sTTA-UC for the isomerisation of cis- to trans-stilbene.a 

step no. description of step 
kQ /  M-1 · s-1 

MeCN 

kQ /  M-1 · s-1 

DCM 
Figure 

1 TTET from [Os(bpy)3]2+ to DCA 4·109 3·109 
Figure S17 

Figure S19 

1b reductive quenching of [Os(bpy)3]2+ by 1 <107 - Figure S39 

1b reductive quenching of [Os(bpy)3]2+ by 1-P <107 - Figure S40 

2 triplet-triplet annihilation between 3*DCA 6.9·109 6.8·109 
Figure S20 

Figure S23 

 2b reductive quenching of 1*DCA by 1 N/A b N/A b Figure S37 

2b reductive quenching of 1*DCA by 1-P N/A b N/A b 
Figure S36 

Figure S38 

3 electron transfer from 1to 1*DCA 1.32·1010 1.46·1010 
Figure S33 

Figure S34 

3b electron transfer from 1-P to 1*DCA - 1.54·1010 Figure S35 

4 recovery of DCAx   −  by electron transfer  - - - 

4B propagation pathway - - section 4.8.3 

a) The determination of rate constants of steps 1 and 2 is discussed in the main manuscript and in section 4.2.  

b) No Stern-Volmer analysis possible due to competing inherent first- and second order decay pathways. 

1*DCA

DCA

3*DCA
3*[OsII]

[OsII]

DCA

Start

2

DCA

3*DCA

1 3

4

1

1
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 Quenching of DCA by stilbene 
 

Reductive quenching of 1*DCA by cis- and trans-stilbene 
 

Further information concerning step 3 in Figure S32 is given here. 

 
Figure S33. Singlet state quenching of DCA by cis-stilbene (1). DCA (10 PM) in de-aerated acetonitrile 

was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the 

presence of different concentrations of cis-stilbene (5, 10, 15, 20 and 25 mM). The inset in the upper right 

corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 

 
Figure S34. Singlet state quenching of DCA by cis-stilbene (1). DCA (50 PM) in de-aerated 

dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence 

(green) and in the presence of different concentrations of cis-stilbene (5, 10, 15 and 25 mM). The inset in the 

upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 
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Figure S35. Singlet state quenching of DCA by trans-stilbene (1-P). DCA (50 PM) in de-aerated 

dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence 

(green) and in the presence of different concentrations of trans-stilbene (5, 10, 15, 20 and 25 mM). The inset 

in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 

 

 
Reductive quenching of 3*DCA by cis- and trans-stilbene 

 

Further information concerning step 2b in Figure S32 is given here. 

 
3*DCA can decay either via a first order deactivation to the ground state or via a second order triplet-triplet 

annihilation upconversion process. Consequently, the 3*DCA decay is more complex than a typical 

bimolecular quenching that can be analysed with a Stern-Volmer analysis. However, with natural lifetimes in 

the microsecond timescale (e.g. 165 Ps in dichloromethane, see section 4.3.1) any significant quenching of 
3*DCA by different substrates should be easily detectable, though exact quantification is not targeted here. 

With respect to the essentially unchanged traces upon addition of cis- and trans-stilbene, reductive 

quenching of 3*DCA is unlikely as alternative pathway to triplet-triplet annihilation upconversion (Figure 

S36, Figure S37, Figure S38). 
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Figure S36. Triplet state decay of DCA in the presence of trans-stilbene (1-P). [Os(bpy)3](PF6)2 (50 PM) in 

de-aerated acetonitrile was excited at 532 nm in the presence of DCA (500 PM). Decay of transient signals 

of 3*DCA were monitored at 440 nm in the absence (green) and in the presence of different concentrations of 

trans-stilbene (10, 20, 30 mM).  

 

 
Figure S37. Triplet state decay of DCA in the presence of cis-stilbene (1). [Os(bpy)3](PF6)2 (50 PM) in de-

aerated dichloromethane was excited at 532 nm in the presence of DCA (2 mM). Decay of transient signals 

of 3*DCA were monitored at 730 nm in the absence (green) and in the presence of different concentrations of 

cis-stilbene (10, 20, 30, 40 mM).  
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Figure S38. Triplet state decay of DCA in the presence of trans-stilbene (1-P). [Os(bpy)3](PF6)2 (50 PM) in 

de-aerated dichloromethane was excited at 532 nm in the presence of DCA (3 mM). Decay of transient 

signals of 3*DCA were monitored at 810 nm in the absence (green) and in the presence of different 

concentrations of trans-stilbene (10, 20, 30, 50, 100 mM). 

 

 Quenching of [Os(bpy)3](PF6)2 by stilbene 
 

Further information concerning step 1b in Figure S32 is given here. 

 

Reductive quenching of 3*[Os(bpy)3](PF6)2 by cis- and trans-stilbene 

 
Figure S39. Triplet state decay of [Os(bpy)3](PF6)2 in the presence of cis-stilbene (1). [Os(bpy)3](PF6)2 

(50 PM) in de-aerated acetonitrile was excited at 532 nm. The emission decay was monitored at 700 nm in 

the absence (green) and in the presence of different concentrations of cis-stilbene (10, 20, 50 and 100 mM). 

The inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate 

constant. 

A.4. SI for Chapter 5 (Chem. Sci., 2023, 14, 149 – 161)

359

https://pubs.rsc.org/en/content/articlelanding/2022/sc/d2sc05229f


 

S51 

 
Figure S40. Triplet state decay of [Os(bpy)3](PF6)2 in the presence of trans-stilbene (1-P). [Os(bpy)3](PF6)2 

(50 PM) in de-aerated acetonitrile was excited at 532 nm. The emission decay was monitored at 700 nm in 

the absence (green) and in the presence of different concentrations of trans-stilbene (10, 20, 50 and 

100 mM). The inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated 

quenching rate constant.  
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4.5. Mechanistic investigations of [2+2]-cycloaddition  

 
Figure S41. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)3](PF6)2 and DCA, 

as in Figure 4 of the main manuscript, but here including the additional side reaction steps 1b, 2b and  4B. 

 

Table S16. Summary of relevant data for sTTA-UC in acetone for the [2+2]-cycloaddition of substrate 2.a 

step no. description of step 
kQ /  M-1 s-1 

acetone 
Figure 

1 TTET from [Os(bpy)3]2+ to DCA 4·109 Figure S18 

1b reductive quenching of [Os(bpy)3]2+ by substrate 2 2.8·107 Figure S44 

2 triplet-triplet annihilation between 3*DCA 6.4·109 Figure S21 

2b reductive quenching of 1*DCA by substrate 2 N/A b Figure S43  

3 electron transfer from substrate 2 to 1*DCA 2.1·1010 Figure S42 

3B trapping of radical intermediate by 2 - - 

4 recovery of DCA by electron transfer from DCAx   −  - - 

4B propagation pathway - section 4.8.3 
 a) The determination of the rate constants for steps 1 and 2 is discussed in the main manuscript and in 

section 4.2. b) No Stern-Volmer analysis possible due to competing inherent first- and second order decay 

pathways. 
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 Quenching of DCA by vinylcarbazole (2) 
 

Reductive quenching of 1*DCA by vinylcarbazole (2) 
 

Further information concerning step 3 in Figure S41 is given here. 

 

 
Figure S42. Singlet state quenching of DCA by substrate 2. DCA (50 PM) in de-aerated acetone was excited 

at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence of 

different concentrations of substrate 2 (5, 10, 15, 20 and 25 mM). The inset in the upper right corner contains 

the resulting Stern-Volmer plot and the calculated quenching rate constant. 

 

Reductive quenching of 3*DCA by vinylcarbazole (2) 

 

Further information concerning step 2b in Figure S41 is given here. 

 

As discussed in more detail in section 4.4.1, for the quenching of 3*DCA a Stern-Volmer analysis is not 

readily possible, but a qualitative analysis is realistic. Given the decay of 3*DCA with a lifetime in the 

microsecond time range and the observation that this decay is essentially unchanged upon addition of 

vinylcarbazole 2, reductive quenching of 3*DCA is unlikely as alternative pathway to triplet-triplet 

annihilation upconversion. 
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Figure S43. Triplet state decay of DCA in the presence of vinylcarbazole (2). [Os(bpy)3](PF6)2 (50 PM) in 

de-aerated acetone was excited at 532 nm in the presence of DCA (500 PM). Decay of transient signals of 
3*DCA were monitored at 440 nm in the absence (green) and in the presence of different concentrations of 

vinylcarbazole 2 (25, 50, 75, 100, 150 mM). 

 

 Quenching of [Os(bpy)3](PF6)2 by vinylcarbazole (2) 
 

Further information concerning step 1b in Figure S41 is given here. 

 
Figure S44. Triplet state decay of [Os(bpy)3](PF6)2 in the presence of substrate 2. [Os(bpy)3](PF6)2 (50 PM) 

in de-aerated acetone was excited at 532 nm. The emission decay was monitored at 720 nm in the absence 

(green) and in the presence of different concentrations of substrate 2 (5, 10, 15, 20 and 25 mM). The inset in 

the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 
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4.6. Mechanistic investigations of Newman-Kwart rearranagement 

 
Figure S45. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)3](PF6)2 and DCA, 

as in Figure 5 of the main manuscript, but here including the additional side reaction steps 1b and 2b. 

 

Table S17. Summary of relevant data for sTTA-UC in acetonitrile and dichloromethane for the Newman-

Kwart rearrangement of substrate 3.a 

step 

no. 
description of step 

kQ /  M-1 · s-1 

MeCN 

kQ /  M-1 · s-1 

DCM 
Figure 

1 TTET from [Os(bpy)3]2+ to DCA 4·109 3·109 
Figure S17 

Figure S19 

1b reductive quenching of [Os(bpy)3]2+ by substrate 3 - 4.5·107 Figure S52 

1b reductive quenching of [Os(bpy)3]2+ by naphthalene - <107 Figure S53 

2 triplet-triplet annihilation between 3*DCA 6.9·109 6.8·109 
Figure S20 

Figure S23 

2b reductive quenching of 1*DCA by substrate 3 N/A b N/A b - 

3 electron transfer from naphthalene to 1*DCA 1.5·1010 1.1·1010 
Figure S48 

Figure S49 

3b electron transfer from substrate 3 to 1*DCA 1.5·1010 1.0·1010 
Figure S46 

Figure S47 

3b  electron transfer from biphenyl to 1*DCA 1.9·109 < 108 
Figure S50 

Figure S51 

3B electron transfer from naphthalene radical cation to 
substrate 3 - - - 

4 recovery of DCA by electron transfer from DCAx   −  - - - 

a) The determination of rate constants of steps 1 and 2 is discussed in the main manuscript and in section 4.2. 

b) No Stern-Volmer analysis possible due to competing inherent first- and second order decay pathways. 
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 Quenching of DCA by substrate 3 or redox mediator 
 

Further information concerning step 3 in Figure S45 is given here. 

 

Reductive quenching of 1*DCA by substrate 3 

 
Figure S46. Singlet state quenching of DCA by substrate 3. DCA (50 PM) in de-aerated acetonitrile was 

excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence 

of different concentrations of substrate 3 (5, 10, 15 and 25 mM). The inset in the upper right corner contains 

the resulting Stern-Volmer plot and the calculated quenching rate constant. 

 

 
Figure S47. Singlet state quenching of DCA by substrate 3. DCA (50 PM) in de-aerated dichloromethane 

was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the 

presence of different concentrations of substrate 3 (1, 2, 3, 4 and 5 mM). The inset in the upper right corner 

contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 
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Reductive quenching of 1*DCA by redox mediator 

 
Figure S48. Singlet state quenching of DCA by naphthalene. DCA (15 PM) in de-aerated acetonitrile was 

excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence 

of different concentrations of naphthalene (2, 4, 6, 8 and 10 mM). The inset in the upper right corner 

contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 

 

 
Figure S49. Singlet state quenching of DCA by naphthalene. DCA (50 PM) in de-aerated dichloromethane 

was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the 

presence of different concentrations of naphthalene (5, 10, 15, 20 and 25 mM). The inset in the upper right 

corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 
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Figure S50. Singlet state quenching of DCA by biphenyl. DCA (50 PM) in de-aerated acetonitrile was 

excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence 

of different concentrations of biphenyl (1, 2, 3, 4 and 5 mM). The inset in the upper right corner contains the 

resulting Stern-Volmer plot and the calculated quenching rate constant. 

 

 

 

Figure S51. Singlet excited state decay of DCA in the presence of biphenyl. DCA (50 PM) in de-aerated 

dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence 

(green) and in the presence of different concentrations of biphenyl (5, 10, 15, 20 and 25 mM). The inset in 

the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 
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 Quenching of [Os(bpy)3](PF6)2 by substrate 3 or redox mediator 
 
Further information concerning step 1b in Figure S45 is given here. 
 
Reductive quenching of of 3*[Os(bpy)3]2+ by substrate 3 

 
Figure S52. Triplet state quenching of [Os(bpy)3](PF6)2 by substrate 3. [Os(bpy)3](PF6)2 (50 PM) in de-

aerated dichloromethane was excited at 532 nm. The emission decay was monitored at 700 nm in the 

absence (green) and in the presence of different concentrations of substrate 3 (5, 10, 15, 20 and 25 mM). The 

inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate 

constant. 

 
Reductive quenching of 3*[Os(bpy)3]2+ by redox mediator 

 
Figure S53. Triplet excited state decay of [Os(bpy)3](PF6)2 in the presence of naphthalene. [Os(bpy)3](PF6)2 

(50 PM) in de-aerated dichloromethane was excited at 532 nm. The emission decay was monitored at 

700 nm in the absence (green) and in the presence of different concentrations of naphthalene (5, 10, 15, 20, 

25 and 50 mM). The inset in the upper right corner contains the resulting Stern-Volmer plot and the 

calculated quenching rate constant.  
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4.7. Mechanistic investigations of ether-to-ester rearranagement 

 
Figure S54. Possible mechanism for red light driven photoredox catalysis with [Os(bpy)3](PF6)2 and DCA, 

as in Figure 6 of the main manuscript, but here including the additional side reaction steps 1b and 2b. 

 

Table S18. Summary of relevant data for sTTA-UC in dichloromethane for the ether-to-ester rearrangement 

of substrate 4.a 

step no. description of step 
kQ /  M-1 · s-1 

dichloromethane 
Figure 

1 TTET from [Os(bpy)3]2+ to DCA 3·109 Figure S19 

1b reductive quenching of [Os(bpy)3]2+ by substrate 4— - b 
 Figure S59 

Figure S58 

1b reductive quenching of [Os(bpy)3]2+ by substrate 4 7.2·106  Figure S60 

2 triplet-triplet annihilation between 3*DCA 6.8·109 Figure S23 

2b reductive quenching of 1*DCA by substrate 4— N/A c - 

2b reductive quenching of 1*DCA by substrate 4 N/A c - 

3 electron transfer from substrate 4—-to 1*DCA 5.0·109 Figure S53 

3b electron transfer from substrate 4 to 1*DCA < 106 Figure S56 

3b electron transfer from tMePy to 1*DCA 1.0·108 Figure S57 

4 recovery of DCA by electron transfer from DCAx   −  - - 

a) The determination of rate constants of steps 1 and 2 is discussed in the main manuscript and in section 4.2. 

b) The anionic substrate and [Os(bpy)3]2+ result in concentration-independent quenching of the lifetime 

(possibly as a result of aggregation), therefore no Stern-Volmer analysis was made. c) No Stern-Volmer 

analysis possible due to competing inherent first- and second order decay pathways. 
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 Quenching of DCA by substrate 4 or 4— 
 

Further information concerning step 3 in Figure S54 is given here. 

 

Reductive quenching of 1*DCA by substrate 4, deprotonated substrate 4— or base 

 
Figure S55. Singlet state quenching of DCA by substrate 4—. DCA (50 PM) in de-aerated dichloromethane 

was excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the 

presence of different concentrations of substrate 4— (as TBA+ salt, 1, 2, 3, 4 and 5 mM). The inset in the 

upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 

 

 
Figure S56. Singlet state decay of DCA in the presence of substrate 4. DCA (50 PM) in de-aerated 

dichloromethane was excited at 405 nm. The emission decay was monitored at 435 nm in the absence 

(green) and in the presence of different concentrations of substrate 4 (1, 2, 3, 4, 5 and 50 mM). The inset in 

the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 
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Figure S57. Singlet state quenching of DCA by tMePy. DCA (50 PM) in de-aerated dichloromethane was 

excited at 405 nm. The emission decay was monitored at 435 nm in the absence (green) and in the presence 

of different concentrations of tMePy (20, 40, 60, 80 and 100 mM). The inset in the upper right corner 

contains the resulting Stern-Volmer plot and the calculated quenching rate constant. 

 

 Quenching of triplet-excited [Os(bpy)3](PF6)2 by substrate 4 or 4— 
 

Further information concerning step 1b in Figure S54 is given here. 

 

 
Figure S58. Triplet state quenching of [Os(bpy)3](PF6)2 by substrate 4—. [Os(bpy)3](PF6)2 (50 PM) in de-

aerated dichloromethane was excited at 500 nm. The steady-state emission was monitored in the absence 

(dark blue) and in the presence of substrate 4— (5 mM, pale blue). Red traces illustrate the effect of adding 

TBAPF6.  
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Figure S59. Triplet state decay of [Os(bpy)3](PF6)2 in the presence of substrate 4—. [Os(bpy)3](PF6)2 

(50 PM) in de-aerated dichloromethane was excited at 532 nm. The emission decay was monitored at 

700 nm in the absence (green) and in the presence of different concentrations of substrate 4— (1, 2, 5, 10, 15, 

20 and 25 mM). The inset in the upper right corner contains the resulting Stern-Volmer plot. No quenching 

constant was calculated, but the data suggest an essentially concentration-independent (static) quenching or a 

counter-ion induced change in the natural lifetime of [Os(bpy)3]2+. At higher concentrations (above 10 mM) 

of substrate, a biexponential fit function was needed to account for a laser-limited (static) quenching 

contribution (~6 ns). These observations might due to aggregation in solution, in line with steady-state 

measurements in Figure S58 and observations for other metal complexes.53–56  

 

 

Figure S60. Triplet state decay of [Os(bpy)3](PF6)2 in the presence of substrate 4. [Os(bpy)3](PF6)2 (50 PM) 

in de-aerated dichloromethane was excited at 532 nm. The emission decay was monitored at 700 nm in the 

absence (green) and in the presence of different concentrations of substrate 4 (2, 5, 10, 15, 20 and 25 mM). 

The inset in the upper right corner contains the resulting Stern-Volmer plot and the calculated quenching rate 

constant. 
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4.8. Radical chain mechanism, salt effect and deactivation pathways 

 Exciplex formation 
For excited state quenching of 1*DCA several examples of (emissive) exciplexes have been reported in the 

literature.50,57–60 The stabilisation of the excited state by exciplex formation and consequent emission at 

longer wavelengths represents a possible unproductive deactivation pathway that does not lead to the desired 

oxidative quenching of 1*DCA. Typically excimer formation is more likely in apolar solvents, in which the 

radical ions formed upon electron transfer between individual excimer components are less well stabilized 

than in polar solvents.57,61,62 

 

 
Figure S61. Normalized steady-state emission spectra of 1*DCA in the absence and presence of different 

compounds. DCA (20 PM) was excited at 400 nm in the presence of (a) 1 (50 mM), 1-P (50 mM) or 

naphthalene (50 mM) in acetonitrile, (b) 1 (50 mM) or 1-P (50 mM) in dichloromethane, (c) 2 (50 mM) in 

acetone, (d) naphthalene (50 mM) in dichloromethane or 4 (50 mM), tMePy (50 mM) or 4 and tMePy (each 

50 mM) in dichloromethane. The emission spectra without additives is given as green trace in all parts (a-e). 

Upconverted emission of [Os(bpy)3](PF6)2 (20 PM) excited with a 705 nm cw laser in the presence of DCA 

(2 mM) and either 1, 1-P or naphthalene (50 mM in each case) was also detected in dichloromethane for all 

cases that showed clear excimer emission bands by dircet excitation (see a-e). Towards 650 nm, the 

unqenched emission of 3*[Os(bpy)3]2+ is marked with an asterisk. All emissions have been normalized to the 

highest emission peak of 1*DCA.  

 

Indeed, excitation of DCA at 400 nm in acetonitrile resulted in essentially identical emission spectra in the 

presence of substrate 1 and product 1-P after normalization to the emission maximum (Figure S61a) while in 
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dichloromethane new excimer emission bands between 500 and 750 nm are visible (Figure S61b). In the 

case of substrate 2 in acetone and for substrate 4 (deprotonated by tMePy as well as for its protonated form) 

no excimer emission band was detected (Figure S61c and e). For naphthalene (which is the redox mediator 

for the conversion of substrate 3) in dichloromethane a clear excimer emission band between 500 nm and 

700 nm is detected.  

Also under upconversion conditions, with [Os(bpy)3](PF6)2 (20 PM) excited at 705 nm with a cw laser in the 

presence of DCA (2 mM) in dichloromethane and either 1 (50 mM), 1-P (50 mM) or naphthalene (50 mM)  

added, excimer emission contributes to the emission spectra between 450 and 650 nm (Figure S61f). 

These measurements indicate that for the isomerisation of cis-stilbene (1) exciplex formation (especially 

with the product trans-stilbene 1-P) can lead to an alternative deactivation pathway. This is as well the case 

for the naphthalene-mediated Newman-Kwart rearrangement of substrate 3. In line with these findings, a 

(weak) emission upon cw laser irradiation was visible over the complete time of irradiation in the photoredox 

catalysis experiments for these two reactions. 

 

 Salt effect of TBAPF6  
 

The presence of TBAPF6 was found to be beneficial as additive for the light-driven reaction in 

dichloromethane. For the Newman-Kwart rearrangement of substrate 3 (Table S5, 
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Table S6) the addition of the salt was indispensable for productive reaction, while in its absence no reaction 

was observed at all. The ether-to-ester rearrangement of substrate 4 (Table S7, Table S8) was markedly 

faster in the presence of salt. 

The lifetime of 1*DCA is on the same time scale as the pulse duration of the excitation laser pulse (~10 ns) in 

our laser setup and the direct excited state decay of 1*DCA cannot be detected with this setup, but long-lived 

intermediates resulting from quenching of 1*DCA can be readily monitored. As a representative reaction 

partner, naphthalene was chosen as quencher, because this compound is known to give a comparatively high 

cage escape yield for electron-transfer photoproducts (at least in acetonitrile ~0.58),63 thereby possibly 

allowing the direct detection of new spectroscopic signals in transient UV-vis spectroscopy. 

 

Interestingly, the spectroscopic signals detected 200 ns after the excitation of DCA (25 PM) in 

dichloromethane in the presence of 100 mM naphthalene significantly differ depending on the presence or 

absence of TBAPF6 (Figure S62, middle). In the absence of the salt the spectroscopic features of 3*DCA are 

clearly visible (with a new absorption band around 440 nm) while in the presence of TBAPF6 the radical 

anion (DCAx   − ) with absorption maxima around 640 nm and 705 nm is visible. Small spectroscopic 

differences between the reference and the measured spectra are attributed to solvents effects, as the reference 

spectra were recorded in acetonitrile. A similar analysis with other substrates (Table S19 under slightly 

modified conditions) revealed that in polar solvents such as acetonitrile (for 1 and 1-P) and acetone (2) the 

radical anion is readily detectable, while in dichloromethane this is not the case for any of the substrates in 

the absence of TBAPF6 as additive. Unfortunately, quantification is challenging, among other reasons due to 

more complex isomerisation of substrate 1 (involving different intermediates in more apolar solvents such as 

dichloromethane64,65 compared to acetonitrile61). Interestingly, for trans-stilbene 1-P (extinction coefficient 

of 69500 M-1 cm-1 at 472 nm)66 a weak signal of the radical cation or dimer radical cation intermediate can 

be detected in dichloromethane in the absence of salt. This observation implies that the resolution of our 

measurement is in this case not high enough to detect the radical anion of DCA (extinction coefficient of 

8400 M-1 cm-1at 705 nm)67. This is in line with previous spectroscopic investigations in 

dichloromethane.17,65,68 A comparison to the bleach of [Ru(bpy)3]2+ at 455 nm indicates that the cage escape 

yield of free ions is less than 10% in the absence of salt, based on the assumption that the spectroscopic 

features of DCAx- can be unambiguously identified for signal intensities above 5 m'OD (data summarized in 

Table S19, spectroscopic data not shown). Due to the unknown spectroscopic features of most of the 

investigated radical cations and possible alternative pathways (e.g. formation of 3*DCA) with additional 

overlapping signals, quantification for all substrates is not straightforward and below the scope of this 

investigation. Investigations of 1*DCA quenching imply that the cage escape yields to form solvent-separated 

ions can differ significantly depending on the substrate.20,69  
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Figure S62. Spectral differences in transient absorption spectra included by addition of TBAPF6. DCA 

(25 PM) in de-aerated dichloromethane was excited at 435 nm in the presence of napthalene (100 mM). 

Measurements occurred both in the presence as well as in the absence of 100 mM TBAPF6 (middle panel) 

and the transient absoprtion spectra were recorded with a time delay of 200 ns after the laser pulses, time-

integrated over 200 ns. The reference spectra of DCAx   − (top) and 3*DCA (bottom) in actonitrile are shown 

for comparison. Both reference spectra were reproduced from the literaure.3 

 

Overall, our measurements imply that there is a significant change in the reactivity for the excited state 

quenching step of 1*DCA in dichloromethane depending on the exact conditions and the additive. 

Investigations of different systems for the quenching of 1*DCA have previously shown that the addition of a 

salt can facilitate the dissociation of radical ion pairs to solvent separated ion pairs.70–72 The formation of 
3*DCA has been suggested in apolar solvents and can occur either via charge recombination pathway (from 

contact ion pairs),41,57,59,61,73 or intersystem crossing (e.g. from exciplexes between DCA and quencher).50,59,74 

Therefore it seems reasonable to conclude that the addition of TBAPF6 supports the charge separation to 

form solvent-separated ion pairs,17,68 which is the first step towards substrate activation in the mechanisms 
proposed for our systems.  

In principle also signals for the naphthalene radical cation should be detectable upon electron transfer to 
1*DCA, in addition to the clearly detectable DCAx   − in Figure S62. Unfortunately, the spectroscopic features 

of the naphthalene radical cation are broad and comparably weak, with a absorption band maximum around 

580 nm and an extinction coefficient of ~5000 M-1 cm-1.75 Weak naphthalene radical cation absorption is 

presumably causing the slight spectroscopic differences between the reference spectra (Figure S62, top) of 

DCAx   − and the spectra obtained by transient spectroscopy in the presence of TBAPF6 (Figure S62, middle). 

Subsequent formation of new transient intermediates (e.g. dimer cation of naphthalenes)75 complicate the 

identification of the bands caused by naphthalene-related species in this case. 
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Table S19. 1*DCA quenching and radical anion detection under different conditions. 

quencher solvent Additive DCAx   − detectable? a ΦIon b 

1 acetonitrile - yes 0.13 66 

1 dichloromethane 
- 

TBAPF6 

no 

yes 

< 0.1 

- 

1-P acetonitrile - yes 0.21 66 

1P dichloromethane 
- 

TBAPF6 

no d 

yes 

< 0.1 

- 

2 acetone - yes - 

3 dichloromethane 
- 

TBAPF6 

no c 

no c 
< 0.1 

< 0.1 

naphthalene dichloromethane 
- 

TBAPF6 

no c 

yes 

< 0.1 e 

- 

4 dichloromethane TBAPF6 no < 0.1 

4 + tMePy dichloromethane 
- 

TBAPF6 

no 

no 

< 0.1 

< 0.1 

a) The presence of DCAx   − was determined based on transient absorption spectrum recorded 200 ns after the 

laser pulse (time integration 200 ns). Conditions:  DCA (75 PM), quencher (75 mM), additive (75 mM) in 

de-aerated solvent, excited at 437 nm. b) New values determined against [Ru(bpy)3]2+, further details are 

provided in the text. c) Formation of 3*DCA detected. d) trans-Stilbene radical cation detectable. e) In 

acetonitrile: ~0.58.20 

 

 Photochemical quantum yield estimation and radical chain mechanism 
 

The photochemical quantum yield can give insights into the mechanism of a light-driven reaction and 

provide insights about radical chain mechanisms.76 Especially for oxidative substrate activation, radical 

chain mechanisms represent a viable reaction pathway and have to be considered.76,77 For the isomerisation 

of cis- (1) to trans-stilbene (1-P) in acetonitrile, a radical chain mechanism has been reported earlier for high 

concentrations of substrate under conditions with low light intensities, while in apolar solvents such as 

benzene no propagation pathway was reported.9 Furthermore, for the [2+2] cycloaddition reaction of 

vinylcarbazole (2) a radical chain propagation has been found earlier in a reaction sensitized by fluorenone in 

acetone under an Argon atmosphere (ϕPC ~2.1).78  

 
The photochemical quantum yield ϕPC is defined as the number of molecules formed divided by the number 

of photons absorbed (equation S7).  
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 𝜙𝑃𝐶 = # 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑
# 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

= 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥 ∙ 𝑡𝑖𝑚𝑒 ∙ 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑙𝑖𝑔ℎ𝑡

= 𝑛
𝑃𝐹 ∙ 𝑡 ∙ 𝑓 

 (S7)  

 𝑃𝐹 = 𝑃
𝐸𝜆𝑒𝑥

= 𝑃 ∙  𝜆𝑒𝑥
ℎ ∙ 𝑐
 (S8)  

 𝑓 = 1 − 10𝐴𝜆𝑒𝑥  (S9)  

 

The amount of product formed in the course of the light-driven reaction over a certain irradiation time is 

calculated using the known concentration of starting material and the reaction volume to obtain the overall 

amount of substance in solution. The amount of product (n) is then determined by quantitative NMR 

measurements against dioxane as internal standard. For quantum yields above 1, a propagation pathway is 

occurring, while for quantum yields (significantly) below 1 a radical chain mechanism is less likely. 

The number of photons absorbed can be calculated from the known photon flux (PF, as photons per time) 

multiplied with the irradiation time. In our case, a cw laser setup was used and the laser power (P, in W or 

J/s) determined with a laser power meter was directly used together with the energy of the laser at the 

excitation wavelength (EOex) to calculate the photon flux per second (PF, equation S8). In combination with 

the time of irradiation (t), the number of photons emitted by the cw laser can be calculated. Multiplication 

with the fraction of absorbed light (f, equation S9), which is determined from the absorbance A at the 

excitation wavelength, measured by UV-vis absorption of diluted solutions, results in the number of photons 

absorbed by the photocatalyst. 

 

Photochemical quantum yield for cis-trans isomerisation 

The results for the photochemical quantum yield determination by direct excitation with a blue cw laser for 

the isomerisation of cis- (1) to trans-stilbene (1-P) are summarized in Table S20 for different solvents. The 

data for the light-driven reaction with red light in the presence of sensitizer are given in Table S21. 

Our determined photochemical quantum yields (Table S20) for a solution of 0.1 M cis-stilbene in acetonitrile 

with blue light irradiation are about one third of the reported literature value (ϕPC  ~0.32 at a concentration of 

0.05 M cis-stilbene).9 This result implies that at this concentration no propagation pathway is present, while 

at higher concentrations of 0.3 M of stilbene a photochemical quantum yield of 2.7 was measured 

previously. In general a correlation between high concentration and high photochemical quantum yields 

(including a radical chain mechanism) have been proposed and one would therefore in principle expect a 

higher quantum yield for the case of 0.1 M 1 in comparison to the measurement at 0.05 M.9 Furthermore, the 

light intensity has been suggested to have an influence on the photochemical quantum yield, and at higher 

light intensities lower quantum yields were determined for DCA,9 as well as for other sytems in which a 

radical chain mechanism was operative.79 The main differences between our measurements and those 

reported in literature is probably the collimated and significantly more intense light source used in our 

investigation. Therefore, the photochemical quantum yield was also calculated for the reaction with red light 

irradiation in the presence of [Os(bpy)3]2+. Unsurprisingly, the overall quantum yield (~0.015) was lower 

than the value determined by direct excitation with blue light (~0.03), but a similar value as for the triplet-
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triplet annihilation upconversion quantum yield (~0.0148 in dichloromethane, see section 4.3.2) is obtained. 

This would suggest that each 1*DCA populated results in a successful substrate turnover and subsequent 

product formation. The findings that the charge separation quantum yield after excited-state quenching of 
1*DCA is below unity (particularly in the absence of TBAPF6, section 4.8.2) and that trans-stilbene 1-P is 

also capable to quench the excited state (offering an alternative unproductive pathway with respect to 

product formation) are remarkable. Even though the conditions used for spectroscopic measurements and the 

light-driven reactions might not be perfectly comparable, these findings indicate that the hypothesis that 

every 1*DCA formed under upconversion conditions indeed leads to productive substrate turnover is not very 

plausible. Therefore, contributions to the product formation through a radical chain mechanism seems more 

likely as explanation for the similar upconversion quantum yield and photochemical cis-trans isomerisation 

quantum yield with red light.  

 

Table S20. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 1 with 405 nm cw laser irradiation. 

solvent A405n
m a f P / mW PF / 

Pmol·s-1 t / s absorbed 
photons / Pmol 

product / 
Pmol ϕPC 

MeCN 0.62 0.76 453 1.53 
90 

180 

~105 

~210 

~14 

~23 

~0.13 

~0.11 

DCM >3 ~1 452 1.53 
180 

360 

~275 

~550 

  ~8 

~14 

~0.03 

~0.03 

Conditions: cis-stilbene (1, 100 mM), DCA (5 mol%), 405 nm cw laser irradiation. a) Absorbance in the 

NMR tube estimated based on the measured absorbance from diluted solutions taking the dilution factor and 

the smaller path length in the NMR tube into account. 

 

Table S21. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 1 in the presence of osmium sensitizer with 635 nm cw laser irradiation. 

[Os(bpy)3]2+ A635nm f P / mW PF / 
Pmol·s-1 t / s absorbed 

photons / Pmol 
product / 
Pmol ϕPC a 

1 mol% 1.28 0.95 400 2.12 
900 

1800 

~1800 

~3600 

~14 

~23 

~0.015 

~0.013 

0.1 mol% 0.128 0.255 400 2.12 
900 

1800 

~490 

~980 

  ~4 

~9 

~0.017 

~0.019 

Conditions: cis-stilbene (1, 100 mM), [Os(bpy)3](PF6)2, DCA (5 mol%), 635 nm cw laser irradiation in 

dichloromethane-d2 (0.6 mL). a) Calculated quantum yield multiplied with a factor of two to account for the 

need of two photons per catalytic turnover. 

 

Photochemical quantum yield for [2+2]-cycloaddition 
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The results for the photochemical quantum yield determination by direct excitation for the cycloaddition of 

substrate 2 are summarized in Table S22. In this case a 447 nm cw laser instead of the 405 nm cw laser was 

used to account for the background reactivity observed without 425 nm long-pass filter (see Table S3). The 

data for the red light-driven reaction in the presence of osmium sensitizer are given in Table S23. 

A similar analysis as in the previous subsection for the cis-trans isomerisation is also possible in this case; 

the photochemical quantum yield (~0.18) determined by direct blue light excitation is below unity and 

deviates substantially from the literature value of 2.1.78 A comparison of ϕPC under conditions with red light 

irradiation (Table S23) results again in a smaller absolute quantum yield of ~0.0017. As in the previous 

example discussed above, this is on the same order of magnitude as the upconversion quantum yield in 

acetone (~0.0013). Therefore, with the same arguments discussed above are applicable, and contributions 

from a radical chain mechanism seem plausible for this reaction under red light irradiation despite the low 

apparent photochemical quantum yield. 

 

Table S22. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 2 with 447 nm cw laser irradiation. 

A447nm 
a f P / mW PF / Pmol·s-1 t / s absorbed photons / 

Pmol 
product / 
Pmol b ϕPC 

0.30 0.5 501 1.87 
90 

180 

~84 

~168 

~15 

~24 

~0.18 

~0.14 

Conditions: substrate 2 (200 mM), DCA (2.5 mol%), 447 nm cw laser irradiation in acetone-d6 (0.6 mL). a) 

Absorbance in the NMR tube estimated based on the measured absorbance from diluted solutions taking the 

dilution factor and the shorter path length in the NMR tube into account. b) Concentration divided by 2 to 

account for the need of one photon and two molecules of substrate to form one equivalent of product. 

 

Table S23. Summary of relevant data for the determination of the photochemical quantum yield for light-

driven isomerisation of 2 in the presence of sensitizer with 635 nm cw laser irradiation. 

A635nm f P / mW PF / Pmol·s-1 t / s absorbed photons / 
Pmol 

product / 
Pmol ϕPC a 

1.28 0.95 400 2.121 
3600 

7200 

~7230 

~14460 

~6 

~10 

~0.0017 

~0.0014 

Conditions: substrate 2 (200 mM), [Os(bpy)3](PF6)2 (0.5 mol%), DCA (2.5 mol%), 635 nm cw laser 

irradiation. a) Calculated quantum yield multiplied by a factor of two to account for the need of two photons 

per catalytic turnover. 

 

 Deactivation via electron transfer cascade pathway 
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For the isomerisation of substrate 1 and the dimerization of substrate 2 contributions from a radical chain 

mechanism are plausible (see section 4.8.3). The slow reaction progress for the rearrangements of substrate 3 

and 4, requiring irradiation times of several days under red light irradiation, seemed curious in comparison to 

the reasonably fast conversions observed for the same reactions under blue light irradiation (section 2.3.3 

and 2.3.4). Salt effects or low cage escape yields might explain to some extent the need for long reaction 

times, but these two effects should be comparable under red and blue light irradiation.  Recently, we were 

able to obtain mechanistic insights into the elementary steps after triplet-triplet annihilation upconversion 

using time-resolved laser spectroscopy,10 and this might also provide useful insights in the present cases 

here, although the lower upconversion quantum yields and the lower cage escape yields in the present system 

might complicate the detection of transient intermediates.  

 

 
Figure S63. Time-resolved spectroscopy for upconversion system with and without naphthalene (called 

“quencher”) present. [Os(bpy)3](PF6)2 (50 PM) in dicholoromethane was excited at 532 nm in the presence 

DCA (5 mM) and TBAPF6 (100 mM) and the emission spectra (a) and transient absorption spectra (c) were 

recorded with different time delays after the laser pulse (as indicated in the figure, all time-integrated over 

200 ns). Measurements under identical conditions in the presence of naphthalene (100 mM) are presented in 

(b) and (d). A comparison of the transient absorption spectra with a time-delay of 50 Ps after the laser pulse 

in the presence (red) and absence (blue) of napthalene as well as the substraction of these two waves (green) 

together with the spectroelectrochemically generated [Os(bpy)3]3+ (purple) and electrochemcially generated 

DCAx   − (black) is given in (e). In the lowest panels, the kinetic traces at 810 nm (f) and 480 nm (g) for the 

solutions described above in the presence (red) and absence (blue) of naphthalene are displayed together 
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with the difference-of-difference trace for the signal over time at 480 nm (h). A mathematical smoothing 

function was applied to enhance the quality of the data presented in (f) and (g). 

 

As a representative model system, we investigated the DCA excited state quenching by naphthalene under 

triplet-triplet annihilation upconversion conditions. Investigation of the effect of the presence of naphthalene 

on our upconversion system consisting of [Os(bpy)3](PF6)2  (50 PM), DCA (5 mM) and TBAPF6 (100 mM) 

in dicholoromethane was measured under pulsed 532 nm laser excitation (Figure S63). As expeced, a 

delayed emission of 1*DCA was observed in the absence of naphthalene (Figure S63a) while in the presence 

of naphthalene (100 mM) most of the upconverted emission of 1*DCA was completely quenched and mainly 

the (weaker) excimer emission was detected between 450 and 650 nm (Figure S63b). At short delay times of 

100 ns unquenched prompt emission of 3*[Os(bpy)3]2+ is still detected in the presence and absence of 

naphthalene (see a and b). The transient absorption spectra recorded with different time delays after the laser 

pulse clearly show very dominant spectral features of 3*DCA with maxima around ~440-450 nm, 735 nm and 

810 nm, irrespective of whether naphthalene is added or not (Figure S63c and d). As expectable for an 

additional elementary step following triplet-triplet annihilation upconversion, some differences become 

observable with longer delay times after the laser pulse, but the most prominent difference is a negative band 

with a maximum around 480 nm (Figure S63d, brown trace with a time-delay of 50 Ps) that is not detected in 

the absence of naphthalene. In principle, spectroscopic features of DCAx   − and oxidized naphthalene radical 

cation would be expected as positive new signals, while a negative signal indicates a ground state bleach or 

an (intense) emission band in that spectral range. Emission might in principle serve as an explanation here 

(with signals between 400 nm and 600 nm) and is indeed detectable in the absence of naphthalene (negative 

signal around 440 nm in Figure S63c). However, the emission intensity is rather low in the presence of 

naphthalene (this can be rationalized by the fact that almost all emission is quenched by naphthalene, as 

concluded above). An alternative explanation for the observable negative signal would be a ground state 

bleach, and indeed, the difference-of-difference spectrum obtained with a time delay of 50 Ps resembles very 

well the shape obtained for the Os(III) complex (obtained by electrochemical oxidation, purple trace in 

Figure S63e). Furthermore, the comparison of the kinetic traces at 810 nm (Figure S63f), where only 

contributions from 3*DCA are present, and at 480 nm (Figure S63g), where 3*DCA and [Os(bpy)3]3+ 

contribute to the overall signal, clearly shows that naphthalene addition makes a difference only at the latter 

wavelength. The subtraction of both traces at 480 nm (Figure S63h) indicates that [Os(bpy)3]3+ is present 

over several hundred microseconds. The more positive signal at 480 nm over the first ~10 Ps after the laser 

pulse in the difference-of-difference trace is attributed to a decreased signal intensity in the absence of 

naphthalene, caused by the more intense upconverted emission contributing to the overal signal in 

comparison to the trace in the presence of naphthalene where the upconverted emission is quenched. The 

absence of any band corresponding to the naphthalene radical cation and the formation of [Os(bpy)3]3+ 

within the first 50 Ps after the laser pulse clearly indicates that an electron transfer cascade to yield 

[Os(bpy)3]3+ is a fast but unwanted deactivation pathway. Overall, the insights gained within this 
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spectroscopic investigation of the full triplet-triplet annihilation upconversion system in the presence of 

naphthalene point out that measurements of the system as a whole can provide a better understanding of 

(desired and undesired) reactions than seperate measurements of the individual steps. 

While the bleach in Figure S63e can be unambiguosly attributed to [Os(bpy)3]3+ (as discussed above), the 

signal intensity of DCAx   − is weak. A possible reason for this might be the overall low signal intensity and 

better spectral resolution around 500 nm in comparison to 700 nm, rendering the detection of the radical 

anion more difficult. Analogous investigations in acetonitrile or acetone (in which the upconversion quantum 

yields are much lower) have not been performed. 

 

 

 

 Catalyst stability under long-term irradiation 
 

For some of the reactions investigated herein, very long irradiation times are required (14 days for substrate 

3, 140 hours for substrate 4). Consequently, the stability of the catalytic system comprised of 

[Os(bpy)3](PF6)2  and DCA was probed by 1H-NMR spectroscopy following long-term irradiation 

(Figure S64).    

Due to the low concentration of [Os(bpy)3](PF6)2 (1 mol%), its proton resonances are weak compared to 

those of the other reaction components, yet the data in Figure S64 clearly shows that substantial portions of 

both [Os(bpy)3]2+ (green boxes in Figure S64) and the DCA annihilator remain intact (blue box in Figure 

S64),  although some degradation of DCA seems to have occurred. Overall, this analysis indicates that our 

catalyst combination is largely stable over up to 14 days and sTTA-UC seems plausible even under long-

term irradiation. 
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Figure S64. Extract of the 1H-NMR spectra monitoring the Newman-Kwart rearrangement of substrate 3 

under 635 nm cw-laser irradiation, shown together with reference spectra of [Os(bpy)3](PF6)2  and DCA in 

dichloromethane-d2. Reaction conditions for the light-driven reaction: 50 mM 3, 1 mol% [Os(bpy)3](PF6)2, 

10 mol% DCA, naphthalene (2 eq.) and TBAPF6 (1 eq.) in dichloromethane-d2. IS = internal standard (1,4-

dioxane).  Key proton resonances present in the reference as well as in the reaction mixture before and after 

irradiation are highlighted in green ([Os(bpy)3]2+) and blue (DCA). Grey framed parts indicate zones, in 

which proton resonances originating from different reaction components overlap with one another.  
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5. NMR data 

 

Figure S65. 1H-NMR spectra monitoring isomerisation of substrate 1 over time using 635 nm cw-laser 

irradiation. Reaction conditions: 50 mM 1, 0.1 mol% [Os(bpy)3](PF6)2 and 5 mol% DCA in 

dichloromethane-d2. IS = internal standard (1,4-dioxane).   

 

Figure S66. 1H-NMR spectra monitoring cycloaddition of substrate 2 over time using 635 nm cw-laser 

irradiation. Reaction conditions: 200 mM 2, 0.5 mol% [Os(bpy)3](PF6)2 and 2.5 mol% DCA in acetone-d6. IS 

= internal standard (1,4-dioxane).   
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Figure S67. 1H-NMR spectra monitoring Newman-Kwart rearrangement of substrate 3 over time using 

635 nm cw-laser irradiation. Reaction conditions: 50 mM 3, 1 mol% [Os(bpy)3](PF6)2, 10 mol% DCA, 

naphthalene (2 eq.) and TBAPF6 (1 eq.) in dichloromethane-d2. IS = internal standard (1,4-dioxane).   

 

Figure S68. 1H-NMR spectra monitoring isomerisation of substrate 4 over time using 635 nm cw-laser 

irradiation. Reaction conditions: 100 mM 4, 0.5 mol% [Os(bpy)3](PF6)2, 5 mol% DCA, TBAPF6 (1 eq.) and 

2,4,6-trimethylpyridine (1 eq.) in dichloromethane-d2. IS = internal standard (1,4-dioxane).   
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