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Abstract 

Considering the steadily growing world population and the accompanying increase in energy 

consumption, the change from fossil fuels as the primary energy source to more 

environmentally friendly alternatives is unavoidable. Some of the most promising sustainable 

energy sources are based on solar energy conversion, which is increasingly popular and seems 

indispensable to enable a greener future. 

The use of light as an energy source has furthermore been identified as a useful concept in 

synthetic organic chemistry, because it can enable new reaction types, allows for mild reaction 

conditions and often provides good selectivity. As the light-absorbing and photoactive species 

in these reactions, photocatalysts, often based on transition metals, are employed. Even 

though the selection of available photocatalysts is considerable, there is still a significant 

potential for the development of novel compounds that could enable more challenging 

reactions. In this thesis, the borylation of cyanido complexes of d6 metals is identified as a 

useful concept in order to obtain potent photocatalysts for photoredox- and energy transfer 

catalysis. 

In the first part (Chapter 2), a general introduction containing the necessary theoretical 

background is provided. This includes photophysical principles as well as important literature 

reports to put the topics discussed in this thesis into a broader perspective. 

In the main part (Chapters 3 to 5), new isocyanoborato complexes with different metal centers 

are investigated. In the first project (Chapter 3), the borylation of two well-known 

ruthenium(II) cyanido complexes is identified as a useful approach to boost their 

photocatalytic performance. These results are complemented by in-depth photophysical 

studies, providing insight into the changes of the electronic structure accompanying 

borylation. This study is then extended in the second and third project to complexes of 

iridium(III) (Chapter 4) and iron(II) (Chapter 5). In Chapter 4, the focus lies on the possible 

applications of an IrIII isocyanoborato complex for photochemical transformations. This new 

luminophore exhibits an exceptionally high triplet energy and therefore enables challenging 

energy-transfer catalyzed reactions as well as photochemical upconversion deep into the UV. 

In contrast, Chapter 5 focuses on the electronic structures and excited-state dynamics of two 

FeII isocyanoborato complexes by combining different experimental techniques, thereby 

allowing to paint a conclusive picture of the changes associated with borylation. 

In summary, this thesis provides detailed insight into the photophysics and electronic 

structures of isocyanoborato complexes based on RuII, IrIII and FeII. Furthermore, the RuII and 

IrIII luminophores are shown to be applicable to several challenging photocatalyzed reactions 

in synthetic organic chemistry. 
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1 Perspective 

Nowadays, approximately 80 % of humankind’s energy demand is covered by fossil fuels.[1] 

This is highly problematic due to the emission of large amounts of greenhouse gases that 

accompanies their combustion. Furthermore, the total amount of fossil fuels on Earth is 

limited and the remaining reserves are often exploited by more and more energy-intense, 

invasive and polluting methods, resulting in severe environmental damage.[2] Anthropogenic 

climate change is one of the biggest challenges of our times and, to limit the global increase 

in temperature to a value below 2 °C compared to pre-industrial times, in accordance with the 

Paris climate agreement, alternative and more sustainable energy sources must be explored 

and applied in the very near future.[3] 

The sun is an obvious alternative resource to satisfy our need for energy because the amount 

of solar energy that reaches Earth’s surface is enormous. If only 0.015 % of that energy could 

be used, it would be sufficient to cover entire humankind’s demand.[4] Currently, most of the 

solar harvesting is achieved via conversion to electricity in solar panels or by transformation 

to heat. However, there are inherent problems with both techniques and in the future, it 

would be desirable to directly convert solar energy to chemically storable energy, similar to 

the way by which nature powers most of life on Earth, photosynthesis. Promising methods in 

that regard are photochemical water splitting to form hydrogen gas from water, or 

photochemical CO2 reduction.[5,6]  

However, the conversion of solar to chemical energy for storage is not the only way in which 

photonic energy can be used. A different approach is to run chemical transformations in 

synthetic organic chemistry by using light directly as the energy input in combination with a 

photocatalyst that acts as an antenna for photons.[7–10] This research field, entitled 

photocatalysis, has gained momentum in recent years since it allows for mild reaction 

conditions and often very selective substrate activation, and has therefore found an increasing 

number of applications.[7–12] The basic principle is that the excited state of a photocatalyst has 

a distinctly different reactivity compared to its ground state, and this opens up a myriad of 

new reaction pathways that would otherwise be unattainable.[8,11] 

Apart from the more intensely researched photoredox catalysis, which relies on electron 

transfer, another interesting approach in photocatalysis is triplet-triplet energy transfer (TTET) 

catalysis, where the energy of the excited state of the photocatalyst is transferred to a 

substrate, which can then undergo further reactions.[11,12] Recently, there has been a 

significant effort to investigate novel, TTET catalyzed reactions, however, the development of 

tailor-made photocatalysts with sufficiently high triplet energies has somewhat lagged behind. 
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Against this background, the main topic of this thesis is to investigate the influence of 

isocyanoborato ligands on different low-spin d6 metal based cyanido complexes and how 

these compounds can be used in photocatalysis and related fields. 

In Chapter 3, two heteroleptic ruthenium(II) isocyanoborato complexes with ancillary -

diimine ligands and their use in energy transfer and photoredox catalysis are investigated. 

While one of the complexes is a potent excited-state reductant as well as a useful TTET 

catalyst, the other one can be applied to oxidative photocatalysis. The triplet energy (ET) of 

one of the novel compounds is among the highest reported for RuII complexes and approaches 

the typical ET values of IrIII-based sensitizers.[13] Owing to the isocyanoborato ligands, both of 

these complexes exhibit high photostability, which is an important photocatalyst feature and 

has been underexplored so far. 

Iridium(III) phenylpyridine complexes are a popular choice in TTET as well as photoredox 

catalysis, because they often have comparatively high triplet energies, well-behaved 

photophysics as well as good excited-state reduction and oxidation properties.[8,11,12,14] 

However, the triplet energy of commonly employed IrIII phenylpyridine complexes is limited 

to 2.75 eV, thereby hampering their applications in very challenging TTET catalyzed 

reactions.[11] In order to identify a catalyst with an elevated triplet energy and to extend the 

studies on isocyanoborato complexes and their applications in photocatalysis, a heteroleptic 

IrIII complex bearing both phenylpyridine-based and isocyanoborato ligands is investigated in 

Chapter 4. The resulting complex is not only suitable for TTET catalysis but also enables 

challenging photoreductions as well as photochemical upconversion deep into the ultraviolet 

region.  

In the last project (Chapter 5), two FeII isocyanoborato complexes are investigated. There is a 

long-standing interest in replacing photoactive coordination compounds of precious metals 

with more Earth-abundant substitutes.[15,16] Because complexes of the rare d6 metals 

ruthenium(II) and iridium(III) exhibit very favorable photophysical properties, an obvious 

choice to replace them are compounds based on more abundant metals with the same 

electron configuration. It is therefore not surprising that complexes of FeII are actively 

researched, as iron is situated right above ruthenium in the periodic table.[15,17] However, 

obtaining photoactive FeII complexes is challenging because of the inherently weaker ligand 

field in coordination compounds of 3d metals compared to their 4d and 5d analogues.[18] 

Against this background, fundamental research on FeII complexes continues to be important 

and the influence of borylation on the electronic structure and excited-state dynamics of two 

known FeII -diimine cyanido complexes is explored in Chapter 5.  
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2 Introduction 

2.1 Photocatalysis 

The conversion of photonic energy to chemically storable energy has been actively 

researched for a long time.[19,20] However, for synthetic organic chemistry, the poor 

absorption properties of many organic substrates, i.e., the need of high-energy photons 

for their excitation, has hampered the broad application of photochemistry to chemical 

transformations. This has changed over the last 20 years (Figure 2.1a), to some part due 

to transition-metal based complexes, whose photophysics and photochemistry have been 

previously investigated intensely for applications in energy storage,[21] dye-sensitized 

solar cells (DSSC’s)[22] or organic light emitting diodes (OLED’s).[23,24] These compounds 

have turned out to be well suited photocatalysts for a myriad of photochemical 

transformations in synthetic organic chemistry,[7,8,10–12,25–27] thereby circumventing the 

need for the direct excitation of the substrate and allowing for milder reaction 

conditions.[8,10] 

 

Figure 2.1. a) Histogram showing the number of publications containing the keyword “photocatalysis” from 1990 to 
2020. Data source: Scifinder, 15.12.2021. b) Simplified overview of different types of substrate activation for light-
driven catalysis including a general representation of photoredox catalysis (left, green) and triplet-triplet energy 
transfer (TTET) catalysis (right, red). 

In general, photocatalysis covers any kind of transformation, in which light is used for the 

activation of a photocatalyst, and can be divided into different areas that take advantage 

of different photocatalyst properties. Figure 2.1b shows the two most relevant basic 

reaction mechanisms (photoredox and triplet-triplet energy transfer (TTET) catalysis) for 

the topics discussed in this thesis. However, there are further possible mechanisms (e.g., 

photoinduced hydrogen atom transfer, photo-HAT) that are not discussed herein.[28–30] 

The crucial step in photocatalysis is the absorption of a photon by a photocatalyst to reach 

its excited state.[31,32] This excited state exhibits an inherently different reactivity 

compared to the catalyst’s ground state, both in terms of electron transfer, as well as 
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energy transfer reactivity, and one can think of the absorbed photon as the required 

energy that enables a certain chemical reaction.[31,32] Generally speaking, photoredox 

catalysis (Figure 2.1b, left) relies on electron transfer and takes advantage of the improved 

redox properties of the excited state of a photocatalyst compared to its ground state. 

Either reductive or oxidative activation of a substrate (Sub) can occur to give its oxidized 

(Sub∙+) or reduced (Sub∙) form. In a separate electron transfer event with an (sacrificial) 

electron donor (D) or acceptor (A), the photocatalyst is regenerated to its ground state. 

The order of these steps as well as the nature of D and A can differ depending on the 

reaction mechanism, which will be discussed in more detail in section 2.2.[31–33]  

In contrast to photoredox catalysis, triplet-triplet energy transfer (TTET) catalysis (Figure 

2.1b, right) does not rely on electron transfer for substrate activation, but employs the 

phenomenon of energy transfer for this purpose.[11,12] This process results in a triplet-

excited substrate (3*Sub in Figure 2.1b, right), which can then undergo further chemical 

transformations to obtain the desired product (Prod). TTET therefore provides a mild and 

selective method to access the triplet-excited states of organic molecules, whose different 

reactivity compared to their singlet ground states can be exploited for new kinds of 

chemical transformations.[11,12] The most important characteristics of a photocatalyst for 

applications in both photoredox and TTET catalysis as well as the underlying fundamental 

physical processes and mechanisms will be discussed in more detail in the following 

sections. 
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2.2 Mechanisms in Photocatalysis 

2.2.1 Photoredox Catalysis 

Photoredox catalysis exploits the stronger reduction and oxidation power of the excited 

state of a photocatalyst compared to its ground state, and has enabled a plethora of 

chemical transformations.[7,8,10] The important underlying processes for photoredox 

catalysis are summarized in Figure 2.2a: Upon the absorption of a photon, the 

photocatalyst (PC) is promoted to an excited state. In the case of a transition metal 

complex with low-spin d6 electron configuration (e.g., [Ru(bpy)3]2+), this excitation is 

predominantly of metal-to-ligand charge-transfer (MLCT) character and therefore results 

in a formally oxidized metal center and a reduced ligand.[32] According to the Laporte 

selection rule, excitation occurs to a singlet-excited state (1MLCT), from which fast and 

efficient intersystem crossing (ISC) results in the triplet-excited 3MLCT-state (designated 
*PC in Figure 2.2a).[32] Even though ISC is in principle spin-forbidden, the presence of a 

heavy atom (e.g., Ru or Ir) facilitates this process due to strong spin-orbit coupling (heavy 

atom effect).[34,35]
 

  

Figure 2.2. a) Simplified scheme of reductive (red, left) and oxidative (green, right) quenching cycles in photoredox 
catalysis for an octahedral transition metal based complex undergoing an initial MLCT transition. Bottom: different 
types of activation in photoredox catalysis: b) net reductive; c) net oxidative; d) net redox neutral. 
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The resulting 3MLCT state is described as the photoactive state and should have a 

sufficiently long excited-state lifetime (>1 ns, usually on the order of ns to μs for typical 

RuII or IrIII photocatalysts) to interact with a substrate in solution in a diffusion-controlled 

process.[13,32] An exception, where sub-nanosecond excited-state lifetimes can be 

sufficient for efficient electron transfer, are pre-organized photocatalyst/substrate 

complexes.[36–39] The extraordinary feature of the excited state of a photocatalyst is that 

it is both a more potent reductant and a stronger oxidant compared to its ground state 

(Figure 2.2a). This is in contrast to reagents in traditional redox chemistry, which can 

either act as a reducing or an oxidizing reagent, but usually not both.[7] From the 3MLCT 

state, the excited photoredox catalyst (*PC) can undergo oxidative quenching by an 

electron acceptor (A) to give the oxidized PC+, or reductive quenching by an electron 

donor (D) to give PC. For both the reductive and oxidative quenching pathway, the 

catalyst needs to be regenerated in order to close the catalytic cycle and this is achieved 

by another electron donor (D) or acceptor (A), respectively.[8,10,31] Note that, depending 

on the mechanistic details, the donor or acceptor can either be the substrate itself (Sub), 

a sacrificial electron donor/acceptor (SED/SEA) or the oxidized/reduced substrate 

(Sub∙+/∙). 

Photoredox catalysis can be further subdivided into net reductive (Figure 2.2b), net 

oxidative (Figure 2.2c) and net redox neutral (Figure 2.2d), depending on the overall 

change in the redox state of the substrate.[8,10,31] Whereas net reductive photocatalysis 

takes advantage of the increased reducing power of the excited state of a photocatalyst 

to produce a reduced substrate molecule (Sub∙ in Figure 2.2b), oxidative photocatalysis 

uses the excited photocatalyst’s enhanced oxidizing power to produce an oxidized 

substrate molecule (Sub∙+ in Figure 2.2c).[8] After the initial reduction or oxidation step, 

often (light-independent) follow-up reactions occur, which will lead to the formation of 

the desired product (Prod). In the case of a net redox neutral reaction, the 

oxidized/reduced substrate (Sub∙+/∙) usually undergoes a chemical transformation to an 

intermediate ('Sub∙+/∙ in Figure 2.2d), which then regenerates the photocatalyst and 

results in product formation (Prod) in the same step. As both a single electron transfer 

(SET) between the photocatalyst and the substrate, as well as a SET between 'Sub∙+/∙ and 

the photocatalyst occurs, no overall change in the redox state of the substrate itself is 

associated with this reaction type.[10,40] An important difference between these reaction 

types is that for both net oxidative and net reductive reactions, a stoichiometric amount 

of either a sacrificial electron donor (SED, net reductive) or acceptor (SEA, net oxidative) 

is necessary, whereas in net redox neutral reactions, the substrate undergoes both a 

reduction and an oxidation at some point during the reaction and therefore, typically no 

SED or SEA is needed to complete the catalytic cycle.[8,9] 
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The order in which the individual reaction steps proceed depends on the excited-state 

reduction and oxidation potentials of the photocatalyst and the ground state redox 

potentials of the involved reaction partners. This difference is illustrated in Figure 2.3 with 

the example of the reduction of 4-nitrobenzyl bromide using [Ru(bpy)3]2+ or fac-[Ir(ppy)3] 

as the photocatalyst in combination with the sacrificial electron donor triethylamine 

(TEA).[8,41,42]  

The first step is the same for both photocatalysts, namely the absorption of a photon, 

followed by ISC to access a triplet-excited state (designated *[Ru]2+ / *[Ir] in Figure 2.3). 

From this excited state, two different reaction pathways are conceivable, the first one 

being initial reductive quenching by TEA (E0/∙+ = +0.69 V vs SCE).[43] With [Ru(bpy)3]2+ as 

the photocatalyst with its excited-state reduction potential (*E2+/+) of +0.82 V vs SCE,[13] 

this is the dominant reaction pathway (Figure 2.3a). For fac-[Ir(ppy)3] on the other hand, 

the respective value of *E0/ of +0.31 V vs SCE is insufficient for reductive quenching by 

TEA, leading to a different mechanism.[13] The excited-state oxidation potential of fac-

[Ir(ppy)3] (*E0/+ in Figure 2.3b) is 1.73 V vs SCE,[13] which is reducing enough to lead to the 

direct reduction of 4-nitrobenzyl bromide (E0/∙ = 1.1 V vs SCE).[8] The corresponding 

value for [Ru(bpy)3]2+ (*E2+/3+) is only 0.83 V vs SCE,[44] which is insufficient for substrate 

activation. Nevertheless, the singly reduced [Ru(bpy)3]+ (designated [Ru]+ in Figure 2.3a) 

is able to reduce 4-nitrobenzyl bromide, as it is sufficiently reducing (E+/2+ = 1.30 V vs SCE, 

Figure 2.3a) and is accessible by excitation and subsequent reductive quenching, as 

discussed above.[44] The ground state ([Ru]2+) is then regenerated simultaneously to the 

reduction of 4-nitrobenzyl bromide. In the respective catalytic cycle of fac-[Ir(ppy)3], once 

4-nitrobenzyl bromide is reduced, the catalyst is in its oxidized form ([Ir]+ in Figure 2.3) 

and needs to be regenerated. Because the ground state oxidation potential of fac-

[Ir(ppy)3] (E+/0 in Figure 2.3b) is +0.77 V vs SCE,[13] reduction with TEA is now feasible, 

thereby regenerating the photocatalyst. 

 

Figure 2.3. The mechanism of photoredox catalyzed reactions differs depending on the employed photocatalyst and 
its respective excited- and ground state redox potentials. Mechanism for the reduction of 4-nitrobenzyl bromide 
catalyzed by [Ru(bpy)3]2+ via a reductive quenching cycle (a) and fac-[Ir(ppy)3] via an oxidative quenching cycle  
(b). All potentials are given in V vs SCE and are obtained from refs.[8,13,43,44]. R = 4-nitroaryl. 
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The two different catalytic cycles presented in Figure 2.3 showcase the differences in the 

photoredox properties between the two archetypal photocatalysts fac-[Ir(ppy)3] and 

[Ru(bpy)3]2+. With fac-[Ir(ppy)3] (*E0/+ = 1.73 V vs SCE) and its congeners, often higher 

reduction powers are achievable, whereas their application in oxidative photocatalysis is 

limited. In contrast, [Ru(bpy)3]2+ is a more potent photooxidant (*E2+/+ = +0.82 V vs SCE) 

compared to fac-[Ir(ppy)3] (*E0/ = +0.31 V vs SCE). However, exchange of one of the ppy 

ligands of fac-[Ir(ppy)3] with a dtBubpy ligand yields the [Ir(dtBubpy)(ppy)2]+ complex 

(dtBubpy=4,4'-di-tert-butyl-2,2'-bipyridine) featuring an excited state with an oxidation 

power of +0.66 V vs SCE, which is well applicable in oxidative photocatalysis.[8,45] 

Furthermore, modification of the ppy ligand with suitable substituents leads to the even 

more potent [Ir(dF(CF3)ppy)2(dtBubpy)]+ complex (structure shown in Figure 2.5), which 

features a strongly oxidizing excited state (+1.21 V vs SCE).[46]  
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2.2.2 Triplet-Triplet Energy Transfer (TTET) Catalysis 

While photoredox catalysis relies on electron transfer, triplet-triplet energy transfer 

(TTET) catalysis depends on the phenomenon of energy transfer. Even though this process 

has been known for more than a century,[20,47] research on TTET catalysis has gained 

momentum only in the last decade.[11,12,48] The reason for this increased popularity lies in 

the easy accessibility of triplet-excited states of organic and organometallic compounds 

through TTET.[11,12] These states often have a distinctly different reactivity compared to 

singlet (ground) states and therefore allow access to chemical transformations that are 

otherwise unattainable. However, triplet-excited states of organic molecules are often 

hard to access directly because the electronic transition from their singlet ground states 

to their triplet-excited states is spin forbidden,[49] which leads to low extinction 

coefficients for the direct excitation, or even renders it impossible.[25,50] For some 

compounds, it is possible to reach their triplet-excited states via spin-allowed excitation 

to a singlet-excited state and subsequent intersystem crossing (ISC).[51] However, the 

intersystem crossing quantum yield (ΦISC) of organic molecules is often poor (because this 

process is spin-forbidden) and in order to achieve the initial excitation to the singlet-

excited state, harsh conditions (UV-light) are necessary, as these states are energetically 

higher compared to the targeted triplet states.[49] An alternative and often more mild 

pathway to populate triplet-excited states of organic substrates is to employ a suitable 

photosensitizer that is able to transfer the energy of its (triplet)-excited state via 

TTET.[11,12]  

A key requirement of this sensitizer is that it should have readily accessible triplet-excited 

states. This can often be achieved by the presence of heavy atoms, which facilitate 

intersystem crossing due to large spin-orbit coupling.[34] Therefore, transition-metal based 

complexes are a popular choice  as TTET catalysts because they often exhibit high 

intersystem crossing quantum yields (ΦISC).[11,12] Especially complexes based on 4d and 5d 

metals are commonly employed in TTET catalysis due to their favorable properties, 

including sufficiently long lived excited states and generally well-studied 

photophysics.[11,12,26,27] As discussed in the previous sections, the absorption of a photon 

and subsequent intersystem crossing leads to a triplet-excited state of the photosensitizer 

(Figure 2.4), from which the energy transfer event to the energy acceptor (EnA) can 

occur.[11] In order for the TTET to be efficient, the triplet energy (ET) of the photosensitizer 

(PS) should be significantly higher (ca. 0.2 eV for diffusion-controlled TTET rates)[52] than 

ET of the energy acceptor.  



Introduction 

10 

 

 

Figure 2.4. Simplified scheme of the Dexter energy transfer mechanism. 

In principle, different kinds of energy transfer can be operative: i) In Förster resonance 

energy transfer (FRET), the excited state of the photosensitizer (*PS) relaxes back to the 

ground state and an electron of the energy acceptor (EnA) is simultaneously promoted to 

its excited state via a radiationless mechanism.[53] ii) A simple emission-absorption 

mechanism can be operative, where a photon is emitted by the photosensitizer and 

absorbed by the acceptor.[49] iii) Dexter energy transfer (Figure 2.4) describes the 

simultaneous exchange of an electron from the highest occupied molecular orbital 

(HOMO) of the triplet-excited donor (3*PS) to the lowest unoccupied molecular orbital 

(LUMO) of the acceptor (EnA) and of another electron from the 3*PS’s HOMO to the EnA’s 

LUMO.[47] In TTET catalysis, predominantly Dexter energy transfer is operative because 

both the emission-absorption and the Förster mechanism would violate the spin-

conversion rule.[11]  

Due to their favorable properties, many IrIII- and RuII-based catalysts have been employed 

for TTET catalysis, with the most prominent examples summarized in Figure 2.5. Through 

the introduction of suitable substituents on the bpy- or ppy-based ligands, the triplet 

energy of the respective photosensitizers can be tuned over a range of 0.6 eV.[11] 

However, until recently, the triplet energy of typically employed metal-based 

photocatalysts was limited to 2.75 eV with the fac-[Ir(dFppy)3] complex.[11] This changed, 

when the fac-[Ir(CF3-pmb)3] complex was presented, which has a very high triplet energy 

of 3.18 eV and has been first applied to TTET catalysis in a de Mayo-type reaction.[54] 

Nevertheless, suitable photosensitizers with sufficiently high triplet energies are still 

scarce. 
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Figure 2.5. A selection of metal-based photocatalysts applicable to TTET catalysis ordered by triplet energy. Data 
obtained from ref.[11] and ref.[54]. 

Apart from metal-based complexes, organic photosensitizers with high triplet energies, 

including the ketone-based sensitizers acetophenone, benzophenone or thioxanthone, 

are popular choices for challenging applications in TTET catalysis.[11,12] However, these 

compounds have some severe drawbacks concerning photostability, side-reactivity and 

absorbance at readily available excitation wavelengths.[12,55] Against this background, the 

development of new metal-based photocatalysts, both for photoredox as well as TTET 

catalysis, represents an important research target and possible strategies to optimize 

their excited-state reactivity through rational ligand design are discussed in the following 

sections 2.3 and 2.4. 
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2.3 Photocatalysts Based on RuII and IrIII 

RuII and IrIII-based complexes are among the most popular choices for applications in 

photocatalysis[7,8,10–12] and against this background, their relevant characteristics as well 

as possible structural changes to influence their properties will be discussed in this 

section. More specifically, [Ru(bpy)3]2+ (bpy = 2,2'-bipyridine), fac-[Ir(ppy)3] (ppy = 2-

phenylpyridine) (Figure 2.6) and their congeners are frequently employed both in TTET as 

well as photoredox catalysis, due to their well-explored and favorable photophysical and 

electrochemical properties.[7,8,10,33] 

 

Figure 2.6. Top: Molecular structures of the two archetypal photocatalysts [Ru(bpy)3]2+ (a) and fac-[Ir(ppy)3] (b) as 
well as tuning possibilities by ligand substitution. Bottom: Simplified effects on the energies of the HOMO and LUMO 
upon introducing electron-withdrawing (EWG) and electron-donating (EDG) groups in the ligand periphery of 
[Ru(bpy)3]2+ (c) and fac-[Ir(ppy)3] (d). 

These archetypal complexes both adopt a low-spin d6 electron configuration and their 

lowest excited state is predominantly of metal-to-ligand charge-transfer (MLCT, 

[Ru(bpy)3]2+) or mixed metal-to-ligand charge-transfer/intraligand (MLCT/IL, fac-

[Ir(ppy)3]) character.[56–59] Furthermore, both [Ru(bpy)3]2+ and fac-[Ir(ppy)3] have well-

studied photophysics and sufficiently long-lived luminescent excited states (ns to μs), 

which is beneficial for mechanistic investigations.[13,14,60] Even though these two 

complexes share some important characteristics, there are also some significant 

differences concerning their photostability, electronic structure and reactivity.[8,10,13] For 



Introduction 

13 

 

the design of novel photocatalysts, one important difference is the spatial position of their 

respective highest occupied molecular orbital (HOMO) and their lowest unoccupied 

molecular orbital (LUMO). The HOMO in typical RuII -diimine complexes is predominantly 

located on the metal center, whereas the LUMO is located on the diimine ligand, resulting 

in an emissive state with relatively clean MLCT character (Figure 2.6a).[32,61] This is 

different for IrIII phenylpyridine complexes, where the HOMO is distributed over the metal 

center and the phenyl moiety of the ppy-ligand, and the LUMO is mainly localized on the 

pyridine part of the ppy-ligand, resulting in an emissive state that has more MLCT/IL 

character (Figure 2.6b).[24,57,62,63] This has some consequences for the tuning of the 

photophysical and electrochemical properties of the two compounds through ligand 

modifications on their bpy- or ppy-ligands, respectively.[13,24,60] In [Ru(bpy)3]2+, introducing 

electron-donating (EDG) or –withdrawing (EWG) groups on the bpy-ligand influences the 

energetic position of both the HOMO and the LUMO (Figure 2.6c).[13,64] For example, the 

introduction of CF3-groups at the 4 and 4' positions of the bpy-ligands in [Ru(bpy)3]2+ has 

the effect of stabilizing both the HOMO and the LUMO in the resulting [Ru(CF3bpy)3]2+ 

complex (CF3bpy = 4,4'-bis(trifluoromethyl)-2,2'-bipyridine) to a similar degree, as shown 

by electrochemical measurements.[65] This manifests itself in an anodic shift of both the 

first, bpy-based reduction potential and the metal-based oxidation potential by ca. 0.5 V. 

On the other hand, the wavelength of the emission maximum shifts only by ca. 0.05 eV 

upon trifluoromethylation of the bpy ligands, from  605 nm ([Ru(bpy)3]2+) to 619 nm 

([Ru(CF3bpy)3]2+), confirming that both the HOMO as well as the LUMO are shifted to a 

similar extent.[65] Therefore, modifications of the substituents on the bpy-ligand of 

[Ru(bpy)3]2+ can be used to influence its redox properties (both in the ground- and excited 

state); however, tuning of the triplet energy via these modifications is only possible to a 

modest extent.[11] 

In contrast, IrIII phenylpyridine complexes often allow for more elaborate tuning of their 

photophysical and electrochemical properties, because their HOMO and LUMO can be 

influenced more independently from each other by modifications on the ppy-ligand 

(Figure 2.6d).[62] Attaching electron-withdrawing substituents on the phenyl moiety of the 

ppy-ligand leads to a decrease in HOMO energy (Figure 2.6d), whereas the LUMO is 

comparably unaffected by this substitution.[60,66] For example, introducing fluorine 

substituents on the ppy-ligand of fac-[Ir(ppy)3] to obtain fac-[Ir(dFppy)3] (Figure 2.5) leads 

to an increase in triplet energy by 0.25 eV, from 2.50 eV (fac-[Ir(ppy)3]) to 2.75 eV (fac-

[Ir(dFppy)3]).[11] On the other hand, by attaching electron-donating substituents (e.g., 

N(Me)2) on the pyridine moiety of the ppy-ligand, the LUMO can be destabilized.[67,68] 

Even though the energy of the HOMO is also destabilized by this structural change, the 

effect on the LUMO is more significant, again leading to an increased HOMO-LUMO gap. 

However, compared to modifications on the phenyl moiety of the ppy ligand (influencing 
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the HOMO), the effect of different substituents on the pyridine moiety (influencing the 

LUMO) is less pronounced and therefore less often applied.[68]  

The properties of IrIII complexes can be further tuned by the exchange of one of the ppy 

ligands in fac-[Ir(ppy)3] by a bpy ligand to obtain [Ir(ppy)2(bpy)]+, and this modification 

leads to a significant change in the electronic structure of the complex. The LUMO of this 

compound mostly resides on the bpy ligand, whereas the HOMO is localized on the IrIII 

center as well as the ppy ligand.[62,69] This allows for further adjustment of photophysical 

and electrochemical properties of IrIII-based luminophores, for example by introducing 

suitable substituents on the bpy or the ppy ligands (Figure 2.5). The easy tunability of the 

properties of IrIII complexes has resulted in a wide array of luminophores for applications 

in optoelectronic devices,[24,60,70–72], sensing[73,74] and photoredox-[7,13,75] as well as triplet-

triplet energy transfer[11,12,27,76] catalysis. 

Another important, but often underexplored difference between [Ru(bpy)3]2+ and fac-

[Ir(ppy)3] is that fac-[Ir(ppy)3] and its congeners have been shown to be comparably robust 

under intense photoirradiation, which is an important feature for a photocatalyst as it 

allows for low catalyst loadings.[77,78] In contrast, [Ru(bpy)3]2+ is comparably prone to 

photodegradation.[79,80] 

In order to expand the strategies for tuning of the photophysical and electrochemical 

properties of RuII and IrIII complexes, heteroleptic complexes bearing ligands that 

influence the HOMO or LUMO, but do not participate in electronic transitions or redox 

processes themselves can be employed. Especially for RuII complexes, this has the 

advantage that the metal-centered HOMO can be tuned more independently from the 

bpy-ligand based LUMO.[56,81] One example for this concept relies on the introduction of 

strongly -accepting isocyanoborato ligands, which are useful to decrease the energy of 

the metal-based HOMO, as discussed in the following section.[82–90] 

 

2.4 Isocyanoborato Complexes 

The Lewis acid-base interaction between cyanido complexes and boron-based Lewis-acids 

has been known for more than 50 years, when Shriver pioneered the work on this 

substance class.[91,92] In these early publications, he studied the changes in the chemical 

properties of a series of metal cyanido complexes upon the interaction with the Lewis-

acid BF3. As Lewis-bases, the homoleptic cyanido complexes [Ni(CN)4]2, [Fe(CN)6]4 and 

[Mo(CN)8]4 were employed and one remarkable insight of these studies was the shift in 

the C≡N stretching frequency in the infrared (IR) spectrum of the isocyanoborato 

complexes compared to their parent cyanido compounds.  
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Figure 2.7. a) General effects of borylation on the relevant orbital energies and bond lengths of cyanido complexes. 
L = Ligand b) Effects of borylation on the photophysical properties of a ReI cyanido complex.[85] 

Upon coordination of the respective Lewis-acid to the nitrogen atom of the cyanido 

ligand, a shift of this band to higher wavenumbers was observed, signaling an increase in 

bond strength. This is in line with the expected stabilization of the C≡N based -orbitals 

as a consequence of the electron-withdrawing Lewis-acid (Figure 2.7a).[91,92] The 

decreased electron density at the carbon atom of the cyanido ligand is furthermore 

expected to result in weaker -bonding between the carbon and the respective metal. 

Consequently, an increase in the MC bond length is expected, however, a moderate 

decrease in MC bond length compared to the cyanido precursors is observed in most 

isocyanoborato complexes.[84–86,89] This effect can be explained by the increased -

backbonding from the metal to the C≡N based * orbitals, seemingly overcompensating 

the decrease in -bonding.[89] 

Later, these first studies were extended to the heteroleptic complex [Fe(phen)2(CN)2] 

(phen = 1,10-phenanthroline), where, in addition to the increased C≡N stretching 

frequency, a blueshift of the MLCT absorption band of [Fe(phen)2(CN)2] was observed in 

UV-Vis absorption measurements upon interaction with the Lewis-acid AlCl3.[93] This shift 

is caused by the stabilization of the metal-based t2g-like orbitals, which decreases the 

energy of the HOMO of the complex. Because the Lewis acid-base interaction occurs in 

the second coordination sphere of the complex, spatially separated from the 

phenanthroline ligands, the effect on the metal-based orbitals is more pronounced 

compared to the effect on the ligand-based orbitals, leading to an increased HOMO-LUMO 

gap and consequently, a blue-shifted MLCT absorption band.[93] 

Isocyanoborato complexes recently became more popular, when reports on the 

photophysical and electrochemical properties of heteroleptic IrIII,[84] OsII,[86] ReI [82,85,94] and 

RuII [88,90] isocyanoborato complexes containing the boron-based Lewis-acid B(C6F5)3 were 

published. The attachment of B(C6F5)3 in the second coordination sphere of the cyanido 

precursor complexes generally resulted in improved luminescence properties owing to 

the strongly -accepting nature of the isocyanoborato ligand. More specifically, a blue-
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shift of both the absorption and emission features and a concomitant increase in the 

luminescence quantum yield (Φlum) and excited-state lifetime (0) was observed (Figure 

2.7b), in line with the energy-gap law.[95]  

However, the effects of the borylation of cyanido complexes can differ depending on the 

electronic structure of a given complex. For example, the borylation of the [Ru(bpy)2(CN)2] 

complex with B(C6F5)3 has a much larger effect on its photophysical properties compared 

to the borylation of [Ir(ppy)2(CN)2] with the same Lewis-acid.[44,84] This is a consequence 

of the different electronic structure of typical RuII -diimine complexes compared to IrIII 

phenylpyridine complexes, as discussed in section 2.3. The HOMO in [Ru(bpy)2(CN)2] is 

localized predominantly on the RuII center (Figure 2.8a), whereas in [Ir(ppy)2(CN)2], 

delocalization of the HOMO over the IrIII center as well as the phenyl moiety of the ppy 

ligand is observed (Figure 2.8b). Because borylation acts much stronger on the metal-

centered orbitals compared to the ligand-based orbitals, its effect on the relatively clean 

MLCT emitter [Ru(bpy)2(CN)2] is larger compared to its effect on [Ir(ppy)2(CN)2].[44,84]  

 

Figure 2.8. The effect of borylation on the emission maxima of [Ru(bpy)2(CN)2] (a) and [Ir(ppy)2(CN)2] (b). Data 
were obtained from refs.[44,84,96]. BCF = CNB(C6F5)3. 

This becomes evident when comparing the blue-shift of the emission maxima of the 

cyanido complexes shown in Figure 2.8 upon borylation. Whereas borylation of the two 

cyanido ligands of [Ru(bpy)2(CN)2] to obtain [Ru(bpy)2(BCF)2] leads to a blue-shift of the 

emission maximum by ca. 0.52 eV (Figure 2.8a), borylation of the IrIII congener bearing 

ppy instead of bpy ligands leads to a moderate blue-shift of only ca. 0.05 eV (Figure 

2.8b).[84]  

Apart from the modifications discussed in Section 2.3, the introduction of isocyanoborato 

ligands provides an additional handle to tune the electrochemical as well as the 

photophysical properties of transition metal-based complexes. Especially for compounds 

with relatively clean MLCT transitions, such as -diimine complexes of RuII or FeII, this 

allows for adjustment of the energy of the metal-based HOMO relatively independent of 

the ligand-based LUMO.[56,81] As such, the introduction of isocyanoborato ligands 

represents an interesting approach for the design of novel photocatalysts and photoactive 
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compounds in general. It is therefore somewhat surprising that, despite the impressive 

photophysical and electrochemical properties of the previously known isocyanoborato 

complexes,[82–86,88,90] their use as photocatalysts in TTET and photoredox catalysis has 

remained underexplored so far.  

Apart from research on the photophysical properties of the isocyanoborato complexes, a 

study with an electrochemical focus investigated the effects of the borylation of the 

[Fe(CN)6]4 complex and could show that the Fe(II/III) oxidation potential was shifted over 

a large range of 2.1 V, depending on the number of B(C6F5)3 moieties (0-6) attached to the 

individual cyanido ligands.[89] Further examples of isocyanoborato complexes with 

B(C6F5)3 in the second coordination sphere include compounds based on the metals NiII,[97] 

PdII,[98] PtII,[99] CuI,[83,87] and AgI.[87] However, the effects of borylation on the electronic 

structure and the photophysical properties of first-row transition metal complexes have 

received only limited attention. Even though there is some previous work on 

isocyanoborato complexes of FeII,[89] NiII,[97] and CuI,[83,87] a report that investigates the 

photophysical properties of 3d-metal based photoactive isocyanoborato complexes was 

reported only recently.[88] However, this could be an attractive research target because 

there is a long-standing interest in replacing the metal center in complexes based on rare 

metals such as RuII, ReI or IrIII with more Earth-abundant metals.[16] In particular, 

complexes of FeII are currently intensely studied because they can adopt the same low-

spin d6 electron configuration as their congeners based on rare metals and can also 

undergo MLCT transitions to a charge-separated state.[15] However, compared to their 

analogues based on 4d and 5d metals, complexes of FeII are usually non-luminescent and 

their charge-transfer excited states decays on a comparably fast timescale (fs to 

ps).[17,18,100,101] This is due to the contracted 3d orbitals compared to the 4d and 5d orbitals, 

which results in decreased overlap with the relevant ligand orbitals.[16,17] This in turn 

entails a weaker ligand field splitting and consequently leads to low-lying metal-centered 

states, via which fast and non-radiative relaxation to the ground state can occur. 

Multidentate isocyanide ligands have been shown to result in photoactive complexes with 

a variety of metal centers including the first-row transition metals Cr0 [16,102–105] and 

MnI.[106] These coordination compounds feature favorable photophysical properties, and 

can be applied as photocatalysts.[107] Therefore, it seems interesting to also examine the 

effects of isocyanoborato ligands on metal complexes based on 3d metals and in 

particular, the Earth-abundant iron. 
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2.5 Examples of Photocatalysis 

The difference in reactivity of the excited state of a photocatalyst compared to its ground 

state has opened many possibilities for chemical transformations in synthetic organic 

chemistry.[7,8,10,108] The purpose of this section is to give a brief insight into possible 

reaction types, typically employed photocatalysts and mechanisms both in photoredox as 

well as in TTET catalysis. However, the focus lies on the differences between typical 

photocatalysts based on RuII and IrIII and highlights possible types of substrate activation. 

For a more conclusive summary of transformations in organic chemistry enabled by 

photocatalysis, several review articles are available.[7,8,10–13,25,48]  

 

2.5.1 Photoredox Catalysis 

An important example of a photoredox-catalyzed reaction relying on the archetypal 

[Ru(bpy)3]2+ as the photocatalyst is the intramolecular [2+2] cycloaddition of enones 

reported by the group of Yoon in 2008 (Figure 2.9a).[109] Under reductive conditions, this 

reaction is known to proceed via a photoredox-mediated pathway and, remarkably, was 

shown to work well under sunlight irradiation. Even though the sacrificial electron donor 

diisopropylethylamine (DiPEA) is present in the reaction mixture, this reaction is net redox 

neutral as the redox state of the substrate is not changed during the course of the 

reaction.[109] This aspect is not discussed in the original work, however, it seems 

imaginable that DiPEA acts as a redox mediator.  

 

Figure 2.9. Two examples of photoredox catalysis relying on reductive activation and employing [Ru(bpy)3]2+ as the 
photocatalyst: [2+2] cycloaddition of an enone (a)[109] and the hydrodehalogenation of an alkyl halide (b).[110] 

Another example using [Ru(bpy)3]2+ as the photocatalyst, in combination with a compact 

fluorescent lamp (CFL) as excitation source, was published in 2009 by the group of 
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Stephenson and reports on the reductive dehalogenation of alkyl-bromides and -chlorides 

(Figure 2.9b).[110] This methodology is advantageous compared to traditional alkyl 

dehalogenation procedures, which often employ highly toxic tin reagents.[111] 

Both of these reactions rely on [Ru(bpy)3]2+ as the photocatalyst, in combination with a 

sacrificial electron donor (DiPEA) and the suggested mechanism for both of them is similar 

to the one outlined in Figure 2.3a: Following visible-light excitation of the photocatalyst, 

reductive quenching by DiPEA occurs and the resulting singly reduced [Ru(bpy)3]+ complex 

is then able to reduce the respective substrate, which can undergo further reaction steps 

to obtain the final product. In the [2+2] cycloaddition depicted in Figure 2.9a, LiBF4 is 

added in order to introduce enantioselectivity.[109] 

However, the reduction power that is achievable with [Ru(bpy)3]2+ is limited to 1.30 V vs 

SCE (Figure 2.3a), which can be insufficient for more challenging substrates.[13] To address 

this issue, IrIII-based photocatalysts can be employed, because these compounds often 

provide more reducing power (the excited state of fac-[Ir(ppy)3] is 0.47 V more reducing 

(1.77 V vs SCE) than the singly reduced [Ru(bpy)3]+).[13] For example, the reductive 

dehalogenation reactions of unactivated alkyl, aryl and alkenyl iodides, which are 

unattainable by [Ru(bpy)3]2+, were reported using fac-[Ir(ppy)3] as the photocatalyst 

(Figure 2.10a).[75] Further challenging reductions enabled by fac-[Ir(ppy)3] include radical 

polymerizations,[112] CH functionalization reactions,[113] or the trifluoromethylation of 

styrenes.[114]  

 

Figure 2.10. Examples of challenging photoreductions enabled by IrIII complexes. a) Hydrodehalogenation of alkyl and 
aryl (top) as well as alkenyl (bottom) iodides.[75] b) Hydrodehalogenation of aryl halides with [Ir(ppy)2(NacNac)] in 
combination with BIH.[115,116] 

For even more challenging photoreductions, the redox properties of IrIII photocatalysts 

can be tuned by rational ligand design. This was exemplified in a recent report, where one 

ppy ligand of fac-[Ir(ppy)3] was replaced by a so-called NacNac ligand (Figure 2.10b) to 
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yield the [Ir(ppy)2(NacNac)] complex. Via excitation and subsequent reductive quenching 

with 1,3-dimethyl-2,3-dihydro-2-phenyl-benzimidazole (BIH) as a sacrificial electron 

donor, the one-electron reduced form of the complex ([Ir(ppy)2(NacNac)]) is accessible, 

which features a reduction power of ca. 2.7 V vs SCE. This allows [Ir(ppy)2(NacNac)] to 

debrominate and dechlorinate very challenging substrates (Figure 2.10b), owing to the 

strongly electron donating nature of the NacNac ligand.[115,116]  

The reactions that were presented up to here all relied on reductive activation of the 

substrate. However, as mentioned in section 2.2.1, the excited state of a photocatalyst 

can also act as an oxidant and this feature has been exploited in several reaction types.[8] 

One popular approach is to employ oxidative extrusion of CO2 from a carboxylic acid to 

obtain a radical, which can then participate in further reactions. A specific example for 

this is the photoinduced coupling of an aryl acetic acid to a Michael acceptor (Figure 

2.11).[117]  

 

Figure 2.11. An example for a net neutral photoredox catalyzed reaction, based on the oxidative decarboxylation of 
an aryl acetic acid. EWG = electron-withdrawing group.[117] 

In this reaction, photocatalyzed oxidative decarboxylation of the carboxylic acid by the 

excited IrIII photocatalyst (designated *[Ir]+ in Figure 2.11) leads to a radical intermediate 

that can react further as a Michael-donor and undergo CC bond formation with an 

alkene.[46,117,118] The coupled intermediate radical is then reduced to the final product, 

simultaneously regenerating the photocatalyst and thereby making this reaction net 

redox neutral. For this reaction type, fac-[Ir(ppy)3] is not well suited due to its low 
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oxidation power (*Ered = +0.31 V vs SCE), and the [Ir(dtBubpy)(ppy)2]+ complex with its more 

oxidizing excited state (*Ered = +0.66 V vs SCE)[13] is used instead. The reaction shown in 

Figure 2.11 is only one example of how oxidative decarboxylation can be employed for 

bond forming reactions, other examples include the decarboxylative amination of amino 

acids,[119] the vinylation of amino acids[120] as well as the cross coupling of carboxylic acids 

with vinyl halides.[121] 

Lastly, an example for a net oxidative reaction is the photocatalyzed Aza-Henry reaction 

(Figure 2.12).[45] In this transformation, an iminium ion is generated via SET from the 

substrate to the excited *[Ir(dtBubpy)(ppy)2]+ complex (designated *[Ir]+ in Figure 2.12), 

resulting in its oxidized form ([Ir] in Figure 2.12), which is regenerated through SET to O2 

as the electron acceptor, resulting in the O2
∙ radical anion. This species can then abstract 

a hydrogen atom from the iminium ion, in which the bond dissociation energy of the C-H 

bond at the -position of the amine is significantly lowered. Subsequent attachment of 

deprotonated nitromethane leads to product formation.[8,45] 

 

Figure 2.12. The photocatalyzed Aza-Henry reaction is an example for net oxidative photoredox catalysis.[8,45] 

This seminal study has been expanded to -functionalization reactions with a variety of 

coupling partners including silanes, cyanides and phosphates.[8] 
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2.5.2 Synergistic Catalysis 

Apart from the examples discussed above, which all rely on direct electron transfer 

between the photocatalyst and the substrate, there are also other possible photoredox-

mediated reaction pathways. A concept that has attracted attention in recent years is 

synergistic catalysis, which employs a co-catalyst alongside the photocatalyst to enable 

the desired chemical transformation.[7] 

A popular example of a synergistic catalysis system is to employ an IrIII based 

photosensitizer in combination with a nickel co-catalyst.[122,123] Even though there is some 

discussion about mechanistic details, there is evidence that the key step in many Ni-

catalyzed reactions is the reductive elimination of the product and this step can be 

facilitated by the use of a suitable photocatalyst to promote the Ni co-catalyst to its +III 

oxidation state.[108] One important example of a photoredox/Ni catalyzed reaction is the 

aryl amination, which uses an IrIII complex as the photocatalyst in combination with a Ni 

co-catalyst and gives access to synthetically valuable aryl amines starting from aryl halides 

and the respective amine (Figure 2.13).[124] This is an interesting reaction because it offers 

an alternative to the common Pd-catalyzed Buchwald-Hartwig reaction.[108,125] Compared 

to Pd, the +III oxidation state of Ni is more easily accessible, thereby expanding the scope 

of possible reactivities.[108] 

 

Figure 2.13. Photocatalyzed coupling of an amine with an aryl halide (top) and simplified representation of one of 
the proposed mechanisms (bottom) for this reaction.[124] DABCO =1,4-diazobicyclo[2.2.2] octane 

For the aryl amination, there are different reaction mechanisms discussed in the 

literature. Whereas the original report by MacMillan describes a Ni0/NiIII mechanism with 



Introduction 

23 

 

direct involvement of the employed IrIII photocatalyst,[124] a more recent study by the 

same group provides evidence for a self-sustaining NiI/NiIII cycle (Figure 2.13, bottom), 

where the singly reduced iridium photocatalyst (obtained through excitation and 

subsequent quenching by N,N-dimethylacetamide (DMA)) serves as a reductant to 

transform the NiII precursor to its catalytically active NiI state.[126] From there, oxidative 

addition of the aryl halide leads to a NiIII species, to which the amine can attach and 

subsequently undergo reductive elimination to give the coupled product. This mechanism 

is further substantiated by the discovery that the reaction is also feasible in the presence 

of substoichiometric amounts (0.1 eq.) of Zn0 for the initial reduction step.[127] However, 

the presence of a (photo)reductant still seems indispensable as the active NiI species can 

undergo comproportionation or other deleterious pathways that end up in the NiII state, 

requiring re-reduction.[127]  

Further important photodriven reactions employing Nickel as the co-catalyst enable the 

formation of CC,[128–130] CO[131–134] and CS[135,136] bonds.[108] It should be noted that 

these reactions function via disparate mechanisms involving different oxidation states of 

the Ni-catalyst. For the CO coupling reaction between an aryl bromide and a carboxylic 

acid, an energy transfer pathway has been proposed, however, there is some discussion 

in the literature on the exact nature of this specific mechanism.[131,137,138] Other synergistic 

photocatalyzed reactions include the use of Cu,[139,140] Pd,[141–144] and Au[145–147] as co-

catalysts. 
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2.5.3 TTET Catalysis 

In recent years, an impressive amount of triplet-triplet energy transfer (TTET) catalyzed 

transformations were reported and have extended the toolbox of synthetic organic 

chemistry.[11,12,48] Nevertheless, compared to the more popular photoredox catalysis, this 

topic is still underdeveloped.[7–10] In order to provide a short introduction into some of the 

important reaction types in TTET catalysis, a few selected examples are presented in this 

section.  

The triplet-sensitization of alkenes is an important process in TTET catalysis due to the  

rich chemistry of triplet-excited alkenes, and has therefore received considerable 

attention.[26,27] A prominent reaction type based on triplet-excited alkenes is their 

photocatalyzed E  Z isomerization, which represents a simple and straightforward 

strategy to access the thermodynamically less favored Z-isomer. This reaction is applicable 

to a plethora of structural motives including stilbene (Figure 2.14a), cinnamyls and 

styrenyls.[26,27] 

 

Figure 2.14. TTET catalyzed E  Z isomerization of stilbene (a) and the TTET catalyzed E  Z isomerization of oximes, 
which enables the synthesis of non-classical Beckmann rearrangement products (b).[27,148] TCT = cyanuric chloride. 

In the first step of this reaction, the triplet-excited state of E-stilbene (ET = 2.14 eV) can be 

reached via TTET from fac-[Ir(ppy)3], which has a triplet energy of 2.50 eV.[13,149] In the 

triplet-excited state, the central CC -bond of stilbene is broken and the substrate can 

undergo rotation around the CC -bond axis in order to reduce steric clash, resulting in 

an energy-minimized angle of 90° between the two phenyl substituents. When 

relaxation to the ground state occurs and the double bond is regenerated, the ratio of E-
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stilbene to Z-stilbene is expected to be 1:1. However, Z-stilbene has a higher triplet energy 

(2.35 eV) than E-stilbene (2.14 eV) and this leads to more efficient TTET from the 

photosensitizer to the E-isomer compared to the Z-isomer.[149] This in turn results in the 

accumulation of the Z-isomer over irradiation time, if a suitable photosensitizer is 

employed.[11,26,27] 

Apart from the synthesis of Z-isomers, photocatalyzed E  Z isomerization can be 

employed to introduce regioselectivity. In an elegant application of this concept, the 

group of Rovis reported on the synthesis of non-classical Beckmann rearrangement 

products (Figure 2.14b).[148] The key to this regioselective one-pot reaction is the E  Z 

isomerization of the oxime starting material employing TTET from the 

[Ir(dF(CF3)ppy)2(dtBubpy)]+ complex (ET = 2.68 eV, Figure 2.5) to the substrate to give the Z-

isomer, which can then undergo the light-independent Beckmann rearrangement using 

cyanuric chloride (TCT) in combination with DMF (Gold’s reagent).[148] Compared to the 

classical procedure, this methodology allows for the synthesis of non-traditional 

Beckmann-rearrangement products. Other examples, which exploit TTET-enabled E  Z 

isomerizations include the stereodivergent synthesis of polyenes[150] or the introduction 

of enantiodivergence in the synthesis of phosphonate esters.[151] 

Another important class of TTET catalyzed reactions employing triplet-excited alkenes are 

[2+2] cycloadditions.[11,12,55,152–155] A prominent example of this reaction type is the [2+2] 

cycloaddition of styrenes reported by the group of Yoon in 2012 (Figure 2.15a).[156]  

 

Figure 2.15. TTET-catalysis allows access to the [2+2] cycloaddition of styrenes (a) and the synthesis of medium sized 
rings via a De-Mayo type reaction (b).[54,156] 
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In this reaction, [Ir(dF(CF3)ppy)2(dtBubpy)]+ was used as the TTET catalyst, which is able to 

promote the styrene to its triplet-excited state, from which intramolecular [2+2] 

cycloaddition then results in the formation of the cyclobutane product.[156] As discussed 

in section 2.5.1, [2+2] cycloadditions can also proceed via a photoredox mediated 

pathway, depending on the redox potentials and triplet energies of both the substrate 

and the photocatalyst employed.[109] However, the redox properties of the styrene 

substrate shown in Figure 2.15a preclude a redox-mediated pathway.[156] 

The reactivity of TTET catalyzed [2+2] cycloadditions can furthermore be expanded, as 

shown in recent work by the groups of Glorius and Guldi, who reported on the TTET 

sensitized De-Mayo type reaction to access medium sized rings (Figure 2.15b).[54] In this 

reaction, the ketone starting material, which, to some part, is present in its enol form, can 

undergo a photocatalyzed [2+2] cycloaddition with ethene. For the sensitization, the very 

high triplet energy of the [Ir(CF3-pmb)3] complex (3.18 eV, Figure 2.5) is instrumental. The 

resulting cyclobutanol intermediate can then undergo deprotonation and CC bond 

rupture, leading to the final product.[54]  

Further important examples of TTET catalyzed reactions include the photocatalyzed 

Paternò-Büchi reaction,[154,157] the disulfide-ene reaction[158] as well as C(sp3)H 

methylations.[76] 

 

2.6 Two-Photon Processes and Future Directions 

By now, there is a myriad of different reaction types and chemical transformations made 

accessible by photocatalysis, including challenging photo-reductions and -oxidations[7–10] 

as well as applications in TTET catalysis.[11,12,27] However, the use of a single photon has 

some natural limitations concerning accessible reduction or oxidation power. For 

example, a blue photon ( = 445 nm) carries an energy of 2.8 eV and after loss of energy 

through internal conversion, intersystem crossing and the oxidation or reduction of the 

photocatalyst itself, which accounts to at least 25 %, this can be insufficient for some 

applications.[159,160] In order to address this issue, different strategies including two-

photon processes or photoelectrochemical approaches are actively researched.[78,159–165]  

An example of a two-photon processes is the double-excitation of a fac-[Ir(ppy)3] 

analogue made water-soluble by the attachment of sulfonate groups at the ppy-ligands 

(fac-[Ir(sppy)3]3, Figure 2.16). The first excitation of this complex leads to population of a 
3MLCT state, which can be excited again to result in the generation of a hydrated electron. 

This species can then be employed for challenging photoreductions, due to the solvated 

electron’s very high reduction power of 3.2 V vs SCE.[78] Regeneration of the 

photocatalyst occurs by a sacrificial electron donor (SED). Interestingly, as the excitation 
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light intensity dictates if single-photon excitation to the 3MLCT state of the sensitizer 

occurs (low intensity) or double-excitation leads to a solvated electron (high intensity), it 

is possible to switch between different reactivities (Figure 2.16).[78] 

 

Figure 2.16. Reactivity of 4-bromo-2-chloro-5-fluorobenzoic acid under conventional irradiation conditions using a 
447 nm laser (left) and when installing a lens between the laser and the reaction mixture (right). 

Whereas the excited *fac-[Ir(sppy)3]3 photosensitizer can participate in TTET catalyzed 

reactions as well as in photoreductions that require a moderate reduction power, the 

hydrated electron, which is only achievable by high light intensity, is well suited for 

challenging photoreductions.[162] This is exemplified by the dechlorination and 

debromination of 4-bromo-2-chloro-5-fluorobenzoic acid (Figure 2.16). Irradiating an 

aqueous solution containing the substrate, fac-[Ir(sppy)3]3 and triethanolamine as the 

SED with a 447 nm laser under conventional irradiation conditions (i.e., without any 

further equipment) leads only to debromination (Figure 2.16, left). However, when a lens 

is installed between the laser and the reaction mixture (culminating the beam and 

resulting in the formation of solvated electrons), both the debromination as well as the 

more challenging dechlorination take place (Figure 2.16, right).[162] 

Another concept that uses two photons relies on sensitized triplet-triplet annihilation 

upconversion (sTTA-UC) to reach a high-energy excited state of an organic annihilator, 

which can either be used directly for substrate activation[166] or reductively quenched by 

a sacrificial electron donor (SED) to give a highly reducing species. This can then be 

employed to drive challenging photoreductions with comparatively low-energy 

photons.[161] For this reaction type, both the triplet energy of the employed photocatalyst 

as well as its redox properties are important: A high triplet energy can be beneficial to 

access highly energetic triplet-excited states of the annihilator. On the other hand, the 

redox properties of the photocatalyst should be tailored in such a way that non-

productive reaction pathways relying on direct electron transfer between the 

photocatalyst and the SED are suppressed.[161] It should be noted that the two-photon 

mechanisms described here are only two of the known mechanisms and several other 

reaction pathways exist.[160] 
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As exemplified by the reactions discussed in the previous sections, complexes based on 

RuII and IrIII are among the most commonly employed photocatalysts for both photoredox- 

and TTET-catalysis. Catalysts based on more Earth-abundant metals[38,106,134,167–175] or 

purely organic photosensitizers[9,118,176–179] have received significant attention in recent 

years, however, these compounds still require further development to be able to 

substitute the very versatile and well-established compounds based on 4d and 5d 

metals.[5,10,33] In this context, the development of novel RuII and IrIII photocatalysts for 

challenging applications in TTET and photoredox catalysis remains an important research 

target.[180–184] 
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3 Photostable Ruthenium(II) Isocyanoborato Luminophores 
and their Use in Energy Transfer and Photoredox Catalysis 

Ruthenium(II) polypyridine complexes are among the most popular sensitizers in 

photocatalysis, but they face some severe limitations concerning accessible excited-state 

energies and photostability that could hamper future applications. In this study, the 

borylation of heteroleptic ruthenium(II) cyanide complexes with -diimine ancillary 

ligands is identified as a useful concept to elevate the energies of photoactive metal-to-

ligand charge-transfer (MLCT) states and to obtain unusually photo-robust compounds 

suitable for thermodynamically challenging energy transfer catalysis as well as oxidative 

and reductive photoredox catalysis. B(C6F5)3 groups attached to the CN ligands stabilize 

the metal-based t2g-like orbitals by ca. 0.8 eV, leading to high 3MLCT energies (up to 

2.50 eV) that are more typical for cyclometalated iridium(III) complexes. 

 

 
 

Through variation of their -diimine ligands, nonradiative excited-state relaxation 

pathways involving higher-lying metal-centered states can be controlled, and their 

luminescence quantum yields and MLCT lifetimes can be optimized. These combined 

properties make the respective isocyanoborato complexes amenable to photochemical 

reactions for which common ruthenium(II)-based sensitizers are unsuited, due to lack of 

sufficient triplet energy or excited-state redox power. Specifically, this includes photo-

isomerization reactions, sensitization of nickel-catalyzed cross-couplings, pinacol 

couplings, and oxidative decarboxylative C-C couplings. Our work is relevant in the greater 

context of tailoring photoactive coordination compounds to current challenges in 

synthetic photochemistry and solar energy conversion. 
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3.1 Introduction 

While photoredox catalysis can rely on electron transfer from singlet or triplet-excited 

states, the emerging field of energy transfer catalysis crucially depends on triplet-excited 

states.[11] Due to high intersystem crossing efficiencies, many metal-based 

photosensitizers provide access to states that can undergo triplet-triplet energy transfer 

(TTET) with suitable substrates. Recently, this type of photochemical activation gained 

increasing attention in organic synthetic photochemistry, because triplet-excited 

substrates can exhibit reactivities that are unattainable from their electronic ground 

states and their singlet-excited states.[12] Specific examples include the photocatalytic 

generation of singlet oxygen for pericyclic reactions,[185] cycloadditions,[153,156,186–190] E/Z 

isomerizations,[150] syntheses of cyclopropanes,[191] sensitization of nickel catalysts,[137] 

the carbo-cyclization/gem-diborylation,[192] and the disulfide-ene reaction.[158] Direct 

excitation of the substrates to their triplet-excited states is spin-forbidden, and 

intersystem crossing from singlet to triplet-excited states is frequently very inefficient in 

organic compounds; hence metal-based triplet sensitizers are vital for many of these 

reactions.[193] IridiumIII photosensitizers are often chosen due to their high triplet energies 

(ET, up to 2.87 eV), long excited-state lifetimes, and their thermal and 

photostability.[13,14,60] In recent years, photosensitizers based on Earth-abundant metals 

have gained increasing attention,[167–170] but many of them still require further 

development to become as widely applicable as their precious metal-based congeners, 

and until now ruthenium(II) and iridium(III) sensitizers have remained the workhorses of 
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synthetic photochemistry and applications in solar energy conversion.[5,10,33] Against this 

background, the development of ruthenium(II)- and iridium(III)-based photosensitizers 

continues to be important.[70,180–184,194–207] 

Compared to iridium(III) complexes, ruthenium(II) based photosensitizers typically have 

much lower triplet-energies (2.0-2.2 eV, Figure 3.1a),[56] and therefore cannot catalyze 

many of the abovementioned reactions. For ruthenium(II) phosphine complexes, higher 

triplet energies (2.2-2.4 eV) have been reported, though these compounds were not used 

as photocatalysts.[208–210] Furthermore, the ruthenium(II) methyl isocyanide complexes 

[Ru(bpy)2(CNMe)2]2+ (bpy = 2,2'-bipyridine) and [Ru(bpy)(CNMe)4]2+ exhibit unusually high 

triplet energies of 2.6 eV and 2.8 eV, respectively, but [Ru(bpy)2(CNMe)2]2+ is non-emissive 

at room temperature and [Ru(bpy)(CNMe)4]2+ is prone to photodegradation.[211] 

Here, we present a concept to elevate the triplet energies (ET) of ruthenium(II) complexes 

up to the level of the prototypical cyclometalated iridium(III) complex fac-[Ir(ppy)3] 

(Figure 3.1b, ppy = 2-phenylpyridine). Specifically, we demonstrate that borylation of well-

known and easily accessible ruthenium(II) cyanide complexes yields not only potent triplet 

photosensitizers with broad application potential in photoredox and energy transfer 

catalysis, but also remarkably photo-robust new types of luminophores. Inspired by 

recent work on isocyanoborato complexes of iron and ruthenium with an electrochemical 

and spectroscopic focus,[88–90] we synthesized and explored the [Ru(bpy)2(BCF)2] (BCF = 

CNB(C6F5)3) and the [Ru(CF3bpy)2(BCF)2] complex (Figure 3.1c). Whilst [Ru(bpy)2(BCF)2] 

has an unusually high triplet energy, [Ru(CF3bpy)2(BCF)2] is a very potent photooxidant, 

making these compounds amenable to energy transfer- and photoredox-catalyzed 

reactions which are usually performed with iridium(III) photosensitizers. In direct 

comparative studies, both new sensitizers show far greater inherent photostability than 

[Ru(bpy)3]2+ and fac-[Ir(ppy)3] (Figure 3.1a/b), which is important for photocatalysis 

because complete substrate turnover usually requires long (> 1 h) irradiation times.  

Important prior work on isocyanoborato complexes focused on 5d-metals including 

Ir(III),[84] Re(I),[82,85,94,212], and Os(II),[86] as well as on Ni(II),[97] Pd(II),[98] Pt(II),[99] Cu(I),[83,87] 

and Ag(I).[87] Very recently, Ru(II) and Fe(II) isocyanoborato complexes were studied in the 

context of electrochemistry and spectroscopy, but their photoreactivity and 

photochemistry have not yet been reported.[88–90] Attachment of B(C6F5) moieties to the 

cyanide ligands of heteroleptic complexes with -diimine chelates usually results in the 

stabilization of the metal-centered d-orbitals, whereas the diimine * orbitals are less 

affected.[88] This leads to a blue-shift of the metal-to-ligand charge-transfer (MLCT) 

absorption and emission features and a concomitant increase in 3MLCT 

energy.[82,84,85,94,212] The photostability of our new Ru(II) compounds and their broad 

applicability to photocatalysis is largely attributable to this effect. 
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Figure 3.1. Top: chemical structures of [Ru(bpy)3]2+ (a) and fac-[Ir(ppy)3] (b). Bottom: chemical structures of 
[Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] (c) (BCF = CNB(C6F5)3). 

The present study of isocyanoborato complexes of ruthenium(II) complements recent 

work on isocyanide complexes with the d6-metals W0,[213–216] Mo0,[174,217,218] and Cr0,[102] 

and provides additional fundamental insight into how strong-field -acceptor ligands can 

be used to tailor photophysical and photochemical properties. 

 

3.2 Results and Discussion 

3.2.1 Synthesis, Characterization, IR Spectroscopy and Crystal Structures 

[Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] were synthesized by reacting [Ru(bpy)2(CN)2] 

and [Ru(CF3bpy)2(CN)2] with 2.2 equiv of B(C6F5)3 under inert conditions to form the Lewis 

adducts. Both complexes were characterized by IR as well as 13C-, 1H-, 19F- and 11B-NMR 

spectroscopy and also elemental analysis, mass spectrometry, and single-crystal X-ray 

diffraction. The infrared spectrum of the [Ru(bpy)2(CN)2] precursor exhibits two C≡N 

stretching bands at 2064 cm1 and 2045 cm1, which shift to 2159 cm1 and 2063 cm1 in 
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[Ru(bpy)2(BCF)2] (Figure SI.15). The Lewis-acidic B(C6F5)3 moiety lowers the energy of the 

relevant C≡N -bonding orbitals, and commonly increases the C≡N stretch frequencies of 

isocyanoborato complexes compared to their cyanide congeners.[86,88,89,94] Similarly, in 

[Ru(CF3bpy)2(BCF)2], the two respective IR bands appear at 2173 cm1 and 2195 cm1, 

while in [Ru(CF3bpy)2(CN)2] they are at 2085 cm1 and 2094 cm1 (Figure SI.16). 

 

Figure 3.2. X-ray crystal structures of Λ-[Ru(bpy)2(BCF)2] (a) and Δ-[Ru(CF3bpy)2(BCF)2] (b) shown as 50 % thermal 
ellipsoids. Hydrogen atoms are omitted for clarity. 

Single crystals suitable for X-ray diffraction were obtained for both new complexes by slow 

evaporation from a mixture of CHCl3 and CH2Cl2 ([Ru(bpy)2(BCF)2]) or slow evaporation of 

CD2Cl2 from a solution of [Ru(CF3bpy)2(BCF)2], resulting in the structures shown in Figure 

3.2. Though both compounds were obtained as racemic mixtures (as confirmed by circular 

dichroism spectroscopy, Figure SI.25), only one enantiomer crystallized in each case, 

namely the Λ-isomer of [Ru(bpy)2(BCF)2] and the Δ-isomer of [Ru(CF3bpy)2(BCF)2] (see 

page 137 for details). In both complexes, the average C-N-B angles are slightly bent 
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(175.26(18)° in [Ru(bpy)2(BCF)2] and 168.60(3)° in [Ru(CF3bpy)2(BCF)2]), presumably due 

to a combination of steric effects and -backbonding from the Ru(II) center to the 

isocyanoborato ligand.[84,89,94] An X-ray crystal structure of the [Ru(bpy)2(CN)2] parent 

complex is not available, but compared to the closely related [Ru(dtbbpy)2(CN)2] 

complex[219] (dtbbpy=4,4'-di-tert-butyl-2,2'-bipyridine), the C≡N bond distances are 

shorter by 0.021(4) Å in [Ru(CF3bpy)2(BCF)2] and by 0.013(2) Å in [Ru(bpy)2(BCF)2], in line 

with their increased C≡N stretching frequencies. Furthermore, compared to 

[Ru(dtbbpy)2(CN)2], the Ru-C bonds are 0.050(17) Å shorter in [Ru(bpy)2(BCF)2 and 

0.032(3) Å shorter in [Ru(CF3bpy)2(BCF)2] as a result of enhanced -backbonding between 

the metal and the BCF ligand. Prior studies demonstrated that the σ-bonding interaction 

between the metal and the carbon atom is weakened in isocyanoborato complexes 

compared to the non-borylated cyanide parent complexes,[88,89] because the Lewis acidity 

of B(C6F5)3 decreases the electron density at the carbon atom. However, in our complexes 

this effect of weakened σ-bonding is apparently overcompensated by other effects. 

In the cyclic voltammograms of [Ru(bpy)2(BCF)2] (Figure 3.3a, middle) and 

[Ru(CF3bpy)2(BCF)2] (Figure 3.3a, bottom), two waves attributable to consecutive one-

electron reduction of the two individual bpy ligands and one wave due to oxidation of 

Ru(II) to Ru(III) are observable. 

 

Figure 3.3. Cyclic voltammograms of 0.6 mM [Ru(bpy)3][PF6]2 (top), 1 mM [Ru(bpy)2(L)]2 (middle), and 0.6 mM 
[Ru(CF3bpy)2 (L)2] (bottom); L=BCF, in dry deaerated CH3CN at room temperature with 0.1 M [NBu4][PF6] as supporting 
electrolyte. The scan rate was 0.1 V/s in all three cases. b) Latimer diagrams of the three complexes based on the 
voltammograms shown in a), including the energies of their photoactive 3MLCT excited states derived from the 
spectroscopic studies discussed below. Redox potentials for complexes in their electronic ground and 3MLCT excited 
states are reported in V vs SCE. 

In [Ru(bpy)2(BCF)2], the metal-based oxidation occurs at 1.63 V vs SCE,i. e., at 0.77 V more 

positive potential than in the [Ru(bpy)2(CN)2] parent complex (see Figure SI.26 for the 

cyclic voltammogram), indicating the metal-based t2g-like orbitals are strongly stabilized 

upon borylation (Figure 3.4a).[86,94] Analogously, the respective metal-centered orbitals 
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are stabilized by 0.86 eV in [Ru(CF3bpy)2(BCF)2] compared to [Ru(CF3bpy)2(CN)2] (Figure 

3.4b). 

Borylation furthermore entails an energetic stabilization of the bpy-ligand based 

* orbitals relative to the corresponding cyanide complexes, but this effect is smaller than 

the stabilization of the t2g-like orbitals: The reduction potential of [Ru(bpy)2(BCF)2] is 

1.46 V vs SCE, compared to 1.68 V vs SCE for [Ru(bpy)2(CN)2], while the reduction 

potential of [Ru(CF3bpy)2(BCF)2] is 0.21 V less negative than that of [Ru(CF3bpy)2(CN)2]. 

Thus, based on the electrochemical data, one can anticipate that the 3MLCT energies of 

the two complexes from Figure 3.1c/d will be up to 0.6 eV higher than those of the 

respective cyanide parent compounds, and this expectation is indeed fulfilled as discussed 

in the following sections.  

The one-electron reduced [Ru(bpy)2(BCF)2] complex, [Ru(bpy)2(BCF)2], should be a 

relatively potent reductant, roughly 0.16 V more reducing than [Ru(bpy)3]+ (Figure 3.3b). 

As demonstrated further below, [Ru(bpy)2(BCF)2] is photochemically easily accessible by 

excitation and subsequent reduction by a suitable sacrificial electron donor, and this can 

be exploited to drive photochemical reactions that are unattainable with [Ru(bpy)3]+.  

 

Figure 3.4. Energy-level diagrams illustrating the effect of borylation on the metal-centered t2g-like and ligand-based 

* orbitals, derived from the electrochemical measurements in Figure 3.3. 

While the [Ru(bpy)2(BCF)2] complex is suitable for reductive photoredox catalysis, the 

[Ru(CF3bpy)2(BCF)2] compound with its electron-withdrawing CF3 substituents at the 

bipyridine ligands is an attractive candidate for oxidative photocatalysis, due to its high 

excited-state reduction potential of 1.43 V vs SCE. This is 0.61 V more oxidizing than 
3MLCT-excited [Ru(bpy)3]2+ (Figure 3.3b) and approaches the typical values reached for 
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cyclometalated (heteroleptic) iridium(III) complexes[13,182] and certain acridinium 

dyes.[177,220] The main point, however, is the strongly elevated 3MLCT energy of the two 

new complexes, as discussed in the following. 

 

3.2.2 UV-Vis Absorption and Luminescence Properties 

The MLCT absorption and emission bands of [Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] are 

markedly blue-shifted compared to [Ru(bpy)3]2+ and the respective ruthenium(II) cyanide 

parent compounds (Figure 3.5 and Table 3.1).  

 

Figure 3.5. Main plots: UV-Vis absorption (solid green lines) and normalized luminescence spectra (dashed red lines) 
of [Ru(bpy)2(BCF)2] (a) and [Ru(CF3bpy)2(BCF)2] (b) recorded in dry, deaerated CH3CN at 293 K. Left insets: 

Luminescence decay of 105 M [Ru(bpy)2(BCF)2] (a) and 105 M [Ru(CF3bpy)2(BCF)2] (b) in dry, deaerated CH3CN at 293 

K following excitation at 375 nm with laser pulses of 60 ps duration. Right inset: Luminescence spectrum of 
[Ru(bpy)2(BCF)2] (a) and [Ru(CF3bpy)2(BCF)2] (b) recorded at 77 K in 2-methyl-THF. For the steady-state luminescence 
measurements, excitation occurred at 390 nm ([Ru(bpy)2(BCF)2]) and at 420 nm ([Ru(CF3bpy)2(BCF)2]). 
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Specifically, the emission band maxima of [Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] are at 

ca. 4000 cm1 higher energy than in [Ru(bpy)2(CN)2] and [Ru(CF3bpy)2(CN)2], in reasonable 

agreement with the above-mentioned shifts of metal-based oxidation and ligand-

centered reduction potentials upon introduction of the B(C6F5)3 moieties (ca. 0.6 eV or ca. 

4800 cm1).  

Evidently, the blue-shifted emission of [Ru(CF3bpy)2(BCF)2] and [Ru(bpy)2(BCF)2] is due to 

considerably elevated 3MLCT energies, and this is confirmed by 77 K luminescence 

measurements, which reveal a triplet energy of 2.50 eV for [Ru(bpy)2(BCF)2] (right inset in 

Figure 3.5a), and 2.35 eV for [Ru(CF3bpy)2(BCF)2] (right inset in Figure 3.5b). DFT 

calculations confirm the unusually high value for [Ru(bpy)2(BCF)2], see below. The 

vibrational fine structures present in the low-temperature emission spectra of 

[Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] (including progressions in a 1,250 cm1 mode in 

both complexes) signal that their emissive excited states under these conditions likely 

have significant intraligand character.[221] 

The natural (unquenched) 3MLCT excited-state lifetime (0) of [Ru(CF3bpy)2(BCF)2] in Ar-

saturated CH3CN at 20 °C is 1043 ns (left inset of Figure 3.5b), which is 10 times longer 

compared to [Ru(CF3bpy)2(CN)2]. This drastic lifetime elongation is attributed to the 

significantly increased energy gap between the emissive 3MLCT and the electronic ground 

state upon borylation, making nonradiative relaxation less competitive.[95] This is 

underlined by the higher photoluminescence quantum yield of [Ru(CF3bpy)2(BCF)2] 

(12.8 %) compared to [Ru(CF3bpy)2(CN)2] ( 3.5 %). The excited-state lifetime elongation 

and the increased quantum yield upon borylation of [Ru(CF3bpy)2(CN)2] reflect a decrease 

of the non-radiative decay rate constant (knr) by a factor of 11 (Table 3.1). Specifically, knr 

decreases from 9.46 ∙ 106 s1 in [Ru(CF3bpy)2(CN)2] to 8.39 ∙ 105 s1 in [Ru(CF3bpy)2(BCF)2]. 

Similar observations have been previously made for isocyanoborato complexes of 5d 

metals.[85,86,94]  

Strikingly, under identical conditions the natural 3MLCT lifetime of [Ru(bpy)2(BCF)2] is only 

8.6 ns (left inset of Figure 3.5a), 30 times shorter than in the parent cyanide complex and 

the luminescence quantum yield is diminished from  3.2 % in [Ru(bpy)2(CN)2] to 0.2 % in 

[Ru(bpy)2(BCF)2]. This unexpected behavior is attributed to the thermal population of a 

near-by metal-centered (3MC) excited state, which opens an efficient nonradiative 

relaxation pathway due to its strong distortion relative to the ground state. Thus, knr 

increases from 3.87 ∙ 106 s1 for [Ru(bpy)2(CN)2] to 1.16 ∙ 108 s1 for [Ru(bpy)2(BCF)2]. 
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Figure 3.6. Schematic representation of the key potential energy wells of [Ru(bpy)2(CN)2] (a) and [Ru(bpy)2(BCF)2] (b). 
Q is a nuclear coordinate, GS stands for ground state. 

According to the DFT calculations presented below, that 3MC state is energetically only 

slightly higher in energy than the emissive 3MLCT state. The small activation barrier for 

internal conversion from 3MLCT to 3MC seems to be the result of the larger increase in 
3MLCT energy compared to the increase in 3MC energy upon borylation (dotted arrows in 

Figure 3.6), and thus an excited-state relaxation pathway that typically plays an important 

role in Fe(II) and related 3d6 complexes becomes operative for a Ru(II) compound.[170,222–

227] A somewhat related observation has been made for [Ru(tpy)(CN)3] (tpy=2,2':6',2'-

terpyridine) and [Fe(bpy)2(CN)2], where hydrogen-bond donating solvents interacted with 

the CN ligands, and thereby decreased their electron density and lowered both the eg and 

t2g orbital energies.[226,228] A qualitatively similar effect is expectable for borylation, which 

also decreases the electron density at the carbon atom of the cyanoborylated ligands.  

As noted above, many prior investigations of cyanoborylated complexes have focused on 

5d metals,[82,84–86,94,99,212] where the ligand field splitting is inherently larger than in 4d 

metals and thermal population of the 3MC from the 3MLCT state is therefore less 

important. Thus, it is not too surprising that the effect illustrated by Figure 3.6 has been 

unnoticed until now. A plausible reason why this effect is not seen for [Ru(CF3bpy)2(BCF)2] 

is that the CF3 substituents stabilize the bpy-based * LUMOs (Figure 3.4), thereby 

lowering the 3MLCT energy and increasing the gap to the 3MC state This interpretation is 

in line with the recently reported 3MLCT lifetime elongation from 210 ns in 

[Ru(bpy)(BCF)4]2 to 3400 ns in [Ru(CF3bpy)(BCF)4]2.[90] 
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Table 3.1. Summary of photophysical properties of the key complexes. The data were recorded in dry, deaerated 

CH3CN at 20 °C. (max, abs, MLCT is the maximum of the MLCT absorption band, max, em is the emission band maximum). 

 

λmax, abs, MLCT (ε) 

/ nm (M-1cm-1) 

λmax, em 

/ nm 

τ0 

/ ns 

ET 

/ eV 

kr 

/ s-1 

knr 

/ s-1 

Φ 

/ % 

[Ru(bpy)2(CN)2] 496 (5,400) 704 250 - 1.28 ∙ 105 [f] 3.87 ∙ 106 [f] 3.2[e] 

[Ru(bpy)2(BCF)2] 390 (7,500) 543 8.6 2.50[a] 2.33 ∙ 105 1.16 ∙ 108 0.2 

[Ru(CF3bpy)2(CN)2] 

[Ru(CF3bpy)2(BCF)2] 

520 (13,000) 742 102 - 3.43 ∙ 105 [g] 9.46 ∙ 106 [g] 3.5[e] 

416 (10,000) 571 1,040 2.35[a] 1.23 ∙ 105 8.39 ∙ 105 12.8 

[Ru(bpy)3]2+ 

fac-[Ir(ppy)3] 

452 (13,000) 

373 (12,500) 

619 

527 

1,019 

1,750 

2.12[c] 

2.50[b] 

- 

- 

- 

- 

9.5[d] 

40[c] 

a Value obtained from 77 K measurements in 2-methyl-THF. 

b From ref. [32]. 

c From ref. [229]. 

d From ref. [230]. 

e Upper limit for instrumental reasons. See SI for details. 

f Calculated on the basis of  = 3.2% for [Ru(bpy)2(CN)2]. 

g Calculated on the basis of  = 3.5% for [Ru(CF3bpy)2(CN)2]. 

 

3.2.3 Transient Absorption Spectroscopy and DFT Calculations 

The spectral features in the transient absorption (TA) spectrum of [Ru(bpy)2(BCF)2] (Figure 

3.7a) are fully compatible with an MLCT excited state. Specifically, this spectrum contains 

two excited-state absorption bands with maxima at 355 nm and 455 nm (both attributable 

to bpy, see below), as well as a ground-state bleach centered at 395 nm.[231] The negative 

signal around 550 nm is caused by emission. The bpy band of [Ru(bpy)2(BCF)2] at 455 nm 

appears blue-shifted with respect to the analogous band in [Ru(bpy)3]2+ (max = 

502 nm),[232] but this is mostly due to overlap with the emission band. In the presence of 

50 mM diisopropylethylamine (DiPEA) as sacrificial reductant, the bpy-related 

absorption bands persist for several microseconds (Figure 3.7b), and the characteristic 

absorptions of a singly reduced ruthenium bipyridine complex at 515 nm[232] and 355 nm 

are readily detectable.[233] The insets in Figure 3.7a/b show the calculated spin densities 

of 3MLCT-excited [Ru(bpy)2(BCF)2] (a) and [Ru(bpy)2(BCF)2] (b). In the 3MLCT state, spin 

density is localized on the Ru(III) center (40 %) and the reduced bpy ligand (60 %), whereas 
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in the one-electron reduced form the spin density is localized exclusively on the reduced 

ligand, as expected.[234] 

 

Figure 3.7. a) Transient absorption spectrum measured after 425 nm excitation of a 105 M solution of 

[Ru(bpy)2(BCF)2] in deaerated CH3CN at 20 °C with laser pulses of 10 ns duration. The signals were time-integrated 
over 10 ns immediately after excitation. The asterisk marks stray light from the excitation laser pulse. The inset shows 
the calculated spin densities of the 3MLCT state. b) Transient absorption spectrum measured after 425 nm excitation 

of a solution containing 105 M [Ru(bpy)2(BCF)2] and 50 mM DiPEA with laser pulses of 10 ns duration. The signal 
was recorded with a delay of 100 ns after the laser pulses and was time-integrated over 200 ns. The inset shows the 
calculated spin densities of the one-electron reduced [Ru(bpy)2(BCF)2] complex. c) Transient absorption spectrum 

measured after 532 nm excitation of a 105 M solution of [Ru(CF3bpy)2(BCF)2] in deaerated CH3CN at 20 °C with laser 

pulses of 10 ns duration. The signal was time-integrated over 200 ns immediately after excitation. In the insets, blue 
color represents positive spin densities, whereas green represents negative spin densities. 

The transient absorption spectrum of [Ru(CF3bpy)2(BCF)2] (Figure 3.7c) is similar to that of 

[Ru(bpy)2(BCF)2] in Figure 3.7a. Due to the electron-withdrawing CF3 substituents, the 

MLCT ground-state bleach and the emission of [Ru(CF3bpy)2(BCF)2] are red-shifted by ca. 

25 nm compared to [Ru(bpy)2(BCF)2]. No transient absorption spectrum of the singly 

reduced [Ru(CF3bpy)2(BCF)2] could be measured due to the instability of this complex in 

presence of DiPEA and light. This is not problematic, because [Ru(CF3bpy)2(BCF)2] would 

have only a comparatively modest reducing power (0.92 V vs SCE), and the application 

potential of this particular species for reductive photocatalysis would be somewhat 

limited anyway. 
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3.2.4 Photostability 

Insufficient photostability is a well-known problem for many photosensitizers, and in 

particular, the prototypical [Ru(bpy)3]2+ complex undergoes rather facile 

photodegradation.[79,80] Similar observations have been made for some Ir(III) 

complexes.[235,236] Against this background, we investigated the inherent photostability of 

[Ru(bpy)2(BCF)2], [Ru(CF3bpy)2(BCF)2], fac-[Ir(ppy)3] and [Ru(bpy)3]2+ by irradiation of 

CH3CN solutions with a blue continuous-wave (cw) laser (447 nm, 1.1 W). Following a 

recently described methodology,[78,218] the absorbance of each solution was adjusted to 

0.1 at the excitation wavelength, leading to concentrations of 8.7 μM for [Ru(bpy)3]2+, 

36 μM for fac-[Ir(ppy)3], 32 μM for [Ru(CF3bpy)2(BCF)2] and 149 μM for [Ru(bpy)2(BCF)2]. 

The temperature was kept constant at 20 °C during the measurements, and the 

photoluminescence intensity was monitored continuously in a spectrometer. The change 

in concentration was calculated from the decrease in luminescence intensity, assuming 

that these two values are directly proportional to one another (control experiments 

indicate the absence of emissive decomposition products; see red traces in the emission 

spectra of Figure SI.35). In Figure 3.8, the change in concentration as a function of 

irradiation time is presented. As all samples initially absorbed the same number of 

photons, this is a good measure to directly compare the photostabilities of the four 

complexes, see page 153 for details. 

 

Figure 3.8. Photostability of [Ru(CF3bpy)2(BCF)2], [Ru(bpy)2(BCF)2], fac-[Ir(ppy)3] and [Ru(bpy)3]2+ upon irradiation 

with a blue cw laser (447 nm, 1.1 W) in argon-saturated CH3CN at 20 °C. Concentration changes (c) were calculated 
based on photoluminescence intensities as a function of irradiation time, see text and page 155 for details. 

Based on the change in concentration, the photodegradation quantum yield Φdegr, defined 

here as the number of degraded photosensitizer molecules divided by the number of 

absorbed photons, was calculated for all four complexes. The number of absorbed 

photons is directly accessible from the laser power output (1.1 W) and the known 
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absorbance (0.1) at the irradiation wavelength. The number of decomposed 

photosensitizer molecules was calculated from the decrease in emission intensity to 90 % 

of the initial intensity (see page 153 for details). This procedure gave the Φdegr values in 

Table 3.2, from which it is evident that [Ru(CF3bpy)2(BCF)2] is 56 times more photostable 

than [Ru(bpy)3]2+, while [Ru(bpy)2(BCF)2] is 33 times more robust under photoirradiation 

than [Ru(bpy)3]2+. In recent multiphoton excitation experiments, a water-soluble variant 

of fac-[Ir(ppy)3] was particularly photorobust,[78,162] and against this reference point, the 

low photodegradation quantum yields of [Ru(CF3bpy)2(BCF)2] and [Ru(bpy)2(BCF)2] are all 

the more remarkable. The improved photostabilities of the two isocyanoborato 

complexes can be rationalized based on the DFT calculations performed for 

[Ru(bpy)2(BCF)2]. Photodecomposition of ruthenium(II) polypyridyl complexes typically 

occurs via MC states with elongated Ru-N bonds (similar to how so-called photoCORMs 

operate),[237] and prior computational work suggested that computed Ru-N bond lengths 

in these MC states can be used to predict how susceptible to photodegradation a given 

complex is.[61,234] 

Interestingly, the Ru-N bond of [Ru(bpy)2(BCF)2] elongates only from 2.14 Å in the 

electronic ground state to 2.36 Å in the lowest 3MC state (see page 154), whereas in the 

case of [Ru(bpy)3]2+ the respective Ru-N bond elongation is much larger, from 2.10 Å to 

2.67 Å. Thus, the much-enhanced photostability of [Ru(bpy)2(BCF)2] compared to 

[Ru(bpy)3]2+ indeed correlates with a significantly weaker distortion in the lowest 3MC 

excited state. 

Table 3.2. Photo-Degradation Quantum Yields (Φdegr) and Relative Photostabilities of the Four Complexes from Figure 
3.1 Measured in CD3CN at 20 °C. 

 
Φdegr 

/ % 

Relative 

Photostability 

[Ru(CF3bpy)2(BCF)2] 4.95  104 56 

[Ru(bpy)2(BCF)2] 8.26  104 33 

fac-[Ir(ppy)3] 1.74  103 16 

[Ru(bpy)3]2+ 2.76  102 1 
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3.2.5 Energy Transfer Catalysis: trans/cis Photo-Isomerization and Photosensitized Ni(II) 

Cross-Coupling Catalysis  

Given the very favorable photophysical and electrochemical properties of the 

isocyanoborato complexes, it seemed attractive to explore their application potential in 

photocatalysis. As a first test reaction, we chose the photoisomerization of trans-methyl 

cinnamate (ET = 2.38 eV)[149] to its cis-isomer. The latter has a substantially higher triplet 

energy than its trans form and consequently, triplet photosensitization with an 

appropriate catalyst (with a 3MLCT energy between the triplet energies of the two 

relevant isomers) is expected to lead to the accumulation of the cis-isomer over 

time.[26,150] The photoreaction was performed with 83 mmol L1 trans-methyl cinnamate 

and 33 mmol L1 trimethyl(phenyl)silane as an internal standard in the presence of 1 mol% 

of [Ru(bpy)2(BCF)2]. The photoisomerization was conducted in a sealed NMR tube to 

prevent undesired side reactions with oxygen, using a 440 nm LED as irradiation source.  

Whilst only negligible conversion was observed after 2 h with [Ru(bpy)3]2+ as 

photosensitizer, the new [Ru(bpy)2(BCF)2] complex successfully isomerized 70 % of the 

trans-methyl cinnamate to its cis-form (Figure 3.9). This shows that the unusually high 

triplet energy of [Ru(bpy)2(BCF)2] is instrumental for successful completion of this 

reaction. In order to take advantage of the high photostability of [Ru(bpy)2(BCF)2], the 

catalyst loading for this isomerization reaction was lowered to 0.02 mol%. Even under 

these conditions, [Ru(bpy)2(BCF)2] was able to catalyze the trans/cis-isomerization of 

methyl cinnamate with a yield of 65 % after a reaction time of 8 h, resulting in a turnover 

number (TON) greater than 3000. 

 

Figure 3.9. Photoisomerization of methyl cinnamate and relative compositions (determined by 1H NMR spectroscopy 
with the internal standard trimethyl(phenyl)silane) of the reaction solutions after an irradiation time of 2 h. The 
reactions were performed in a water-cooled reactor under inert atmosphere at room temperature using an LED as 
the light source. 

The fac-[Ir(ppy)3] complex has a similarly high triplet energy as [Ru(bpy)2(BCF)2] (Figure 

3.1), yet with this sensitizer, photo isomerization only proceeded with 59 % yield, and non-

negligible amounts of a side product were formed. The better performance of 

[Ru(bpy)2(BCF)2] compared to fac-[Ir(ppy)3] is tentatively attributed to the long excited-
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state lifetime of fac-[Ir(ppy)3] (1750 ns, Table 3.1) compared to [Ru(bpy)2(BCF)2] (8.6 ns, 

Table 3.1), which leads to a comparatively high steady-state triplet concentration in the 

case of the Ir(III) complex that might enable otherwise inefficient bimolecular reactions. 

A plausible side reaction is the [2+2] cycloaddition, which is known to occur with Ir(III) 

photosensitizers.[11,154] This example shows that despite nearly identical thermodynamics 

(same triplet energy of 2.50 eV for both photosensitizers, Figure 3.1), different excited-

state lifetimes can affect the reaction outcome in an unanticipated manner. With 

[Ru(CF3bpy)2(BCF)2] as the photosensitizer, the photoisomerization reaction gives a lower 

yield (46 %), because the triplet energy of that complex is lower (2.35 eV, Figure 3.1c).  

Whilst photo isomerization reactions have received significant attention from the 

synthetic photochemistry community in recent years,[26,150,238] the specific example in 

Figure 3.9 mainly serves as a simple test reaction to showcase the comparatively high 

triplet energies of the new isocyanoborato complexes. From a synthetic perspective, 

there exists a fairly broad range of other reaction types that are attractive targets for 

energy transfer catalysis.[158,239,240] One specific example involves the sensitization of 

nickel-based cross coupling.[108] Combined photo- and Ni-catalysis has received significant 

attention over the past few years and has found application in C-C,[122,123,129,134,241] 

C-O,[131,133,137] C-S,[135,136,242] and C-N[124,132,243] bond-forming reactions.[108] Many of these 

cross-coupling reactions rely on electron transfer, but some of them function on the basis 

of triplet-triplet energy transfer (TTET) from the photosensitizer to the Ni(II) 

catalyst.[108,137,244] For instance, fac-[Ir(ppy)3] has been employed to photosensitize the Ni-

catalyzed coupling of aryl halides with carboxylic acids via TTET.[137] Given that 

[Ru(bpy)2(BCF)2] has the same triplet energy as fac-[Ir(ppy)3] (Figure 3.1, Table 3.1), we 

anticipated that this isocyanoborato complex would be a suitable photosensitizer for this 

reaction type. Indeed, [Ru(bpy)2(BCF)2] sensitized the Ni-catalyzed coupling of benzoic 

acid with methyl 4-bromobenzoate in 71 % isolated yield (Figure 3.10). When using 

[Ru(bpy)3]2+ as photosensitizer under identical reaction conditions, only the starting 

material was isolated, underscoring the importance of a high triplet energy. With 

fac-[Ir(ppy)3] we only obtained a yield of 50 % under our experimental conditions, though 

the reaction with this particular sensitizer is known to operate much better under 

optimized conditions.[137] Even though a mechanism based on energy transfer was 

suggested for the Ni-catalyzed C-O coupling and has been supported by further 

studies,[138] recent work reached the conclusion that a mechanism based on a light 

independent Ni(I)/Ni(III) cycle can be operative.[126,127,131,245] A plausible catalytic cycle for 

the TTET mechanism is shown in Figure 3.10b, as adapted from previously published 

mechanistic studies.[108,137] Oxidative addition of the aryl halide substrate to a Ni(0) 

precursor and exchange of a halogenide ligand by the carboxylate reaction partner leads 

to the Ni(II) intermediate at the top of the cycle. Reductive elimination from the electronic 
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ground state of Ni(II) complexes is difficult,[246,247] but can be promoted by excitation to a 
3MC state via TTET from a suitable photosensitizer.[137,244]  

Alternatively, based on the above-mentioned more recent mechanistic studies of nickel 

catalysis,[126,127,131,245] it is possible that the catalytic cycle in Figure 3.10c plays a non-

negligible role. In this scenario, Ni(I) species are generated via a photoinduced electron 

transfer from the [Ru(bpy)2(BCF)2] to the Ni(II) precursor. Subsequent oxidative addition 

of the aryl halide substrate leads to a Ni(III) intermediate, which can cross-couple the aryl 

halide and the carboxylate. The reductive elimination step regenerates the catalyst in the 

Ni(I) state. 

 

Figure 3.10. a) Photosensitized Ni-catalyzed coupling of benzoic acid with methyl 4-bromobenzoate in DMF and the 
isolated yields obtained by employing different photosensitizers. b) Catalytic cycle for the TTET reaction mechanism. 
c) Catalytic cycle for the Ni(I)/Ni(III) reaction mechanism. [a]: An isolated yield of 94 % was previously reported.[137] 
Under the conditions employed here, we find a yield of 50%. 

So far, mostly iridium-based photosensitizers have been used for this reaction type, whilst 

ruthenium(II) complexes did not have sufficiently high triplet energies or were not 

reducing enough. Our work demonstrates that isocyanoborylation makes Ru(II) 

compounds amenable to nickel-catalyzed cross coupling chemistry. 
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3.2.6 Reductive Photocatalysis: Pinacol Coupling 

To explore the potential application of Ru(II) isocyanoborato complexes in reductive 

photocatalysis, we focused on [Ru(bpy)2(BCF)2] and chose the light-driven pinacol 

coupling of benzaldehyde (Figure 3.11a) as a simple benchmark reaction for comparison 

with the prototypical [Ru(bpy)3]2+ photosensitizer.  

 

Figure 3.11. a) Pinacol coupling of benzaldehyde and NMR yields obtained with the different photocatalysts. The 
reaction was performed in a water-cooled reactor at room temperature. b) Calculated excited-state quenching 

efficiencies () as a function of DiPEA concentration for [Ru(bpy)2(BCF)2] (green trace) and [Ru(bpy)3]2+ (orange trace). 

Natural 3MLCT lifetimes (0) and rate constants (kq) for reductive quenching by DiPEA are given in the insets. 

This reaction commonly proceeds via single-electron transfer (SET) to the substrate and 

subsequent coupling of two benzaldehyde radicals.[248–251] With [Ru(bpy)3]2+ as 

photocatalyst and DiPEA as reductant, no reaction was observed due to the rather modest 

reducing power (1.30 V vs SCE) of [Ru(bpy)3]+ (formed after electron transfer from DiPEA 

to photoexcited [Ru(bpy)3]2+), in line with earlier reports.[248,252] By contrast, 

[Ru(bpy)2(BCF)2] gave 87 % NMR-yield of the pinacol-coupled product as a mixture of the 

meso- and dl- isomers (0.9:1) after an irradiation time of 2 h. Evidently, the slightly higher 

reducing power of [Ru(bpy)2(BCF)2] (1.46 V vs SCE) enables ketyl radical anion formation 

and efficient substrate turnover. 

Table 3.3. Excited-State Quenching Constants of the Four Complexes from Figure 3.1 with Methyl Cinnamate (kq, Cinn), 
Benzaldehyde (kq, Benz), and DiPEA (kq, DiPEA) Determined in Dry, Deaerated CH3CN at 20 °C. 

 quenching constants 

 kq, Cinn / M1s1 kq, Benz. / M1s1 kq, DiPEA / M1s1
 

[Ru(bpy)2(BCF)2] 3.58  108 - 1.3  109 [a] 

[Ru(CF3bpy)2(BCF)2] 6.31  106 - - 

fac-[Ir(ppy)3] 1.25  109 3.54  107 < 106 

[Ru(bpy)3]2+ < 105 - 7.4  106 

a Determined in aerated CH3CN to avoid evaporation of DiPEA during degassing. 

From a mechanistic perspective, it is interesting to note that reductive 3MLCT quenching 

of [Ru(bpy)2(BCF)2] by DiPEA is more than 100 times faster compared to [Ru(bpy)3]2+ 

(Figure 3.11b). The respective rate constants are kq = 1.3  109 M1 s1 for [Ru(bpy)2(BCF)2] 
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and kq = 7.4  106 M1 s1 for [Ru(bpy)3]2+ (Table 3.3), determined from Stern-Volmer 

quenching experiments (see page 152 for details). This remarkable difference in rate 

constants is due to the higher excited-state reduction potential of [Ru(bpy)2(BCF)2] (1.04 V 

vs SCE) compared to [Ru(bpy)3]2+ (0.77 V vs SCE), which results in a larger driving force for 

reductive excited-state quenching by DiPEA. The excited-state quenching efficiencies (η) 

of [Ru(bpy)2(BCF)2] and [Ru(bpy)3]2+ as a function of DiPEA concentration are shown in 

Figure 3.12b. The two curves were calculated using the expression[160] 

 = ((0  ) / 0) ∙ 100 %         (eq. 1) 

where ( 0) is the natural (unquenched) 3MLCT excited-state lifetime and  is the lifetime 

in presence of a given DiPEA concentration ([DiPEA]), calculated from  1=0
1 + kq  

[DiPEA]. The data in Figure 3.11b leads to the counterintuitive finding that the 

[Ru(bpy)2(BCF)2] complex undergoes reductive quenching by DiPEA more efficiently than 

[Ru(bpy)3]2+, even though its natural lifetime is approximately a factor of 120 shorter (8.6 

compared to 1019 ns, Table 3.1). 
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3.2.7 Oxidative Photocatalysis: C-C Coupling Reaction 

After it was established that Ru(II) isocyanoborato complexes are amenable to energy 

transfer catalysis and reductive photoredox catalysis, it seemed interesting to also explore 

their application potential in oxidative photoredox chemistry. For this purpose, we 

concentrated on [Ru(CF3bpy)2(BCF)2] with its electron-withdrawing CF3 substituents. As a 

model reaction, we chose the oxidative decarboxylation of Cbz-proline (Cbz = 

benzyloxycarbonyl) and subsequent addition of the resulting -amino alkyl radical to the 

ethyl maleate Michael acceptor (Figure 3.12).[177] 

 

Figure 3.12. Oxidative decarboxylation and subsequent coupling of Cbz-proline -amino alkyl radical to ethyl maleate 
(R = COOEt) with different photocatalysts (a) and the catalytic cycle of this reaction (b). [a]: Isolated yield. [b]: 
Conversion based on ethyl maleate consumption (see page 148 for details). 

This reaction was performed on preparative scale with [Ru(CF3bpy)2(BCF)2] as the 

photocatalyst (page 148), resulting in an isolated yield of 82 %. When [Ru(bpy)3]2+ or 

[Ru(bpy)2(BCF)2] were used, only minor amounts of ethyl maleate were consumed (less 

than 5 %) and no product signals appeared in the 1H NMR spectrum. This is attributed to 

the fact that a careful balance of redox potentials between the ground and excited state 

of the photocatalyst is required for the reaction in Figure 3.12a.  

On the one hand, the photoexcited complex (designated *[Ru] in the catalytic cycle in 

Figure 3.12b) must be sufficiently oxidizing for the initial decarboxylation step (for a 

closely related substrate E1/2 = 0.95 V vs SCE has been reported)[119], and on the other 

hand, its one-electron reduced form (designated [Ru]) needs to be a sufficiently strong 

electron donor to enable the (proton-coupled) reduction of the -amino alkyl radical to 
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the final product.[118] With an excited-state reduction potential E0(*[Ru]/[Ru]) of 1.43 V 

vs SCE (Figure 3b) and a ground-state potential E0 ([Ru]/[Ru]) of 0.92 V vs SCE (Figure 

3.3b), [Ru(CF3bpy)2(BCF)2] fulfills both of these requirements. By contrast, 

[Ru(bpy)2(BCF)2] and [Ru(bpy)3]2+ are not sufficiently potent photooxidants and as such 

are unable to promote the initial decarboxylation step in efficient manner. 

3.3 Conclusions 

Second coordination sphere interactions between hydrogen-bond donating solvents and 

ruthenium(II) and iron(II) cyanide complexes have long been known to exert a strong 

influence on their photophysical properties.[81,226,253–256] Herein, we exploit the nonlabile 

nature of the Lewis acid-base interaction between B(C6F5)3 and the peripheral N-atoms of 

Ru(II)-coordinated cyanide ligands to access uncommon photophysics and 

photochemistry. Whilst second coordination sphere effects are of key importance in 

bioinorganic chemistry and energy-related catalysis,[257,258] it seems that this concept has 

received rather limited attention in the design of new photoactive d-metal 

compounds,[99,259–266] at least among single-component (i.e., mononuclear) systems. 

In the [Ru(bpy)2(BCF)2] complex, the energy of the emissive 3MLCT state is raised by nearly 

0.4 eV relative to [Ru(bpy)3]2+ (Table 3.1), making this compound amenable to 

photoisomerization reactions and sensitized nickel-catalyzed cross-couplings that usually 

require iridium(III) photosensitizers with high triplet energies. The benchmark reactions 

of methyl cinnamate photoisomerization (Figure 3.9) and the C-O coupling between 

benzoic acid and methyl 4-bromobenzoate (Figure 3.10) illustrate the application 

potential of [Ru(bpy)2(BCF)2] and related isocyanoborato complexes for energy transfer 

catalysis. The increased 3MLCT energy furthermore facilitates reductive excited-state 

quenching (Figure 3.11) and provides access to thermodynamically challenging 

photoreductions that are unattainable with [Ru(bpy)3]2+ and its congeners. 

The increased 3MLCT energy of [Ru(bpy)2(BCF)2] decreases the activation barrier for 

internal conversion into near-by 3MC states (Figure 3.6), thereby enhancing nonradiative 

excited-state relaxation. However, the resulting 3MLCT lifetime is still sufficiently long for 

efficient bimolecular reactions and this undesirable effect can be counteracted by 

introducing trifluoromethyl substituents at the bpy ligands. The resulting 

[Ru(CF3bpy)2(BCF)2] complex exhibits a microsecond 3MLCT lifetime paired with a 

photoluminescence quantum yield of 12.8 % (Table 3.1) and furthermore is a potent 

photooxidant capable of triggering oxidative decarboxylation reactions (Figure 3.12). 

Under intense (1.1 W) blue (447 nm) laser irradiation in acetonitrile, the isocyanoborato 

complexes are remarkably photorobust. For instance, the inherent photostability of 
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[Ru(CF3bpy)2(BCF)2] is 56 times greater under these conditions than for [Ru(bpy)3]2+ and 

3.5 times greater than for fac-[Ir(ppy)3].  

Despite remarkable recent advances in the development of photoactive base metal 

complexes,[167,168] ruthenium(II) and iridium(III) compounds remain among the most 

reliable workhorses in organic synthetic photochemistry and artificial photosynthesis. Our 

work demonstrates how undesirable nonradiative relaxation events and 

photodegradation pathways in ruthenium(II) sensitizers can be suppressed and how their 

photophysical and electrochemical properties can be adapted to increasingly challenging 

applications in energy transfer and photoredox catalysis. More generally, this study 

illustrates the significant potential of second coordination sphere effects for the design of 

new photoactive d-metal complexes that are able to meet the current demands of 

applications in lighting, sensing, photodynamic therapy, photocatalysis, and solar energy 

conversion.[6,40,267,268] 
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4 High Triplet Energy Iridium(III) Isocyanoborato Complex 
for Photochemical Upconversion, Photoredox and Energy 
Transfer Catalysis  

Cyclometalated Ir(III) complexes are often chosen as catalysts for challenging photoredox 

and triplet-triplet-energy-transfer (TTET) catalyzed reactions, and they are of interest for 

upconversion into the ultraviolet spectral range. However, the triplet energies of 

commonly employed Ir(III) photosensitizers are typically limited to values around 2.5 - 

2.75 eV. Here, we report on a new Ir(III) luminophore, with an unusually high triplet 

energy near 3.0 eV owing to the modification of a previously reported Ir(III) complex with 

isocyanoborato ligands. 

 

 
 

Compared to a nonborylated cyanido precursor complex, the introduction of B(C6F5)3 

units in the second coordination sphere results in substantially improved photophysical 

properties, in particular a high luminescence quantum yield (0.87) and a long excited-state 

lifetime (13.0 μs), in addition to the high triplet energy. These favorable properties 

(including good long-term photostability) facilitate exceptionally challenging organic 

triplet photoreactions and (sensitized) triplet-triplet annihilation upconversion to a 

fluorescent singlet-excited state beyond 4 eV, unusually deep in the ultraviolet region. 

The new Ir(III) complex photocatalyzes a sigmatropic shift and [2+2] cycloaddition 

reactions that are unattainable with common transition metal-based photosensitizers. In 

the presence of a sacrificial electron donor, it furthermore is applicable to demanding 

photoreductions, including dehalogenations, detosylations, and the degradation of a 

lignin model substrate. Our study demonstrates how rational ligand design of transition-

metal complexes (including underexplored second coordination sphere effects) can be 

used to enhance their photophysical properties and thereby broaden their application 

potential in solar energy conversion and synthetic photochemistry.
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4.1 Introduction 

Triplet-triplet energy transfer (TTET) catalysis has become an important tool of organic-

synthetic photochemistry, because many reactions rely on triplet-excited states that are 

difficult to access directly.[12] TTET catalysis proceeds via sensitization of triplet-excited 

states of organic[11,12] and inorganic[269–272] substrates without the need for excitation of 

their singlet-excited states, thereby allowing for milder reaction conditions (using visible 

instead of UV excitation light) and higher selectivity. Similarly, triplet-triplet annihilation 

upconversion crucially relies on triplet sensitization.[273,274] The triplet energy of the 

photosensitizer is a limiting factor for both types of applications, TTET catalysis and 

upconversion. 

Prominent examples of TTET catalyzed organic reactions include E/Z 

isomerizations,[26,27,150,238,275,276] cycloadditions,[55,152,153,155,156,189,190,277–280] the disulfide-

ene reaction,[158] C-(sp3)-H methylations,[76] and the photocatalyzed Paternò-Büchi 

reaction.[154,157] The scope of substrates is typically dictated by the triplet energy of the 

available photosensitizers, and the development of photocatalysts with higher triplet 

energies is desirable to enable more challenging substrates or even new reactions. 

Transition metal complexes are widely used as TTET and photoredox catalysts,[281] due to 

their high intersystem crossing efficiencies that usually lead to quantitative population of 

triplet-excited states, as well as the tunability of their photophysical properties and their 

photostability.[13,60,182] Though Earth-abundant first- and second-row transition metal 

complexes become increasingly popular,[16,168,282] so far mostly precious Ru(II)- and Ir(III)-

based photocatalysts have been employed, with cyclometalated Ir(III) complexes 

representing a particularly popular choice for reactions requiring comparatively high 

triplet energies.[283,284] However, most commonly used Ir(III) photosensitizers do not 

exceed triplet energies of 2.7 eV,[12] and the metal-based TTET catalyst with the highest 

triplet energy that is typically employed is [Ir(dFppy)3] (dFppy = 2-(2,4-

difluorophenyl)pyridine), with a triplet energy of 2.75 eV (Figure 1a).[11,13,285–287] Other 
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metal complexes also exhibit high triplet energies (up to 3.26 eV),[67,288–291] but it seems 

that their performance in TTET catalysis has not yet been explored. Very recently, a tris-

cyclometalated Ir(III) complex with a triplet energy of 3.18 eV and its application in a De 

Mayo type reaction was reported.[54] Organic, nonmetal based photosensitizers with high 

triplet energies (Figure 4.1b) include thioxanthone (ET = 2.75 eV), benzophenone (ET = 

2.98 eV) and acetophenone (ET = 3.21 eV).[12] However, such ketone-based sensitizers can 

suffer from some severe drawbacks: often, substoichiometric amounts of the catalyst are 

necessary, and their triplet-excited states can be susceptible to side reactions and 

increased photodegradation.[12,55] This class of sensitizers furthermore has low extinction 

coefficients at readily accessible excitation wavelengths (for benzophenone the molar 

extinction coefficient at 346 nm is only 60 M1cm1),[292] thereby leading to inefficient light 

absorption unless very short wavelength excitation light is used. Consequently, the 

development of metal-based TTET catalysts with high triplet energies represents an 

attractive research target. Furthermore, such compounds may permit sensitized triplet-

triplet annihilation upconversion to exceptionally high energies, resulting in delayed 

fluorescence in the difficult to access ultraviolet B region. 
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Figure 4.1. Chemical structures and triplet energies of important metal-based (a) and organic (b) photosensitizers. (c) 

Chemical structures of [Ir(ppy)2(CN)2] (top), [Ir(dFN(Me)2ppy)2(CN)2] (middle), and [Ir(dFN(Me)2ppy)2(BCF)2] 
(bottom) and the key effects of the individual ligand substituents. [a]: from ref [11]. [b]: from ref [149]. [c]: from ref. [96]. 
The organic photosensitizers shown in (b) require excitation in the ultraviolet (UV) spectral range. 

Here, we present a detailed photophysical and photochemical study of a new heteroleptic 

Ir(III) complex obtained via the borylation of a cyclometalated Ir(III) cyanido precursor 

complex, to benefit from the favorable influences of the resulting isocyanoborato 

ligands.[44,82–90,94,97–99,212] Starting from the known [Ir(dFN(Me)2ppy)2(CN)2] complex 

((dFN(Me)2ppy) = 2-(2,4-difluorophenyl)-N,N-dimethylpyridin-4-amine), reaction with 

B(C6F5)3 gave [Ir(dFN(Me)2ppy)2(BCF)2] (Figure 4.1c, BCF = CNB(C6F5)3). This new complex 
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exhibits an exceptionally high triplet energy of 2.99 eV that allows for the sensitization of 

organic substrates that were hitherto not easily amenable by (known) metal-based 

photosensitizers. Though there have been several detailed reports on the photophysical 

and electrochemical properties of isocyanoborato complexes with different metals,[82–

90,94,97–99,212] their photochemical properties, as well as their applications in TTET catalysis 

and photochemical upconversion, have remained underexplored so far.[44] 

In addition to unusually challenging applications in TTET catalysis, the new complex 

permits sensitized triplet-triplet-annihilation upconversion (sTTA-UC) into the UV-B 

region. There have been numerous reports on visible/near-infrared to visible[205,218,293–299] 

as well as a few visible to UV[300–305] upconversion systems, but only a very small number 

of them can provide emission below 350 nm.[77,306–308] With [Ir(dFN(Me)2ppy)2(BCF)2] as 

sensitizer and 4,4'-di-tert-butyl-biphenyl as annihilator, photochemical upconversion to a 

fluorescent singlet-excited state beyond 4 eV becomes possible. Upconversion this far 

into the ultraviolet range has only recently been reported[309] and could potentially 

represent an alternative way to generating light for which, traditionally, mercury lamps 

have been used. The good photo-robustness of the new Ir(III) complex under triplet 

sensitization conditions is encouraging in this regard. 

Lastly, we found that excitation of [Ir(dFN(Me)2ppy)2(BCF)2] in the presence of excess 

tertiary alkyl amine leads to its one-electron reduced form, which is a very strong 

reductant featuring a redox potential of 2.42 V vs SCE. This permits efficient reductive 

dehalogenations of activated aryl bromides and chlorides, detosylation reactions, and the 

reductive C-O bond cleavage in a small molecule resembling lignin. 

 

4.2 Results and Discussion 

4.2.1 Ligand and Complex Design 

The electronic structure of Ir(III) complexes with phenylpyridine ligands can be tuned by 

the introduction of suitable electron-withdrawing or -donating substituents on the phenyl 

and the pyridine moiety.[60,66,310,311] Aiming at an increased triplet energy and based on 

previous work,[67] we targeted the [Ir(dFN(Me)2ppy)2(BCF)2] complex (Figure 4.1c, 

bottom), in which N,N-dimethylamino groups at the 4-position of the pyridine moiety 

destabilize the lowest unoccupied molecular orbital (LUMO), whereas fluoro substituents 

at the 4- and 6-positions of the phenyl ring stabilize the highest occupied molecular orbital 

(HOMO). These combined effects lead to a triplet energy of 2.88 eV in the known 

[Ir(dFN(Me)2ppy)2(CN)2] complex (Figure 4.1c, middle),[67] and in order to increase the 

energy of the photoactive triplet-excited state even further, we attached the strongly 

Lewis acidic B(C6F5)3 moiety to both CN ligands. This results in an additional stabilization 
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of the metal-based t2g-like HOMO.[84] Combining the effects of the N,N-dimethylamino 

and fluoro substituents at the ppy-chelators with B(C6F5)3 at the cyanido ligands results in 

a triplet energy (ET) of 2.99 eV, which is ca. 0.30 eV higher than in the unsubstituted 

[Ir(ppy)2(CN)2] complex (Figure 4.1c, top).[96] 

 

4.2.2 Synthesis, Infrared Spectroscopy and Electrochemistry  

The precursor compound [TBA][Ir(dFN(Me)2ppy)2(CN)2] (TBA = tetra-n-butylammonium) 

was synthesized in four steps following published procedures, but some improvements to 

the reported syntheses were made (see page 185 for experimental details).[67,290] The 

cyanoborylated [TBA][Ir(dFN(Me)2ppy)2(BCF)2] compound was obtained by reacting 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] with 2.2 equiv of B(C6F5)3 in dry and degassed CH2Cl2 and 

was characterized by 1H, 19F, 11B and 13C NMR spectroscopy as well as by elemental 

analysis (EA), infrared (IR) spectroscopy, and high-resolution mass spectrometry (HRMS). 

 

Figure 4.2. Main plot: cyclic voltammogram (CV, green) and differential pulse voltammogram (DPV, red) of 1 mM 
[TBA][Ir(L)2(BCF)2] in dry, deaerated CH3CN with 0.1 M [TBA][PF6] as supporting electrolyte. L = (dFN(Me)2ppy). For 
the CV, the scan rate was 0.1 V/s; for the DPV, the step height was 20 mV, the pulse height was 40 mV, the pulse 
width was 90 ms, and the step width was 100 ms. Inset: Latimer diagram derived from the electrochemical 
measurements presented in the main plot and the energy of the photoactive excited state as determined by the 
spectroscopic studies below. Redox potentials in the inset are referenced to the saturated calomel electrode (SCE). 

In the IR-spectrum of nonborylated [Ir(dFN(Me)2ppy)2(CN)2] two C≡N bands are observed 

at 2100 cm1 and 2091 cm1, and upon attachment of B(C6F5)3 these bands are shifted to 

2195 cm1 and 2180 cm1 in [Ir(dFN(Me)2ppy)2(BCF)2] (Figure SII.21). This ca. 100 cm1 

blue-shift of the C≡N stretch frequencies is commonly observed upon the borylation of 

cyanido precursor complexes and is due to the electron-withdrawing nature of the 

B(C6F5)3 group, which lowers the energy of the relevant C≡N -bonding orbitals, resulting 

in a stronger C≡N bond.[89] 
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In the cyclic (CV) and differential pulse voltammograms (DPV) of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] recorded in dry and deaerated CH3CN, a ligand-based 

reduction at 2.42 V vs SCE (Ered) and a metal-centered oxidation feature at 1.40 V vs SCE 

(Eox) are observed (Figure 4.2). The corresponding oxidation of [Ir(dFN(Me)2ppy)2(CN)2] 

takes place at a substantially less positive potential of 0.97 V vs SCE (Figure SII.22), 

indicating that borylation of the two cyanido ligands entails a stabilization of the metal-

centered t2g-like HOMOs by ca. 0.43 eV, an effect which is commonly observed upon the 

borylation of heteroleptic Ir(III) cyanido complexes.[84] Similarly, the reduction of 

[Ir(dFN(Me)2ppy)2(BCF)2] at 2.42 V vs SCE is at a less negative potential than in 

[Ir(dFN(Me)2(ppy)2(CN)2] (2.59 V vs SCE), signaling that the ligand-based LUMO has been 

stabilized by ca. 0.17 eV. Since the B(C6F5)3 units are attached remotely at the cyanido 

ligands, borylation acts less strongly on the essentially ppy-centered LUMO than on the 

largely metal-based HOMO. The combination of both borylation effects is expected to 

lead to an increase of the energy of the photoactive excited state by ca. 0.26 eV, based on 

these electrochemical data.  

The singly reduced [Ir(dFN(Me)2ppy)2(BCF)2]2 species with its oxidation potential of 

2.42 V vs SCE should be a powerful reductant, and this is confirmed by the 

photochemical studies discussed further below.  

 

4.2.3 Photophysical Properties 

The UV-Vis absorption spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (green solid trace in 

Figure 4.3) shows -* transitions (220 nm – 310 nm) as well as mixed metal-to-ligand-

charge-transfer/intraligand (MLCT/IL) transitions (centered at 328 nm).[67,84] Following 

355 nm excitation of a 105 M deaerated CH3CN solution of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2], a structured emission band centered at 448 nm is 

detectable (dashed red trace in Figure 4.3). Both the MLCT/IL UV-Vis absorption and the 

emission band are blue-shifted by ca. 0.12 eV compared to the parent cyanido complex 

(Figure SII.23) due to the Lewis-acidic nature of B(C6F5)3 (Table 4.1), which is lower than 

the value of 0.26 eV expected on the basis of the electrochemical data discussed above. 
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Table 4.1. Summary of the Photophysical[a] and Electrochemical[b] Properties of [TBA][Ir(L)2(BCF)2] and 
[TBA][Ir(L)2(CN)2] as well as Literature Values of the Two Reference Compounds Benzophenone and [Ir(dFppy)3]. L = 
(dFN(Me)2ppy).[c] 

 

λmax, abs, MLCT/IL 

(ε) 

/ nm (M-1cm-1) 

ε415 nm 

/ M-1cm-1 

λmax, em 

/ nm 

τ0 

/ μs 

ET 

/ eV 

Φlum 

/ % 

Ered 

/ V vs SCE 

Eox 

/ V vs SCE 

[Ir(L)2(BCF)2] 328 (20,000) 260 448 13.0 2.99[d] 87 2.42 1.40 

[Ir(L)2(CN)2] 343 (12,500) 520 468 2.8 2.88[d] 64 2.59 0.97 

Benzophenone - 0[312] 451[313] 50.0[149] 2.98[12] 1.3[313] - - 

[Ir(dFppy)3] - 2,000[314] 476[68] 1.6[13] 2.75[11] 43[66] 1.87[13] 0.94[13] 

a Photophysical data were obtained in dry, deaerated CH3CN at 293 K.  

b Electrochemical data were obtained in dry, deaerated CH3CN at room temperature with 0.1 M [TBA][PF6] as 

supporting electrolyte. 

c max, abs, MLCT/IL is the wavelength of the lowest-energy absorption band maximum (reported along with the molar 

extinction coefficient () at that wavelength), 415 nm is the molar extinction coefficient at 415 nm, and max, em is the 

wavelength of the emission band maximum. All other abbreviations used in this table are defined in the text. 

d Triplet energies (ET) were obtained from 77 K measurements in 2-methyl-THF.  

Compared to the blue shifts of the absorption and emission bands observed upon 

borylation of Ru(II) polypyridyl cyanido complexes (ca. 0.5 eV from [Ru(bpy)2(CN)2] to 

[Ru(bpy)2(BCF)2], bpy = 2,2'-bipyridine),[44] this effect is rather modest, and we attribute 

this to the somewhat different nature of the emissive excited states of Ru(II) polypyridyls 

compared to cyclometalated Ir(III) complexes: In the respective Ru(II) complexes, the 

emissive state is a relatively clean MLCT, while in cyclometalated Ir(III) compounds it has 

mixed MLCT/IL character.[24,57,62,63] As B(C6F5)3 mainly stabilizes the metal-centered 

HOMO, but due to its attachment at the cyanido ligands acts much less on the ppy-

localized  and * orbitals, the increase in energy of the photoactive excited state is larger 

for clean MLCT emitters compared to mixed MLCT/IL luminophores.[84] This effect is also 

observed upon methylation of the [Ru(bpy)(CN)4]2 complex to obtain 

[Ru(bpy)(CNMe)4]2+, leading to a relatively large increase in triplet energy of 0.5 eV.[211] 
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Figure 4.3. Main plot: UV-Vis absorption (green line) and luminescence (dashed red line) spectra of 105 M 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] recorded in dry, deaerated CH3CN at 293 K. Left inset: luminescence spectrum of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] recorded in 2-methyl-THF at 77 K. Right inset: luminescence decay of 105 M 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] in dry, deaerated CH3CN at 293 K after excitation at 355 nm with laser pulses of 10 ns 
duration. For the steady-state luminescence spectra, excitation occurred at 350 nm. 

Despite the substantially blue-shifted MLCT/IL excited state of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2], excitation with a commercial 415 nm LED remains feasible 

due to the tailing of its lowest absorption band into the visible region, as well as the fact 

that the spectral output of such an LED extends to roughly 390 nm (Figure SII.28). The 

molar extinction coefficient of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] at 415 nm in CH3CN is 260 

M1cm1, which is sufficient for the application of this complex in energy transfer and 

photoredox catalysis, as illustrated in the following sections. For comparison, the well-

known organic triplet sensitizer benzophenone does not absorb significantly at 415 nm, 

and therefore, much higher energy photons are typically needed for its excitation (Table 

4.1). 

77 K luminescence measurements of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in 2-methyl-THF 

reveal a triplet energy of 2.99 eV, as determined from the highest-energy emission peak 

at 415 nm (left inset in Figure 4.3). The emission band at this temperature is highly 

structured with a vibrational progression in a 1500 cm1 mode, indicating significant 

intraligand character of the photoluminescence under these conditions. This fine 

structure is not observed in the nonborylated [Ir(dFN(Me)2ppy)2(CN)2] parent complex 

(Figure SII.23). The inherent excited-state lifetime (0) of [Ir(dFN(Me)2ppy)2(CN)2] in dry 

and deaerated CH3CN at 293 K is 2.8 μs, and this value is elongated by a factor of 4.5 to 

13.0 μs in [Ir(dFN(Me)2ppy)2(BCF)2] (right inset in Figure 4.3). Excited-state lifetime 

elongation is typically observed upon borylation of cyanido complexes with the 5d metals 

Ir(III),[84] Re(I)[82,85,94,212] and Os(II),[86] and here this effect might be further aided by 

increased 3IL character. The elongation of the luminescence lifetime is furthermore in line 
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with the energy gap law, which predicts a decrease in nonradiative relaxation with 

increasing excited-state energy.[95] This moreover results in an improved luminescence 

quantum yield (lum) of 0.87 for [Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CH3CN at 293 K 

compared to 0.64 for [Ir(dFN(Me)2ppy2(CN)2] under identical conditions. 

In the transient UV-Vis absorption (TA) spectra of both [TBA][Ir(dFN(Me)2ppy)2(CN)2] 

(Figure SII.24) and [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (Figure SII.26), an excited-state 

absorption (ESA) band with a maximum at 400 nm, tentatively attributable to the reduced 

dFN(Me)2ppy ligand, is observed. In both complexes, this ESA band exhibits the same 

lifetime as the emission of the respective complex (2.8 μs for [Ir(dFN(Me)2ppy)2(CN)2] 

and 13.0 μs for [Ir(dFN(Me)2ppy)2(BCF)2]), confirming that the same photoexcited species 

are probed by luminescence and TA.  

 

4.2.4 Energy Transfer Catalysis 

With its exceptionally high triplet energy of 2.99 eV, the new Ir(III) isocyanoborato 

complex is a very promising candidate for TTET catalysis. In a first test reaction, we 

investigated the intramolecular [2+2] cycloaddition of norbornadiene to quadricyclane 

(Figure 4.4a). This reaction is of interest in the context of solar energy conversion due to 

the ability of quadricyclane to store chemical energy and release it on demand.[315–318] 

However, a disadvantage of this system is that norbornadiene does not absorb 

significantly in the visible region and furthermore it has a comparatively high triplet 

energy of 2.7 eV. In our experiments, 0.3 mol% [Ir(dFN(Me)2ppy)2(BCF)2] catalyzed the 

conversion of norbornadiene to quadricyclane efficiently in deaerated CD3CN upon 

irradiation with the above-mentioned 415 nm LED and gave 99 % NMR-yield after a 

reaction time of 1 h (Figure 4.4a). We estimate the photochemical quantum yield (ΦPC) 

for this reaction, defined here as quadricyclane molecules formed per number of 

absorbed photons, to 0.3 (see page 209 for details). 

When lowering the catalyst loading to 0.02 mol%, an NMR-yield of 92 % remained 

achievable over 8 h, corresponding to a turnover number (TON) > 4500. The comparatively 

long photoirradiation time and high TON point to the good photostability of 

[Ir(dFN(Me)2ppy)2(BCF)2] under photocatalytic conditions, and this important aspect will 

be explored in detail below. Even though the conversion of norbornadiene to 

quadricyclane is considered to be a TTET catalyzed reaction in most of the literature 

reports,[319] one study postulated a partially redox-mediated mechanism via sensitization 

in a charge-transfer encounter complex and successfully employed an Ir(III)-based 

catalyst.[320] In our case, it seems plausible that the TTET pathway is operative. 
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Figure 4.4. (a) [2+2] cycloaddition of norbornadiene to quadricyclane. (b) [2+2] cycloaddition of PQO to CQO. (c) [1,3] 
sigmatropic alkyl shift converting verbenone to chrysanthenone. [a]: 1H-NMR-yield (conversion in parentheses) 
determined with the internal standard trimethyl(phenyl)silane. [b]: isolated yield. [c]: 1H-NMR conversion based on 
an NMR-scale experiment in CD2Cl2 after a reaction time of 90 min, determined using the internal standard 
trimethyl(phenyl)silane. The label “415 nm” indicates the use of a commercial LED with the spectral characteristics 
described in the main text. 

Next, we explored a more challenging reaction, namely the intramolecular [2+2] 

cycloaddition of 4-(pent-4-en-1-yloxy)quinolin-2(1H)-one (PQO) to the corresponding 

cyclobutane product (CQO). The triplet energy (ET) of PQO is 2.9 eV (Figure 4.4b), 0.2 eV 

above that of quadricyclane.[55,279] The reaction of PQO to CQO was completed after 90 

minutes with 95 % conversion based on a 1H-NMR experiment in CD2Cl2. The reaction was 

furthermore performed on the preparative scale in CH2Cl2 (0.7 mmol, 15 mg) and gave 

75 % isolated yield after a reaction time of 2h. 

Finally, we turned our attention to an even more challenging reaction, the intramolecular 

[1,3] sigmatropic alkyl shift of verbenone to chrysanthenone (ET of verbenone = 3.0 eV, 

Figure 4.4c).[12,321] Photoexcited [Ir(dFN(Me)2ppy)2(BCF)2] was able to catalyze this 

reaction with 80 % NMR-yield and a conversion of 97 % after a reaction time of 3 h under 

irradiation with the 415 nm LED described above. The higher triplet energy of verbenone 

(3.0 eV) compared to PQO (2.9 eV) and norbornadiene (2.7 eV) results in less efficient 

TTET, which explains the need for a longer reaction time (3 h instead of 1-2 h on the NMR-

scale). 

The three experiments illustrated by Figure 4.4 demonstrate that 

[Ir(dFN(Me)2ppy)2(BCF)2] is well suited for applications in demanding TTET catalysis and 

is able to sensitize substrates with triplet energies up to 3.0 eV. This is very uncommon 
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for cyclometalated Ir(III) and other transition metal complexes.[11,12,27] Stern-Volmer 

luminescence quenching experiments with [Ir(dFN(Me)2ppy)2(BCF)2] and all three 

substrates from Figure 4.4 yielded rate constants ranging from 107 to 108 M1s1 for TTET 

(Table SII.2). Control experiments in the absence of [Ir(dFN(Me)2ppy)2(BCF)2] were 

conducted for all three TTET catalyzed reactions and showed no detectable product 

formation after the indicated reaction times (Figure SII.45 Figure SII.48). 

 

4.2.5 Reductive Photocatalysis 

As discussed in the section on the electrochemical properties above, the singly reduced 

[Ir(dFN(Me)2ppy)2(BCF)2]2 complex is expected to be a powerful reductant (Ered = 2.42 V 

vs SCE, see Figure 4.2 and Table 1). Stern-Volmer experiments with triethylamine (TEA) 

demonstrate that the luminescent 3MLCT/3IL excited state of [Ir(dFN(Me)2ppy)2(BCF)2] is 

reductively quenched by TEA with a rate constant kq of 1.7 ∙ 105 M1s1 (Figure SII.36). 

Even though this value is rather low, sufficiently high TEA concentrations in photocatalytic 

experiments are likely to favor a mechanism, in which reductive excited-state quenching 

by TEA predominates over direct electron transfer from excited 
*[Ir(dFN(Me)2ppy)2(BCF)2] to the substrate, particularly for substrates requiring reduction 

potentials more negative than 1.59 V vs SCE (see Figure 4.2). This is indeed the case for 

the substrates considered in the following.  
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Figure 4.5. (a) Hydrodehalogenation of selected aryl halide substrates. (b) Detosylation of selected substrates. (c) 
Cleavage of a lignin model substrate. [a]: 19F-NMR-yield (conversion in parentheses) determined with the internal 
standard 4-fluorotoluene. [b]: 1H NMR-yield (conversion in parentheses) determined with the internal standard 
trimethyl(phenyl)silane. The label “415 nm” indicates the use of a commercial LED with the spectral characteristics 
described in the main text. 

In order to rule out possible complex degradation in the presence of TEA, we recorded 

UV-Vis absorption spectra of [Ir(dFN(Me)2ppy)2(BCF)2] in the absence and the presence 

of 1000 equivalents of TEA and obtained identical spectra even after letting the mixture 

stand for 20 min. (Figure SII.29) 

As first photoredox reactions, the debromination of 2-bromo-4-fluorobenzonitrile and the 

dechlorination of 2-chloro-4-fluorobenzonitrile were chosen (Figure 4.5a). Both 

substrates are known to require a reduction potential of at least  2.0 V vs SCE for 

reductive activation.[161] Fluoro-substituted substrates were employed for the convenient 

determination of the product yield and substrate conversion by 19F-NMR, using 4-
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fluorotoluene as an internal standard. Photogenerated [Ir(dFN(Me)2ppy)2(BCF)2]2 formed 

in the presence of 5 equiv of TEA was able to dehalogenate both substrates from Figure 

4.5a after a reaction time of 6 h under irradiation with the above-mentioned 415 nm LED.  

Having obtained these encouraging results, we decided to explore the photochemical 

deprotection of two tosyl-substituted compounds (Figure 4.5b). The tBucarbazole 

substrate (tBuCBzTs, Ered  2.2 V vs SCE, Figure SII.31) was successfully detosylated to 
tBuCBzH (Figure 4.5b, top) with high NMR yield (95 %) and conversion (95 %) after a 

reaction time of 3 h. In contrast, tosyl-protected pyrrole (PyrTs, Ered  2.1 V vs SCE, Figure 

SII.31) proved to be a more challenging substrate (Figure 4.5b, bottom), even though it 

has a reduction potential similar to tBuCBzTs.  

Lastly, the photochemical degradation of a lignin model compound was performed (Figure 

4.5c). The degradation of lignin is of interest for the production of low molecular-weight 

aromatic compounds from biomass; however, conventional methods for this reaction are 

energy-intense, and therefore, significant efforts toward the photochemical lignin 

degradation were made in recent years.[322–327] After a reaction time of 2 h with 

[Ir(dFN(Me)2ppy)2(BCF)2] as photocatalyst and TEA as reductant, the reaction was 

complete and gave an NMR-yield of 93 % and 66 %, respectively, for the two degradation 

products (Figure 4.5c) and a substrate conversion of 100 %. Control experiments in the 

absence of [Ir(dFN(Me)2ppy)2(BCF)2] were performed for all photoreductions and 

resulted in only minor (< 5%) product formation after the indicated reaction times (Figure 

SII.49  Figure SII.58). 
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4.2.6 Sensitized Upconversion with a Biphenyl Annihilator 

Given the high triplet energy of [Ir(dFN(Me)2ppy)2(BCF)2], we anticipated that it could be 

used to access highly energetic singlet-excited states of organic fluorophores via triplet-

triplet annihilation upconversion. Visible to UV-A (320 nm  400 nm) upconversion has 

already been reported several times (see introduction),[77,300–308] but reports of 

upconversion to the UV-B (280 nm  320 nm) are very scarce.[77] A key reason for this is 

that the energy of the fluorescent singlet-excited state reachable via upconversion is 

limited by the triplet energy of the sensitizers. In combination with 

[Ir(dFN(Me)2ppy)2(BCF)2], the 4,4'-di-tert-butyl-biphenyl (tBuBph) compound is a well-

suited annihilator due to its high triplet energy of 2.84 eV and singlet-excited state energy 

of 4.25 eV (known values of unsubstituted biphenyl used as a proxy for tBuBph here).[149] 

The twofold tert-butyl substitution of biphenyl seemed useful to limit aggregation and 

consequent excimer formation,[328] which is usually undesired in photochemical 

upconversion, because it lowers the overall energy conversion efficiency as a result of the 

lower photon energy emitted by the excimer compared to the monomer.[329] 

Following excitation of the Ir(III) sensitizer at 355 nm, triplet-triplet energy transfer (TTET) 

to the tBuBPh annihilator occurs with a rate constant of kTTET = 9.8 ∙ 108 M1s1 based on a 

Stern-Volmer luminescence lifetime quenching experiment (Figure 4.6a). This rate 

constant is a factor of 19 below the diffusion limit in acetonitrile at 25 °C 

(1.9 ∙ 1010 M1s1).[149] TTET rates typically approach the diffusion limit for driving-forces 

on the order of 0.2 eV or greater,[52] while for the [Ir(dFN(Me)2ppy)2(BCF)2] / tBuBph 

donor-acceptor couple we estimate a driving-force of 0.15 eV based on the triplet 

energies of 2.99 and 2.84 eV. Given an inherent excited-state lifetime of 13.0 μs for the 

[Ir(dFN(Me)2ppy)2(BCF)2] sensitizer (Table 4.1), a tBuBph concentration of 5.0 mM (as used 

below in the upconversion experiments) should therefore result in a TTET efficiency of 

99 %. Transient absorption spectroscopy confirms that the excited-state quenching by 
tBuBph is due to TTET. Specifically, selective excitation of [Ir(dFN(Me)2ppy)2(BCF)2] 

(105 M) at 355 nm in the presence of tBuBph (5.0 mM), results in a spectrum (Figure 4.6b) 

featuring a prominent absorption band with a maximum at 360 nm, which is attributable 

to triplet-excited tBuBPh due to its strong similarity to the characteristic absorption 

spectrum of unsubstituted triplet-excited biphenyl.[149] By analyzing the decay of this 

absorption signal, the rate constant for the first-order decay to the tBuBPh ground state 

(kT = 1.7 ∙ 104 s1) and the second-order rate constant for the triplet-triplet-annihilation 

step (kTTA = 1.7∙ 1010 M1s1) can be calculated (see page 218 for details).[330] The value for 

kTTA is close to the diffusion limit in acetonitrile at 25 °C (1.9 ∙ 1010 M1s1) and is in good 

agreement with literature values of comparable TTA systems.[161,330,331] 



High Triplet Energy Iridium(III) Isocyanoborato Complex for Photochemical Upconversion, Photoredox and 
Energy Transfer Catalysis 

69 

 

 

Figure 4.6. (a) Decay of [Ir(dFN(Me)2ppy)2(BCF)2] emission at 450 nm in the absence of tBuBph (blue trace) and in the 

presence of increasing concentrations of tBuBph (other traces) after 355 nm excitation of a 105 M 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] solution in deaerated CH3CN at 293 K. (b) Transient absorption spectrum measured 

after 355 nm excitation of a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (105 M) and tBuBPh (5.0 mM) in dry, deaerated 

CH3CN at 293 K with laser pulses of 10 ns duration. The signals were time integrated over 200 ns with a time delay 
of 5 μs after the laser pulse. (c) Normalized upconversion emission of tBuBPh (5.0 mM) sensitized by 

[Ir(dFN(Me)2ppy)2(BCF)2] (105 M) in dry, deaerated CH3CN at 293 K after excitation with a 405 nm cw laser. (d) 

Normalized prompt emission of the same 105 M solution of [Ir(dFN(Me)2ppy)2(BCF)2] as in (c), after excitation with 
a 405 nm cw laser, but without any tBuBPh (red), and the emission profile of the 405 nm cw laser (blue). Under these 
conditions, the emission band shows somewhat less fine structure, however, the emission band maximum is at the 
same position (448 nm) as in panel (f). (e) Normalized upconversion emission of tBuBPh (2.5 mM) sensitized by 

[Ir(dFN(Me)2ppy)2(BCF)2] (105 M) in dry, deaerated CH3CN at 293 K using different excitation densities. The asterisk 

(*) marks the onset to an artifact caused by stray excitation light. (f) Normalized prompt emission of the same 105 M 

solution of [Ir(dFN(Me)2ppy)2(BCF)2] as in (e), but without any tBuBPh, using the same series of excitation densities 
as in (e). Excitation in (e) and (f) occurred at 355 nm with the internal lamp of the luminescence spectrometer. (g) 

Normalized peak emission intensities of tBuBPh and [Ir(dFN(Me)2ppy)2(BCF)2] as a function of the relative excitation 
density based on the spectra shown in (e) and (f). The black lines represent the best fits to a power function of the 
type f(x)=y+a∙xb. The exponent b of the optimal fits of both the prompt Ir(III) complex emission intensity and the 
delayed tBuBPh fluorescence intensity is indicated in the figure. 

When a 105 M deaerated CH3CN solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] containing 

5.0 mM tBuBph was irradiated with 405 nm light from a continuous wave (cw) laser, 

upconverted emission from singlet-excited tBuBph was observed (Figure 4.6c). The band 

maximum of the delayed (upconverted) tBuBph fluorescence is at 319 nm (3.89 eV), red-

shifted by 0.07 eV compared to the maximum of the known fluorescence spectrum of 

unsubstituted biphenyl (313 nm) measured after direct UV excitation.[149] Though the anti-

Stokes shift is in principle defined as the energy difference between absorption and 



High Triplet Energy Iridium(III) Isocyanoborato Complex for Photochemical Upconversion, Photoredox and 
Energy Transfer Catalysis 

70 

 

corresponding emission band maxima, it has become rather common in the field of 

sensitized triplet-triplet annihilation upconversion to use the difference between the 

excitation wavelength and the maximum of the delayed fluorescence as a proxy for the 

anti-Stokes shift.[218,332–334] Using this simplistic approach, we calculate a pseudo anti-

Stokes shift of 0.83 eV for our system (Figure 4.6d). The fluorescence band of tBuBPh under 

upconversion conditions features a main peak at 319 nm (solid vertical line in Figure 4.6c) 

including progression in a 1400 cm1 mode, leading to two shoulders at 306 and 333 nm 

(dashed vertical lines in Figure 4.6c). From the high-energy shoulder at 306 nm, the E00 

energy of tBuBPh can be estimated and this analysis yields E00 = 4.05 eV. The values of 

3.89 eV (for the band maximum) and 4.05 eV (for E00) compare favorably to previously 

reported high-energy upconversion systems.[77]  

In time-gated emission measurements under upconversion conditions, an additional 

emission band centered at 474 nm is observed after a time delay of 5 μs (Figure SII.37). 

We attribute this to delayed emission from [Ir(dFN(Me)2ppy)2(BCF)2] caused either by 

reverse energy transfer from triplet-excited tBuBPh, or by reabsorption of the upconverted 

light by [Ir(dFN(Me)2ppy)2(BCF)2], or a combination of both effects. Reverse (and uphill) 

TTET commonly occurs between donor-acceptor systems in which the triplet energies are 

fairly close.[335]  

Photochemical upconversion with the [Ir(dFN(Me)2ppy)2(BCF)2] (105 M) / tBuBph 

(2.5 mM) donor-acceptor couple could also be achieved using the internal lamp of a 

luminescence spectrometer with an excitation wavelength of 355 nm (Figure 4.6e). The 

upconverted emission intensity under these conditions as a function of excitation density 

(Figure 4.6g) was fitted to a power function of the type f(x) = y+a∙xb and resulted in b = 

2.1, confirming the expected biphotonic nature of the upconversion process.[336] In 

contrast, when a CH3CN solution of [Ir(dFN(Me)2ppy)2(BCF)2] in the absence of tBuBPh is 

excited under the same conditions (Figure 4.6f), a linear dependence of the emission 

intensity on the excitation density is observed, and fitting to the same power function 

yields b = 0.95 (Figure 4.6g), in line with a monophotonic process. The low power density 

of the internal lamp of the luminescence spectrometer (compared to abovementioned cw 

laser) has the advantage that the quadratic dependence of the upconverted emission 

intensity is observed much more readily compared to when higher excitation densities are 

employed. 

The upconversion luminescence quantum yield ΦUC was determined relative to the 

unquenched sensitizer emission and amounts to 0.07 % (with a maximal theoretical limit 

of 50 %)[337] under 405 nm excitation with a cw laser (Figure SII.40). Even though this value 

seems low, it should be noted that photochemical upconversion to the UV is often 

inefficient.[77,302,306] A few exceptions exceed ΦUC = 5 % based on nanocrystal 
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photosensitizers,[308,338] and one example based on the combination of an Ir(III) sensitizer 

with TIPS-naphthalene (TIPS=1,4-bis((triisopropylsilyl)ethynyl)) reached a record value of 

ΦUC = 20 %, though in this case the delayed fluorescence peaked at substantially longer 

wavelength (350 instead of 319 nm).[300,339] 

 

4.2.7 Photostability 

Photostability is an important aspect for many photophysical and photochemical 

applications. Previous studies of cyclometalated Ir(III) complexes demonstrated that this 

compound class can be relatively photorobust, particularly in the case of homoleptic 

tris(cyclometalated) variants, though systematic investigations seem to be scarce.[77,78,340] 

Isocyanoborato ligands recently provided Ru(II) complexes with remarkable 

photostability, and against this background it seemed meaningful to explore how stable 

the [Ir(dFN(Me)2ppy)2(BCF)2] complex is under visible light irradiation.[44] For this 

purpose, we employed 1H-NMR spectroscopy and followed the integrals of the aromatic 

signals of [Ir(dFN(Me)2ppy)2(BCF)2] (0.3 mM in CD3CN) under high-power 415 nm 

irradiation (5.8 W) over the course of 60 minutes, once in neat solution and once in the 

presence of 60 mM norbornadiene as a triplet acceptor. 

 

Figure 4.7. Main plot: photostability of 0.3 mM [Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN solutions upon 
irradiation with a 415 nm LED (5.8 W) in the presence and absence of 60 mM norbornadiene. Inset: conversion of 
norbornadiene to quadricyclane as a function of time in the same experiment. 

In the presence of norbornadiene, no significant change in the integrals of the NMR signals 

can be observed up to t = 45 min (upper trace in Figure 4.7) and the Ir(III) complex 

evidently remains largely intact. In contrast, when the neat solution of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] was irradiated under identical conditions, there is clear 
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evidence for photodegradation as the NMR signals gradually disappeared and became 

barely detectable after 60 min (lower trace in Figure 4.7; see page 220 for details). 

Evidently, the inherent photostability of the [Ir(dFN(Me)2ppy)2(BCF)2] complex under 

these excitation conditions with particularly high photon flux (5.8 W) is rather modest, 

but improves considerably under conditions in which the photoactive excited state is 

deactivated rapidly by norbornadiene. It seems plausible that the comparatively long 

excited-state lifetime of [Ir(dFN(Me)2ppy)2(BCF)2] (13.0 μs) makes this complex more 

susceptible to photodegradation than luminophores with shorter excited-state lifetimes. 

For triplet harvesters in organic light emitting diodes, short-lived excited states are usually 

desirable exactly for this reason.[70,341–343] When a suitable substrate is present (which 

quenches the excited state and therefore shortens the excited-state lifetime of the 

photocatalyst), the photostability is significantly improved, as seen from the experiment 

with norbornadiene. Corroborating, the onset of photodegradation observed after 45 min 

in the presence of norbornadiene coincides with the completion of the 

photoisomerization reaction to quadricyclane, as seen from the inset in Figure 4.7. 

Evidently, as the substrate concentration decreases, quenching of the excited state 

becomes increasingly inefficient, and photodegradation sets in. The good photostability 

of [Ir(dFN(Me)2ppy)2(BCF)2] under catalytic (TTET) conditions is further substantiated by 

the fact that the conversion of norbornadiene to quadricyclane was performed with a 

catalyst loading of only 0.02 %. Under these conditions, an NMR-yield of 92 % was 

obtained after a reaction time of 8 h, corresponding to a turnover number (TON) > 4500. 
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4.3 Conclusions 

Cyclometalated Ir(III) complexes are among the most frequently employed sensitizers for 

energy transfer[11,12,27,76,154,157,158,280] and photoredox catalysis,[8,13,75,115,116,122] and 

furthermore they are of interest as triplet harvesters in organic light emitting 

diodes,[24,57,58,60,70–72,344] and as sensitizers for photochemical upconversion.[77,205,293,300–

302] In many of these applications, the energy of the photoactive excited state of the Ir(III) 

complex is a crucial factor that can limit the scope of the sensitizer’s applicability. Though 

cyclometalated Ir(III) complexes typically have their lowest electronically excited states at 

substantially higher energies than many other transition metal compounds, the most 

commonly employed Ir(III) complexes have excited state energies in the range 2.2 to 2.75 

eV, too low for the applications demonstrated herein.[13] In this study, we have 

successfully applied a new strategy to reach the limit of 3.0 eV, based on the use of 

isocyanoborato strong-field -acceptor ligands. This has opened new perspectives for 

applications in energy transfer catalysis and in triplet-triplet annihilation upconversion, as 

demonstrated by a series of light-driven reactions that crucially rely on a very high triplet 

energy and the very uncommon phenomenon of upconversion into the ultraviolet-B 

spectral range. The TTET-sensitized reactions accomplished with the Ir(III) isocyanoborato 

complex following excitation at the blue edge of the visible spectrum are unattainable 

with common Ir(III) photosensitizers, and to the best of our knowledge, there exists 

currently only one published example of upconversion to an excited state beyond 4 eV.[309] 

This illustrates how metal complex design can open the door to new photochemical and 

photophysical reactivities, and thus complements recent work on new photoactive 

coordination compounds with relevance to applications in preparative (organic) 

photochemistry and photochemical upconversion.[39,116,169,345–351]  

The isocyanoborato ligand strategy furthermore provides access to a one-electron 

reduced form of the Ir(III) complex, which acts as a potent reductant (2.42 V vs SCE), 

applicable to a range of challenging photoreductions including dehalogenations, 

detosylations and the degradation of a lignin model substrate. This one-electron reduced 

form is accessible via reductive quenching of the photoactive excited state with tertiary 

amines, a process, which for other heteroleptic Ir(III) complexes induced reduction of an 

-diimine ligand, leading to a new type of complex, which is likely the key catalytically 

active species in many iridium-catalyzed photoreductions.[235] The isocyanoborato -

acceptor ligands seem to lead to a comparatively stable one-electron reduced form of the 

Ir(III) complex, which directly engages in productive (single electron transfer) reactions 

with suitable substrates, rather than undergoing other conversions that obscure the 

overall reaction mechanism. Furthermore, the isocyanoborato coordination environment 

leads to good photostability under TTET catalysis conditions, in which the photoactive 
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excited state reacts rapidly with triplet acceptors. In this context, our study illustrates the 

important difference between the inherent photostability of a compound (in the absence 

of any reaction partners), and its photostability under photochemical operation, in the 

presence of substrates. Likely due to the long excited-state lifetime of 13.0 s, the 

inherent photostability of our Ir(III) isocyanoborato complex is substantially lower than 

that of two recently investigated Ru(II) isocyanoborato congeners, which exhibited much 

shorter excited-state lifetimes of 8.6 ns and 1.04 s. This observation (following a well-

known design principle of triplet-harvesting luminophores in organic light emitting 

diodes)[70,352] suggests that the types of very short-lived photoactive charge-transfer 

excited states, which are typically accessible in open-shell first-row transition metal 

complexes[16,38,39,104,106,168,224,353–357] could in fact be rather photostable. 

Isocyanoborato complexes of many different transition metal complexes are in principle 

synthetically amenable.[44,82–90,94,97–99,212] With the borylation reaction occurring in the 

second coordination sphere, this key step can be seen as a “late-stage modification” of 

cyanido precursor complexes with known photophysical and photochemical properties. 

This should simplify the rational development of many more isocyanoborato complexes 

with tailor-made photochemical properties, as illustrated herein on the example of an 

Ir(III) complex. New types of photoactive isocyanoborato complexes could therefore open 

the door to further advances in organic (triplet) excited-state 

chemistry,[10,27,154,161,265,331,358–360] artificial photosynthesis,[17,361–364] and sensing.[73,74,267] 
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5 Borylation in the Second Coordination Sphere of Fe(II) 
Cyanido Complexes and its Impact on their Electronic 
Structures and Excited-State Dynamics 

Second coordination sphere interactions of cyanido complexes with hydrogen-bonding 

solvents and Lewis acids are known to influence their electronic structures, whereby the 

non-labile attachment of B(C6F5)3 resulted in several particularly interesting new 

compounds lately. Here, we investigate the effects of borylation on the properties of two 

FeII cyanido complexes in a systematic manner by comparing five different compounds 

and using a range of experimental techniques. Electrochemical measurements indicate 

that borylation entails a stabilization of the FeII-based t2g-like orbitals by up to 1.65 eV, 

and this finding was confirmed by Mössbauer spectroscopy. 

 

 
 

This change in the electronic structure has a profound impact on the UV-vis absorption 

properties of the borylated complexes compared to the non-borylated ones, shifting their 

metal-to-ligand charge transfer (MLCT) absorption bands over a wide range. Ultrafast UV-

vis transient absorption spectroscopy provides insight into how borylation affects the 

excited-state dynamics. The lowest metal-centered (MC) excited states become shorter-

lived in the borylated complexes compared to their cyanido analogues by a factor of 10, 

possibly due to changes in outer-sphere reorganization energies associated with their 

decay to the electronic ground state as a result of B(C6F5)3 attachment at the cyanido 

N lone pair.  
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5.1 Introduction 

Lewis acid-base interactions between different boron-containing compounds and the 

terminal N-atoms of cyanido complexes have been known for over 50 years.[91–93] 

Recently, the idea of exploiting such interactions in the second coordination sphere of 

metal complexes received more interest again, and the borylation of mixed-ligand 

complexes of IrIII,[84] OsII,[86] ReI,[82,85,94,212] RuII,[44,88,90] FeII,[88,89] CuI,[83,87] NiII,[97] PdII,[98] 

PtII [99] and AgI [87] has resulted in new compounds with enhanced photophysical, 

electrochemical and photochemical properties. The boosted properties of the 

isocyanoborato complexes compared to their cyanido precursors typically originate from 

the energetic stabilization of the metal-based t2g-like (d) orbitals upon cyanido 

borylation, entailing a rise in energy of metal-to-ligand charge transfer (MLCT) excited 

states, as well as a lower tendency to undergo oxidation in the electronic ground state. 

Due to these beneficial effects, isocyanoborato complexes of 5d metals often have longer 

MLCT excited-state lifetimes and increased photoluminescence quantum yields when 
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compared to the cyanido parent compounds. Isocyanoborato complexes have become 

promising candidates as emitters for organic light emitting diodes (OLED’s)[84–86] or 

sensors,[82] some of them feature uncommon electrochemical properties,[88–90] and others 

have been used as photocatalysts for challenging photoredox and triplet-triplet energy 

transfer (TTET) reactions.[44,365] In addition, iscocyanoborato complexes of IrIII and RuII 

were shown to be exceptionally photorobust under catalytic conditions.[44,365] 

 

Figure 5.1. Chemical structures of [Fe(bpy)3]2+ (a), [Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] (b), and [Fe(bpy)(CN)4]2 and 

[Fe(bpy)(BCF)4]2 (c, BCF=CNB(C6F5)3; bpy=2,2'-bipyridine). 

Research on isocyanoborato complexes so far has mainly focused on 4d and 5d metals, 

with only a few studies investigating the influence of borylation on the photophysical and 

electrochemical properties of mixed-ligand FeII -diimine cyanido complexes.[88,89] FeII 

plays a very special role in modern photophysics and photochemistry, because it can 

adopt the same low-spin d6 valence electron configuration as RuII and IrIII, from which 

many of the most widely used photoactive transition metal compounds are made. 

Considering in addition that iron is the most abundant d-metal element in Earth’s crust, it 
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seems unsurprising that complexes of FeII are currently intensely 

researched.[15,17,18,101,170,175,223,227,366–372] Against this background, it seemed meaningful to 

investigate the effects of borylation on the properties and the electronic structure of well-

known heteroleptic FeII complexes with cyanido and 2,2'-bipyridine ligands. Specifically, 

we focused on the five complexes shown in Figure 5.1, because they represent a useful 

platform to rationalize the different effects that cyanido- and isocyanoborato ligands 

exert on their electronic structure. Among them, [Fe(bpy)3]2+,[17,101,373–376] 

[Fe(bpy)2(CN)2],[254,377,378] and [Fe(bpy)(CN)4]2 [226,255,377,379] are well-known, whereas 

[Fe(bpy)(BCF)4]2 has been reported recently[88] and [Fe(bpy)2(BCF)2] is new. We find that 

the attachment of B(C6F5)3 in the second coordination sphere of the FeII cyanido 

complexes leads to a drastic increase of their oxidation potential, in line with prior 

reports.[88,89] UV-vis studies illustrate how the MLCT absorption bands can be shifted over 

a large portion of the visible spectrum by varying the number of isocyanoborato/cyanido 

ligands. X-ray crystal structure analysis along with infrared (IR) and Mössbauer 

spectroscopic studies provide insight into the molecular and electronic (ground-state) 

structures of the complexes, whereas ultrafast time-resolved UV-Vis absorption 

spectroscopy was used to investigate excited-state dynamics. 

 

5.2 Results and Discussion 

5.2.1 Synthesis, Characterization, IR Spectroscopy and Crystal Structure 

The two complexes (PPN)2[Fe(bpy)(BCF)4] (PPN+ = bis(triphenylphosphine)iminium; bpy = 

2,2'-bipyridine; BCF = CNB(C6F5)3) and [Fe(bpy)2(BCF)2] were synthesized by reacting the 

precursor complexes [Fe(bpy)(CN)4]2 and [Fe(bpy)2(CN)2] with 4.4 or 2.2 equivalents of 

B(C6F5)3, respectively. The PPN+ counter-cation gave good solubility in CH2Cl2 (in which the 

borylation reaction worked well), and furthermore, PPN+ afforded an easier to purify and 

to characterize compound than the more widely known TBA+ (tetra-n-butylammonium) 

cation. The borylated complexes were characterized by 1H, 13C, 11B, and 19F NMR 

spectroscopy as well as by infrared (IR) spectroscopy, elemental analysis (EA), and high-

resolution mass spectrometry (HRMS). Suitable crystals for X-ray diffraction analysis of 

[Fe(bpy)2(BCF)2] (CCDC deposition number 2159475) were obtained by slow evaporation 

from a mixture of CHCl3 and CH2Cl2, and the obtained crystal structure is displayed in 

Figure 5.2. 

Relative to [Fe(bpy)2(CN)2], borylation entails a shortening of both the Fe-C and the C≡N 

bonds in [Fe(bpy)2(BCF)2] (Table 5.1), which we attribute to two effects. On the one hand, 

the Lewis-acidic B(C6F5)3 unit lowers the energy of the relevant -bonding orbitals in the 

C≡N bond,[89] thereby strengthening the bonding interaction and shortening the C-N 

distance by 0.015(5) Å. However, the C≡N *-orbitals are stabilized in parallel with the 
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respective  orbitals,[89] resulting in increased -backbonding from FeII to the C≡N *-

orbitals and causing a 0.030(4) Å shorter Fe-C bond in [Fe(bpy)2(BCF)2] compared to 

[Fe(bpy)2(CN)2].[380] A combination of steric effects and (partial) population of the C≡N *-

orbitals through -backbonding is furthermore responsible for the slightly bent C≡N-B 

angle (Table 5.1).[89] 

 

Figure 5.2. X-ray crystal structure of [Fe(bpy)2(BCF)2]. Individual atoms shown as 50 % thermal ellipsoids. Hydrogen 
atoms are omitted for clarity.  

Furthermore, the Lewis-acidity of B(C6F5)3 results in a weakened σ-bonding interaction 

between the isocyanoborato ligand and the FeII center, which in principle could be 

expected to lead to a longer Fe-C bond. However, according to the data in Table 5.1, this 

effect is overcompensated by the increased -backbonding into the C≡N-based * orbitals 

described above, resulting in an overall shorter Fe-C bond in [Fe(bpy)2(BCF)2] relative to 

[Fe(bpy)2(CN)2]. 

In the IR spectrum of [Fe(bpy)2(CN)2] (Figure SIII.20), C≡N stretching modes are observed 

at 2070 cm1 and 2077 cm1, and these bands are shifted to higher wavenumbers in 

[Fe(bpy)2(BCF)2] (2166 cm1 and 2181 cm1). This effect is commonly observed upon the 

borylation of cyanido complexes and is a consequence of the stronger C≡N bond in the 

borylated complexes compared to their cyanido precursors.[88,89,97] A similar frequency 

shift (Figure SIII.21) can also be observed when going from [Fe(bpy)(CN)4]2 (C≡N = 

2054 cm1) to [Fe(bpy)(BCF)4]2 (C≡N = 2162 cm1). 
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Table 5.1. Selected Average Bond Lengths and Angles and Infrared Spectral Data for [Fe(bpy)2(CN)2] and 
[Fe(bpy)2(BCF)2] 

 [Fe(bpy)2(CN)2][a] [Fe(bpy)2(BCF)2] 

C≡N 1.168(5) Å 1.153(3) Å 

Fe-C 1.907(4) Å 1.877(2) Å 

Fe-Ntrans 1.996(3) Å 1.995(2) Å 

Fe-Ncis 1.958(3) Å 1.964(2) Å 

C≡N-B - 171.9(2)° 

C≡N 2070, 2077 cm1 2166, 2181 cm1 

a Crystal structure data for [Fe(bpy)2(CN)2] was obtained from ref. [380]. 

 

5.2.2 Electrochemistry 

Cyclic voltammograms (CVs) and differential pulse voltammograms (DPVs) were recorded 

for all five complexes.  

 

Figure 5.3. Differential pulse voltammograms of 1.1 mM [Fe(bpy)3](PF6)2 (a), 1.3 mM [Fe(bpy)2(BCF)2] (b), and 1.0 mM 
(PPN)2[Fe(bpy)(BCF)4] (c) in dry, Argon-saturated CH3CN at 293 K with 0.1 M (NBu4)(PF6) as supporting electrolyte. In 
all three cases, the step height was 5 mV, the pulse height was 100 mV, the pulse width was 100 ms, and the step 
width was 50 ms. 
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The DPVs of the key complexes [Fe(bpy)2(BCF)2] and (PPN)2[Fe(bpy)(BCF)4] as well as the 

reference compound [Fe(bpy)3](PF6)2 are displayed in Figure 5.3 to illustrate the influence 

of exchanging bpy ligands with isocyanoborato ligands. In the following, we first focus on 

the changes in the electronic structure associated with the exchange of bpy ligands with 

cyanido ligands. In a second step, we then discuss the effects of borylation of the cyanido 

ligands. In the DPV of [Fe(bpy)3]2+, three reduction features at 1.74, 1.93 and 2.19 V 

vs Fc+/0, attributable to three consecutive one-electron reduction events of the bpy-

ligands, as well as the oxidation of FeII to FeIII at 0.68 V vs Fc+/0 are observed (Figure 5.3a). 

When one bpy ligand is replaced by two cyanido ligands ([Fe(bpy)2(CN)2]), the metal-

based oxidation wave is shifted cathodically from 0.68 V vs Fc+/0 to 0.06 V vs Fc+/0 (Figure 

SIII.25 and Figure 5.4). This is due to an increase in electron density at the FeII center, 

caused by the stronger -donation from the two anionic cyanido ligands compared to the 

charge-neutral bpy-ligand.[381] Furthermore, only two (instead of three) reduction 

features are observable in this case, attributable to one-electron reduction of the two 

remaining bpy ligands. The first reduction potential is shifted cathodically compared to 

the [Fe(bpy)3]2+ complex (Figure 5.4a) by 0.32 V, signaling that the increased electron 

density at the metal center affects bpy reduction. For simplicity, we assume that the 

change in the ligand environment affects the energy of the t2g-like orbitals of the FeII and 

the FeIII complexes to the same extent. Even though an increased charge of the central 

metal ion is in principle expected to lead to increased d-orbital interactions between the 

metal and the ligands, our crude approach is sufficient to account for the observable shifts 

in the MLCT absorption bands upon ligand exchange (vide infra). In the following 

discussion, we will further use experimentally determined redox potentials to draw 

conclusions concerning the relative energies of frontier orbitals, which is evidently a 

simplistic approach that will however allow for an integrated and comparative discussion 

of data originating from different experimental techniques. 

When going from [Fe(bpy)3]2+ to [Fe(bpy)(CN)4]2, an even larger cathodic shift of 1.33 V 

for the first oxidation potential, from 0.68 V vs Fc+/0 to 0.65 V vs Fc+/0, is observed. 

Furthermore, the first reduction potential is shifted cathodically from 1.74 ([Fe(bpy)3]2+) 

to 2.51 ([Fe(bpy)(CN)4]2) V vs Fc+/0 (Figure SIII.32 and Figure 5.4). These observations are 

in line with previous electrochemical studies of [Fe(bpy)3]2+,[101] [Fe(bpy)2(CN)2],[382] and 

[Fe(bpy)(CN)4]2.[88] 

Upon borylation of the two cyanido ligands in [Fe(bpy)2(CN)2] to give [Fe(bpy)2(BCF)2], the 

respective metal oxidation potential is shifted anodically from 0.06 V ([Fe(bpy)2(CN)2]) to 

0.89 V vs Fc+/0 [Fe(bpy)2(BCF)2] (Figure 5.3b). The same effects are also observed in 

[Fe(bpy)(BCF)4]2, however, due to the presence of four cyanido/isocyanoborato ligands 

instead of only two, the observed effect doubles in magnitude. Specifically, upon going 

from [Fe(bpy)(CN)4]2 to [Fe(bpy)(BCF)4]2, a shift of the oxidation potential by 1.65 V from 
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0.65 to 1.00 V vs Fc+/0 is observed. The bpy0/· reduction potential is shifted to a lesser 

extent (0.34 V) from 2.51 to 2.17 V vs Fc+/0 (Figure 5.4). Thus, in both comparative cases 

investigated here, the borylation has a much stronger influence on the electrochemical 

potential of the metal-based oxidation than on the bpy-based reduction, which is 

understandable on the basis that the borylation occurs much closer to the FeII center than 

to the bpy ligands. 

 

Figure 5.4. Energy level diagram of the key complexes as determined by cyclic voltammetry and differential pulse 
voltammetry. Dotted lines are guides to the eye. The metal-centered oxidation process illustrated in the lower part 
is a measure of the HOMO energy. The bpy-ligand-based reduction process illustrated in the upper part is a measure 

of the energy of the lowest-lying * orbital on the bpy ligands. 

The difference between the oxidation potential and the first reduction feature (E) is 

2.42 V for [Fe(bpy)3]2+ (Figure 5.3a), and this value increases with greater number of BCF 

ligands. E increases to 2.78 V in [Fe(bpy)2(BCF)2] (Figure 5.3b) and further rises to 3.17 V 

in [Fe(bpy)(BCF)4]2 (Figure 5.3c). The effects of exchanging bpy-ligands with cyanido 

ligands and their subsequent borylation are summarized in Figure 5.4, which captures the 

changes starting from [Fe(bpy)3]2+ and going to the cyanido complexes (black lines), and 

onwards to the BCF complexes (red lines). The dotted red and black lines are guides to the 

eye. The orange labels and dotted lines indicate the extent of stabilization of the metal-

based t2g-like (d) orbitals (bottom) and of the energetically lowest-lying * orbital on the 

bpy ligands (top). 

Based on the available electrochemical data and a Randles-Ševčík analysis, diffusion 

coefficients (D0, Table 5.2) on the order of 10-6 cm2 s1 were estimated for all five 
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compounds (see page 261 for details). For the previously reported compounds, the 

diffusion coefficients obtained here are in good agreement with prior studies.[88] Based 

on the structural changes upon borylation, a decrease in the D0 values of the borylated 

complexes compared to their cyanido precursors might in principle be expected. 

However, on the contrary, we find larger values for D0 in the borylated complexes, 

possibly due to stronger interactions of the cyanido complexes with the solvent, as well 

as stronger ion pairing effects in the cyanido compounds.[88] 

5.2.3 Mössbauer Spectroscopy 

In order to gain further insight into the electronic ground state structure of the new 

complexes and to further understand the effects of borylation, we employed 57Fe 

Mössbauer spectroscopy on solid samples at 80 K. 

 

Figure 5.5. a) Solid state zero-field 57Fe Mössbauer spectra of [Fe(bpy)2(CN)2] (black line) and [Fe(bpy)2(BCF)2] (red 
line) at 80 K. b) Solid state zero-field 57Fe Mössbauer spectra of (PPN)2[Fe(bpy)(CN)4] (black line) and 
(PPN)2[Fe(bpy)(BCF)4] (red line) at 80 K. 

Upon borylation of [Fe(bpy)2(CN)2] to [Fe(bpy)2(BCF)2], the isomer shift () decreased from 

0.25 mm s1 to 0.21 mm s1 due to the increased s-electron density at the FeII nucleus 

resulting from less d-shielding in the more electron-withdrawing borylated complex 

(Figure 5.5a). Similarly,  decreased from 0.14 mm s1 ([Fe(bpy)(CN)4]2) to 0.07 mm s1 

([Fe(bpy)(BCF)4]2), and, as already observed in the electrochemical measurements, the 

magnitude of the change upon four-fold borylation is roughly by a factor of 2 larger 
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compared to the two-fold borylation of [Fe(bpy)2(CN)2] (Figure 5.5b). All parameters are 

in accordance with a ferrous low-spin configuration.[383] Quadrupole splittings (EQ) are 

rather small and compatible with only small lattice contributions due to the non-

symmetric ligand environment. 

 

Table 5.2. Summary of the UV-Vis Absorption[a], Electrochemical[b] and Mössbauer[c] Properties of the Key 
Complexes 

 

λmax, abs, MLCT (ε) 

/ nm (M-1 cm-1) 

𝐸1/2
𝑜𝑥  

/ V vs Fc+/0 

𝐸1/2
red  

/ V vs Fc+/0 

Eox
[d] 

/ mV 

Ered
[d]

 

/ mV 

D0
[e] 

/ cm2 s-1 

 

/ mm s-1 

EQ 

[Fe(bpy)2(CN)2] 613 (7000) 0.06 2.06 

2.33 

70 70 

73 

6.7 ∙ 10-6 0.25 0.62 

[Fe(bpy)2(BCF)2] 482 (5500) 0.89 1.89 

2.15 

75 

 

69 

73 

7.5 ∙ 10-6 0.21 0.57 

[Fe(bpy)(CN)4]2 666 (1100) 0.65 2.51 73 - 1.6 ∙ 10-6 0.14 0.66 

[Fe(bpy)(BCF)4]2 426 (3000) 1.00 2.17 73 96 4.1 ∙ 10-6 0.07 0.70 

[Fe(bpy)3]2+ 520 (8000) 0.68 1.74 

1.93 

2.19 

75 60 

65 

72 

4.1 ∙ 10-6 0.39[384] 0.34
[384] 

a UV-Vis data were obtained in dry, N2-saturated CH3CN at 293 K.  

b Electrochemical data were obtained in dry, Argon-saturated CH3CN at room temperature with 0.1 M(NBu4)(PF6) as 
supporting electrolyte. 

c Zero-field 57Mössbauer data were obtained in the solid state at 80 K. 

d Eox/red denote the peak-to-peak separation and was determined for a scan rate of 0.1 V s1. 

e D0 values were calculated on the basis of a Randles–Ševčík analysis (see the SI for details). 
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5.2.4 UV-Vis Absorption Spectroscopy 

In the visible to near-UV range of the optical absorption spectrum of [Fe(bpy)3]2+ (Figure 

5.6a), two prominent bands with maxima at 350 nm and 520 nm are observed, both of 

which are attributed to metal-to-ligand charge transfer (MLCT) transitions.[373,385] 

 

Figure 5.6. UV-vis absorption spectra of [Fe(bpy)3]2+ (a), [Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] (b) as well as 

[Fe(bpy)(CN)4]2 and [Fe(bpy)(BCF)4]2 in dry CH3CN at 293 K. 

When replacing one bpy-ligand by two cyanido ligands to obtain [Fe(bpy)2(CN)2], the 

maximum of the lower-energy MLCT band is shifted from 520 nm to 613 nm (dashed red 

trace in Figure 5.6b). This is in line with the cathodic shift of the oxidation potential 

observed in the electrochemical measurements presented above (Figure 5.4); as the 

relevant bpy-based *-orbitals are destabilized much less than the t2g-like orbitals, the 

respective energy gap decreases, leading to a red-shifted MLCT absorption band. 

However, when B(C6F5)3 groups are attached to the two cyanido ligands of 

[Fe(bpy)2(CN)2], the low-energy MLCT absorption band is blue-shifted by ca. 0.54 eV 

(green trace in Figure 5.6b), in line with the observed stabilization of the t2g-like orbitals 

in the electrochemical measurements presented above (Figure 5.4). Compared to 
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[Fe(bpy)2(CN)2], the metal-based t2g-like orbitals in [Fe(bpy)2(BCF)2] are stabilized by 

0.83 eV, whereas the bpy-based *-orbitals are stabilized by 0.17 eV (Figure 5.4 and Table 

5.2). Taking both effects into account, an increase of the t2g - * energy gap of 0.66 eV is 

expected based on the electrochemical measurements, and this is in good agreement with 

the observed shift (0.54 eV) of the MLCT-band between [Fe(bpy)2(CN)2] and 

[Fe(bpy)2(BCF)2]. 

A similar trend is observed when comparing the UV-Vis absorption spectra of [Fe(bpy)3]2+, 

[Fe(bpy)(CN)4]2 and [Fe(bpy)(BCF)4]2. From [Fe(bpy)3]2+ to [Fe(bpy)(CN)4]2, a red-shift of 

the low-energy MLCT absorption band by 0.52 eV is observed, and when the B(C6F5)3 

groups are attached to the four cyanido ligands, the respective MLCT absorption band is 

blue-shifted by 1.01 eV (Figure 5.6c). This is in line with the electrochemical 

measurements presented above, where an increase of 1.31 V in the t2g - * energy gap 

was determined (Figure 5.4). These results are in line with previous reports, in which a 

correlation between the relevant redox potentials and the energy of the respective MLCT 

transitions in RuII complexes was observed.[386,387] Furthermore, the effects of borylation 

on the UV-Vis absorption spectra of [Fe(bpy)2(CN)2] and [Fe(bpy)(CN)4]2 are comparable 

to the effects observed upon methylation of [Ru(bpy)(CN)4]2 to yield [Ru(bpy)(CNMe)4]2+, 

which leads to a blueshift of the MLCT absorption band maximum of 1.35 eV in 

CH3CN.[211] 

A qualitatively similar but less pronounced effect is also observed for the precursor 

cyanido complexes [Fe(bpy)2(CN)2] and [Fe(bpy)(CN)4]2 as well as their RuII analogues 

when changing from non-hydrogen bonding solvents (DMSO, CH3CN) to hydrogen-

bonding H2O or MeOH.[81,253,256,377,379] The Gutmann-Becket acceptor number (AN) is a 

frequently employed measure for the hydrogen-bond acceptor capability of solvents and 

as such quantifies the solvents’ Lewis acidity. Strongly Lewis-acidic solvents have higher 

values (AN = 54.8 for H2O) than non-Lewis-acidic solvents (AN = 1 for hexane).[388] Solvents 

with large AN lead to reduced electron density on the FeII and RuII metal centers of mixed-

ligand -diimine cyanido complexes, similar to the effect of borylation. 

 

5.2.5 Transient Absorption Spectroscopy 

As noted in the introduction, the photophysics of iron complexes are currently intensely 

studied, in part because FeII would be a very attractive substitute for precious-metal based 

photoactive d6 metal complexes,[15,17,18,39,101,170,171,175,223,227,354,366–372,389,390] though there 

are now attractive alternative options based on isoelectronic MnI and Cr0.[104,106,107] The 

excited-state dynamics of [Fe(bpy)2(CN)2] and [Fe(bpy)(CN)4]2 were previously 

investigated and were strongly solvent dependent, because the energy of the lowest 
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MLCT-excited state depends on whether solvents with high AN (H2O and MeOH) or low 

AN (DMSO and CH3CN) are used.[226,254,255,391] 

In the transient absorption spectrum of the [Fe(bpy)2CN2] complex recorded in CH3CN 

(Figure SIII.46), an excited state absorption feature (ESA) at 315 nm as well as two negative 

signals centered at ca. 400 nm (partly masked by scattered excitation light) and 606 nm 

are observed. The negative signals coincide with the bands observed in the absorption 

spectrum of [Fe(bpy)2(CN)2] (red trace in Figure 5.6b). After a very short time (<1 ps), no 

ESA feature around 370 nm (typically attributed to bpy∙ and usually diagnostic for an 

MLCT excited state) is observed,[231] indicating that the initially populated MLCT state 

undergoes fast relaxation (< 1 ps) to a metal-centered (MC) state, which is then probed in 

our measurements. Recent findings suggest that in the Lewis-acidic solvent MeOH, the 
5MC state of [Fe(bpy)2CN2] is populated on the fs timescale,[254] and this also seems 

plausible for our measurements in CH3CN, although this aspect is not of core interest for 

the present study. The observable metal-centered state decays with a lifetime of 650 ps 

(Figure SIII.47). The excited-state dynamics of [Fe(bpy)2CN2] therefore seem somewhat 

comparable to [Fe(bpy)3]2+, whose MLCT-excited state has a lifetime on the order of 50-

100 fs and subsequently undergoes relaxation through different processes to the lowest-

excited MC state, which in turn decays to the ground state with a comparably long lifetime 

of 1.05 ns,[17,101,392] and can become exploitable in photoredox catalysis.[38,393–396] 

The TA spectrum of [Fe(bpy)2(BCF)2] recorded in CH3CN 1 ps after excitation (Figure 5.7a) 

shows very similar features as the precursor complex [Fe(bpy)2CN2], namely an ESA band 

centered at 315 nm as well as a ground-state bleach with local minima around 350 nm 

and ca. 450 nm. Analogously to [Fe(bpy)2CN2], no spectral signature of an MLCT excited 

state was observable for [Fe(bpy)2(BCF)2] after times over 1 ps, again signaling rapid 

relaxation to a metal-centered excited state. The three most prominent TA features in 

Figure 5.7a decay with a lifetime of 67 ps (Figure 5.7b), which is ca. 10 times shorter 

compared to the non-borylated [Fe(bpy)2(CN)2] complex under identical conditions (see 

Figures SIII.48–SIII.50 and Table SIII.2 for the fit details). According to a recent study on 

[Fe(bpy)3]2+, the outer-sphere reorganization energy plays an important role in the 

relaxation of the 5MC excited state to the electronic ground state, and this could also be 

true for related FeII polypyridine compounds.[392] Given that solvent molecules are known 

to interact strongly with the cyanido ligands of [Fe(bpy)2(CN)2],[254,377,379] the borylation 

likely has a substantial impact on the interaction between the solvent and the metal 

complex, in line with the differences in diffusion coefficients discussed above. 

Consequently, it seems plausible that the outer-sphere reorganization energies 

associated with MC excited state relaxation in [Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] are 

significantly different, which in turn could contribute to their very different MC lifetimes 

(650 vs 67 ps in N2-saturated CH3CN at 23 °C). 

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01667/suppl_file/ic2c01667_si_001.pdf
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Figure 5.7. a and c) Transient absorption spectra recorded after different time delays, as well as the inverted 

absorption spectra (designated as (-)abs in the legends) of [Fe(bpy)2(BCF)2] (a) and [Fe(bpy)(BCF)4]2 (c). b and d) 
Measured kinetics at selected wavelengths (symbols) and the results of a global fit (solid lines; see Figures SIII.48-

SIII.50 and Table SIII.2 for the fit details) for [Fe(bpy)2(BCF)2] (b) and [Fe(bpy)(BCF)4]2 (d). All measurements were 
performed in dry, N2-saturated CH3CN at 296 K. The samples were excited at 455 nm (a and b) or 400 nm (c and d). 

The excited state dynamics of the intensely studied [Fe(bpy)(CN)4]2 complex in CH3CN 

have been reported to be fundamentally different to [Fe(bpy)3]2+ and 

[Fe(bpy)2(CN)2],[226,368,391] because the probed excited state has relatively clear MLCT-

character, manifesting by the presence of an ESA band around 370 nm that is commonly 

associated with a one-electron reduced bpy ligand.[391] This behavior is likely the 

consequence of the strongly -donating nature of the four cyanido ligands, which 

destabilize the metal-centered states to such an extent that the MLCT decay is no longer 

ultrafast.[226,391] However, the situation changes when the solvent is changed from non 

hydrogen-bonding CH3CN to hydrogen-bonding H2O. In water, [Fe(bpy)(CN)4]2 was 

reported to undergo rapid (<100 fs) deactivation to an MC state before returning to the 

ground state with a time constant of 13 ps.[226] 
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When the four cyanido ligands of [Fe(bpy)(CN)4]2 are borylated to give the 

[Fe(bpy)(BCF)4]2 complex, no spectral signature of an MLCT state is observed anymore in 

a TA spectrum recorded in CH3CN (Figure 5.7c). This finding is in line with a recent 

literature report,[88] and we attribute this to the 1.01 eV blueshift of the MLCT absorption 

in Figure 5.6c, whereas the effect of borylation on the MC states is likely substantially 

smaller. Thus, with the MLCT energy rising whereas the relevant MC-state energies 

remain comparatively constant, MLCT relaxation to MC states becomes easier in 

[Fe(bpy)(BCF)4]2 than in [Fe(bpy)(CN)4]2.[88] Borylation of the cyanido ligands therefore 

seems to have a similar effect as a solvent environments with high Gutmann-Becket 

acceptor numbers (AN), and this is in line with the reported AN values for B(C6F5)3 (78.9) 

and H2O (54.8) compared to CH3CN (19.3).[88,254,388]  

The transient absorption spectrum of [Fe(bpy)(BCF)4]2 features an MLCT ground-state 

bleach at 410 nm (Figure 5.7c), along with an ESA band at around 560 nm decaying with 

identical kinetics (0 = 28 ps, Figure 5.7d). A similar ESA band at 560 nm has been 

previously observed for [Fe(bpy)(CN)4]2 and was attributed to a 3MC state.[226] Given the 

spectral resemblance of the ESA band at 560 nm in Figure 5.7c and the close chemical 

relationship between [Fe(bpy)(CN)4]2 and [Fe(bpy)(BCF)4]2, it seems plausible that their 

lowest MLCT states relax into a 3MC state in both cases. This stands in contrast to 

[Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2], in which the 5MC state population seems more 

plausible. Prior studies specifically addressed the issue of the 3MC / 5MC crossover point 

in FeII complexes.[223,397,398] 

 

5.2.6 Photostability 

Isocyanoborato complexes of RuII and IrIII have been shown to be exceptionally 

photorobust,[44,365] and therefore, it seemed interesting to conduct similar photostability 

measurements with the FeII isocyanoborato complexes. To that end, CH3CN solutions of 

[Fe(bpy)2(BCF)2] and [Fe(bpy)(BCF)4]2 as well as their precursors [Fe(bpy)2(CN)2] and 

[Fe(bpy)(CN)4]2 were irradiated with a blue continuous-wave (cw) laser (447 nm, 1.1 W). 

The initial absorbance of each of the solutions was adjusted to 0.1 at the excitation 

wavelength (447 nm), ensuring that all the different complexes absorb roughly the same 

amount of photons in a given time interval at least at the beginning of the irradiation 

period. The photodegradation of the four complexes was investigated by recording UV-

Vis absorption spectra of the solutions after different time intervals and by tracking the 

absorbance at their respective MLCT-absorption band maximum (Table SIII.3). Using the 

Lambert-Beer law and the known molar extinction coefficients at the MLCT band maxima 

of the four complexes (Table 5.2), the change in absorbance during the irradiation was 

converted to change in concentration (c). Because all samples absorb (roughly) the same 
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number of photons in a given time interval, plotting c as a function of irradiation time 

results in a reasonable graphical representation of the photostability of the respective 

complexes (Figure 5.8). 

 

Figure 5.8. Photodegradation of the four key complexes, determined in dry, N2-saturated CH3CN at 293 K. c is the 
change in concentration of intact complex. 

Similar to a recently published procedure, we determined the photodegradation quantum 

yield (Φdegr), defined as the number of decomposed complexes divided by the number of 

absorbed photons (see the SI for details).[44] Taking the individual excited-state lifetimes 

into account (see the SI), it follows that [Fe(bpy)(BCF)4]2– exhibits a roughly 150 times 

slower photodegradation than [Fe(bpy)(CN)4]2–, whereas [Fe(bpy)2(BCF)2] and its 

precursor [Fe(bpy)2(CN)2] photodegrade with similar rate constants (Table SIII.4). 

  

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01667/suppl_file/ic2c01667_si_001.pdf
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Table 5.3. Photodegradation Quantum Yields (Φdegr) and Excited-State Lifetimes of the Four Key Complexes[a] 

 0 Φdegr / % 

[Fe(bpy)2(CN)2] (650 ± 25) ps (MC) 8.8 ∙ 105 

[Fe(bpy)2(BCF)2] (67 ± 2) ps (MC) 1.5 ∙ 105 

[Fe(bpy)(CN)4]2 18 ps (MLCT)[368] 4.9 ∙ 103 

[Fe(bpy)(BCF)4]2 (28 ± 3) ps (MC) 4.9 ∙ 105 

a The dominant character of their lowest excited state is indicated in parentheses. 

5.3 Conclusions 

The second coordination sphere interaction between boron-based Lewis-acids and 

cyanido complexes of different metals was actively explored in recent years.[82–89,94,97–

99,212] Until now, the focus was mostly on isocyanoborato complexes of 4d and 5d metals, 

with a few exceptions of first-row transition metals including NiII,[97,98] CuI [83,87] and FeII 
[88,89] complexes. This study shows that the attachment of B(C6F5)3 to two easily accessible, 

well-known FeII cyanido complexes has a strong impact on their structural, 

electrochemical and spectroscopic properties. By comparison with the archetypal 

[Fe(bpy)3]2+ complex, the influence of the cyanido ligands and their borylation can be 

readily rationalized. In a simplified picture, the exchange of bpy ligands by cyanido ligands 

entails a destabilization of the metal-based HOMO compared to [Fe(bpy)3]2+, as 

determined by cyclic voltammetry and differential pulse voltammetry. However, this 

effect is overcompensated by the borylation of the respective cyanido complexes to 

obtain their BCF congeners, which show unusually large separations of their first 

reduction and oxidation potentials. This has a pronounced impact on the UV-vis spectra 

of the borylated complexes, in which the MLCT absorption bands are shifted to 

substantially higher energies compared to the cyanido precursor compounds, similar to 

what is known for cyanido complexes of RuII and FeII upon increasing the Gutmann-Becket 

acceptor number (AN) of the solvent.[81,226,253,255,256,377,379,399–402] 

Mössbauer spectroscopy confirms the decrease of d-electron density at the metal center 

associated with the borylation of the cyanido ligands. Infrared spectra of the cyanido 

complexes and their borylated congeners, as well as X-ray crystal structure analyses of 

[Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] provide further insight into metal-ligand binding. 

Most importantly, the borylation entails shorter (i.e., stronger) C≡N bonds as well as a 

shortened FeC bond distances. 

As complexes of FeII and FeIII were in the focus of recent research aiming at replacing 

photoactive complexes of the precious metals RuII and IrIII,[16,168] the excited-state 

dynamics of the isocyanoborato complexes were investigated and compared to their 

cyanido precursor complexes. Whereas [Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] behave 
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similarly to each other in that the lowest MLCT excited state relaxes to an MC state within 

less than 1 ps, the MLCT lifetime of [Fe(bpy)(CN)4]2 in CH3CN is 18 ps according to 

previous reports,[368] but shortens to less than 1 ps upon borylation. This suggests that the 

attachment of B(C6F5)3 exerts a similar effect on the electronic excited-state structure and 

the excited-state dynamics as a solvent environment with high Gutmann-Becket acceptor 

number, caused by the Lewis acid-base interaction between the cyanido ligands and the 

respective Lewis-acidic solvent.[226,254,368] In principle, it seems conceivable to elongate the 

MLCT excited-state lifetimes of FeII complexes through second coordination sphere 

interactions, however, borylation of the cyanido complexes investigated herein is not 

well-suited for this purpose. Perhaps the idea of exploiting second coordination sphere 

interactions would deserve more attention in the design of new photoactive first-row 

transition metal complexes. 
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6 General Summary and Outlook 

In this thesis, new isocyanoborato complexes based on different transition metals (RuII, 

IrIII and FeII) were explored. These compounds were obtained through borylation in the 

second coordination sphere of their respective cyanido precursors and this led to a series 

of exceptionally photorobust compounds (Figure 6.1), which were thoroughly 

characterized using an array of experimental techniques with an emphasis on 

photophysics and electrochemistry. Furthermore, the RuII and IrIII isocyanoborato 

complexes were successfully applied to challenging reactions both in triplet-triplet energy 

transfer (TTET) as well as in photoredox catalysis. 

 

Figure 6.1. Overview of the three projects and the key complexes presented in this thesis. BCF = B(C6F5)3. 

In the first project (Figure 6.1a, Chapter 3), the borylation of well-known RuII complexes 

resulted in two new compounds with favorable properties for photocatalysis. Reacting 

[Ru(bpy)2(CN)2] with B(C6F5)3 to obtain [Ru(bpy)2(BCF)2] led to a significant increase in 
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triplet energy (ET) from ca. 2.0 eV ([Ru(bpy)2(CN)2]) to 2.5 eV ([Ru(bpy)2(BCF)2]). This made 

[Ru(bpy)2(BCF)2] amenable to challenging TTET catalyzed reactions, for which typical RuII-

based compounds are unsuited and instead, complexes of IrIII are typically 

employed.[11,12,48] Specifically, [Ru(bpy)2(BCF)2] was able to photocatalyze an E  Z 

isomerization as well as a the Nickel co-catalyzed coupling of an aryl halide with a 

carboxylic acid.[126,127,131,245] Furthermore, the new [Ru(bpy)2(BCF)2] complex was used for 

a challenging photoreduction, namely the pinacol coupling of benzaldehyde, a reaction, 

which the archetypal [Ru(bpy)3]2+ is unable to catalyze. Attaching electron-withdrawing 

CF3-groups in the ligand periphery of the bpy-ligands of [Ru(bpy)2(BCF)2] resulted in the 

[Ru(CF3bpy)2(BCF)2] complex. This compound features a more positive excited-state 

reduction potential compared to [Ru(bpy)2(BCF)2] and is therefore well suited for 

oxidative photoredox catalysis. This was illustrated by its successful application in the 

decarboxylative coupling of a proline derivative to a Michael acceptor.[118,177] 

The photocatalysis studies in this project were complemented by in-depth photophysical, 

electrochemical and x-ray diffraction characterization as well as DFT calculations, thereby 

providing insight into the changes borylation induces in the electronic landscape as well 

as the bonding modes of the complexes. Furthermore, photostability experiments were 

conducted and we could show that both isocyanoborato complexes are very photorobust 

under intense irradiation with a 447 nm continuous-wave laser. In direct comparison with 

the two archetypal photocatalysts [Ru(bpy)3]2+ and [Ir(ppy)3], both [Ru(bpy)2(BCF)2] as 

well as [Ru(CF3bpy)2(BCF)2] proved to be substantially more photostable.[44] 

In order to expand the range of accessible substrates in TTET catalysis, borylation, along 

with ligand modifications on the ppy-scaffold, was part of the strategy to increase the 

triplet energy of an IrIII photosensitizer in the second project (Figure 6.1b, Chapter 4). 

Research on TTET catalysis has received increasing attention in the last decade, however, 

the development of novel TTET catalysts with high triplet energies has somewhat lagged 

behind.[11,12,48] We wanted to address this issue by combining two different strategies to 

access an IrIII complex with a very high triplet energy. First, installing suitable electron-

withdrawing (fluoro, stabilizing the HOMO) and -donating (dimethylamino, destabilizing 

the LUMO) substituents in the ligand periphery of the ppy ligands of [Ir(ppy)2(CN)2] 

resulted in the [Ir(dFN(Me)2ppy)2(CN)2] complex with an increased HOMO-LUMO gap, as 

already shown in previous work.[67] Second, the attachment of B(C6F5)3 at the nitrogen 

atoms of the cyanido ligands of [Ir(dFN(Me)2ppy)2(CN)2] proved to be effective in 

enlarging this gap even more, resulting in the [Ir(dFN(Me)2ppy)2(BCF)2] complex (Figure 

6.1b), which features a very high triplet energy near 3.0 eV. This was instrumental for 

promoting challenging TTET catalyzed reactions including [2+2] cycloadditions as well as 

a sigmatropic shift. The high triplet energy of the new sensitizer furthermore allowed for 

sensitized triplet-triplet annihilation upconversion (sTTA-UC) deep into the ultraviolet 
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region of the electromagnetic spectrum. To achieve this, a biphenyl annihilator in 

combination with [Ir(dFN(Me)2ppy)2(BCF)2] was employed, allowing for photochemical 

upconversion to a singlet-excited state with a E00 value beyond 4 eV for the first time.[365] 

However, [Ir(dFN(Me)2ppy)2(BCF)2] does not only exhibit excellent properties for 

applications depending on its triplet energy, but also turned out to be well suited for 

challenging reductive photoredox catalysis. This is partly owed to the stabilization of the 

metal-based t2g-like orbitals caused by borylation, which is responsible for the accessibility 

of the singly reduced complex by excitation of [Ir(dFN(Me)2ppy)2(BCF)2] and the 

subsequent reductive quenching of its excited state by a readily available tertiary amine 

such as triethylamine. As [Ir(dFN(Me)2ppy)2(BCF)2]2 features a strong reduction power of 

2.42 V vs SCE, it was employed for a series of challenging photoreductions including 

hydrodehalogenations of activated aryl halides as well as detosylation reactions and the 

degradation of a small molecule resembling lignin.  

Under TTET catalysis conditions, the [Ir(dFN(Me)2ppy)2(BCF)2] complex exhibits 

remarkable photostability, whereas comparably fast photodegradation occurs when no 

substrate to deactivate its excited state is present. We attribute this to the comparably 

long excited-state lifetime of [Ir(dFN(Me)2ppy)2(BCF)2] (0 = 13 μs), which can lead to 

increased photodegradation compared to shorter-lived luminophores.[70] The good 

photostability under catalytic conditions was further substantiated by the fact that a TTET 

catalyzed reaction could be performed with a very low [Ir(dFN(Me)2ppy)2(BCF)2] loading 

of 0.02 %, resulting in turnover numbers as high as 4500. 

Whereas the first two projects focused on complexes based on the precious metals 

ruthenium and iridium, the third project (Figure 6.1c, Chapter 5) investigated the effects 

of borylation on cyanido complexes of the Earth-abundant metal iron. This study includes 

the two isocyanoborato complexes shown in Figure 6.1c and their cyanido precursors, as 

well as the well-known [Fe(bpy)3]2+ as a reference compound. The differences in the 

electronic structures of these complexes were examined in a systematic manner by means 

of electrochemistry, UV-Vis absorption, infrared and Mössbauer spectroscopy as well as 

x-ray diffraction analysis. Using this array of different experimental techniques, we could 

quantify the effects that the introduction of cyanido and isocyanoborato ligands exerts on 

the electronic structure of the FeII complexes. Also in this case, borylation has a positive 

impact on the photostability of the complexes, as shown by monitoring decomposition 

upon irradiation of CH3CN solutions of both the cyanido complexes as well as their 

borylated congeners. Specifically, [Fe(bpy)(CN)4]2 is the most photolabile compound of 

the series and its borylation resulted in an increased photostability by a factor of ca. 100. 

A similar effect was observed upon borylation of [Fe(bpy)2(CN)2], leading to the ca. three 

times more photostable [Fe(bpy)2(BCF)2] complex.  
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Furthermore, we employed ultrafast transient absorption (TA) spectroscopy in order to 

gain insights into the excited-state dynamics of the FeII cyanido complexes as well as their 

isocyanoborato analogues. However, borylation of both [Fe(bpy)2(CN)2] and 

[Fe(bpy)(CN)4]2 did not lead to an improvement in their photophysical properties. In the 

TA experiments, a shortening of the excited-state lifetime upon borylation of 

[Fe(bpy)2(CN)2] to obtain [Fe(bpy)2(BCF)2] was observed. Furthermore, whereas in 

[Fe(bpy)(CN)4]2, a charge-transfer excited state with a comparably long excited-state 

lifetime of ca. 20 ps was reported in previous work,[226,368] its borylated analogue 

[Fe(bpy)(BCF)4]2 showed no spectral signature of a charge-separated state. 

 

Figure 6.2. Simplified schematic representation of the key potential wells of [Ir(L)2(CN)2] and [Ir(L)2(BCF)2] (a, L = 
dFN(Me2)ppy), [Ru(bpy)2(CN)2] and [Ru(bpy)2(BCF)2] (b), as well as [Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2]. Q is a nuclear 
coordinate, GS = ground state. 

This behavior can be rationalized in terms of the stabilization of the different sets of metal-

centered orbitals. It is well established that borylation of low-spin d6 cyanido complexes 

entails stabilization of their t2g-like orbitals.[82–86,88,89] However, less attention has been 

pointed toward the effects of borylation on the eg-like orbitals of these compounds. Our 

results, both in Project 1 and Project 3 of this thesis, suggest that borylation does not only 

stabilize the t2g-like orbitals, but also lowers the energy of the eg-like orbitals. Because 

non-radiative deactivation processes in low-spin d6 metal complexes are known to occur 

via metal centered (MC) states (which are strongly influenced by the position of the 

respective eg-like orbitals),[15,17,101] the proximity of these states to the lowest 3MLCT-state 

as well as the crossing points of their energy wells can influence their rates of non-

radiative decay. 

In the three different projects discussed in this thesis, the differences in the effects of 

borylation on the excited-state dynamics of the respective cyanido complexes can be 

explained in the context of the ligand-field splitting of the individual metals. In general, 

the ligand field increases down a given group in the periodic table.[403] This entails that in 

the [Ir(dFN(Me)2ppy)2(CN)2] complex (Project 2), the MC-states are comparably high in 

energy and borylation does not destabilize the 3MLCT/IL state to a sufficient extent to 

increase its non-radiative depopulation (Figure 6.2a). On the contrary, due to the larger 

HOMO-LUMO gap, a longer excited-state lifetime (13.0 μs vs 2.8 μs) as well as a higher 
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photoluminescence quantum yield (87 % vs 64 %) are observed in the borylated 

[Ir(dFN(Me)2ppy)2(BCF)2] complex compared to its cyanido precursor, in agreement with 

the energy gap law.[95] 

In the case of RuII (Project 1), an intermediate case was observed. The borylation of 

[Ru(bpy)2(CN)2] leads to a significantly shorter excited-state lifetime (8.7 ns for 

[Ru(bpy)2(BCF)2] vs 250 ns for [Ru(bpy)2(CN)2]) as well as a decrease in photoluminescence 

quantum yield (Φlum) from ≤3.2 % to 0.2 %. We attribute this to the greater stabilization 

of the lowest 3MLCT-state compared to the relevant 3MC state in [Ru(bpy)2(BCF)2] upon 

borylation, leading to increased deactivation of the 3MLCT-excited state via non-radiative 

processes (Figure 6.2b). However, this can be counteracted by the introduction of CF3-

groups at the 4- and 4'- positions of the bpy-ligands: borylation of the [Ru(CF3bpy)2(CN)2] 

complex to obtain [Ru(CF3bpy)2(BCF)2] leads to an elongation of the excited-state lifetime 

by a factor of 10 (102 ns for [Ru(CF3bpy)2(CN)2] vs 1040 ns for [Ru(CF3bpy)2(BCF)2]), as well 

as an increase in Φlum from ≤3.2 % to 12.8 %, in stark contrast to the effects observed for 

the analogue complex without the CF3-groups. This observation can be rationalized by the 

effect that trifluoromethylation exerts on the electronic structure of the complex, namely 

the stabilization of the 3MLCT-excited state, thereby shifting it away from the deactivating 

MC states.  

Due to the rather weak ligand field strength of FeII, the MC states of typical octahedral FeII 

diimine complexes are lower in energy compared to similar RuII or IrIII compounds.[17,18] 

Therefore, complexes based on FeII often suffer from fast non-radiative decay of their 

initially populated MLCT-excited states. This is illustrated by the fact that [Ru(bpy)3]2+ is 

luminescent in solution at room temperature and has an excited-state lifetime of ca. 1 μs, 

whereas its iron-based analogue [Fe(bpy)3]2+ is non-luminescent under the same 

conditions and undergoes fast relaxation to a 3MC state.[15,17] From there, relaxation to a 
5MC state occurs, which has a comparably long lifetime (ca. 1 ns in [Fe(bpy)3]2+).[17,101] 

Because borylation destabilizes the 3MLCT-state to a larger extent than the 3/5MC states, 

it enhances the deactivation of the initially populated MLCT-state in the complexes 

[Fe(bpy)2(BCF)2] and [Fe(bpy)(BCF)4]2 compared to their cyanido precursors (Figure 6.2c). 

In order to achieve the desired elongation of the charge-transfer excited lifetime in FeII 

complexes, the borylation of the cyanido complexes investigated in Chapter 5 is therefore 

not well suited. Nevertheless, the FeII isocyanoborato complexes represent an interesting 

series to further investigate the energies of the different metal-centered states (3/5MC) as 

well as the crossing points of their energy wells. Borylation seems to destabilize the 5MC 

state to a larger extent than the 3MC state (similar to the effect observed for 

[Fe(bpy)(CN)4]2 in hydrogen-bonding solvents)[226,254,370] and this might be exploited to 

obtain longer-lived 3MC-excited states in FeII complexes.[226,254,255,370]  
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For future research on isocyanoborato complexes, different directions are in principle 

conceivable. The RuII based isocyanoborato compounds could be expanded to different 

MLCT acceptor ligands in order to address the issue of the rather short excited-state 

lifetime (8.7 ns) and the low luminescence quantum yield (0.2 %) of [Ru(bpy)2(BCF)2] 

compared to other RuII based luminophores.[44] As discussed above, we attribute these 

mediocre properties to the fact that borylation entails stabilization of the eg-like orbitals, 

leading to increased depopulation of the 3MLCT state via non-non-radiative decay. One 

possible way to counteract this is to increase the ligand field by substituting the bpy-

ligands with the stronger-field di(quinolin-8-yl)pyridine (dqp) ligand to obtain the 

[Ru(dqp)(BCF)3] complex (Figure 6.3a). This ligand features a bite angle of 92° in the 

heteroleptic [Ru(dqp)2]2+, and this value is very close to the ideal value of 90° for an 

octahedral complex.[404] This leads to a long excited-state lifetime of 3.0 μs for [Ru(dqp)2]2+ 

(compared to 1 μs for [Ru(bpy)3]2+)[149] due to decreased deactivation via MC states.[404] 

Therefore, combining the favorable properties of the BCF and dqp ligands on a RuII 

complex is expected to result in a compound with a comparably high triplet energy but 

without the short excited-state lifetime and low luminescence quantum yield observed 

for [Ru(bpy)2(BCF)2].[44] Furthermore, the photostability of [Ru(dqp)2]2+ was shown to be 

high and given the photorobust nature of the isocyanoborato complexes investigated in 

this thesis, the borylation of [Ru(dqp)(CN)3] to give [Ru(dqp)(BCF)3] could lead to an very 

photostable compound.[404]  

The stabilization of the eg-like orbitals upon borylation furthermore poses a challenge in 

the synthesis of novel photoactive FeII complexes bearing isocyanoborato ligands. As 

exemplified in Project 3 of this thesis (Figure 6.1c), borylation of the complexes 

[Fe(bpy)2(CN)2] and [Fe(bpy)(CN)4]2 did not lead to the desired effect on their 

photophysical properties, i.e., an elongation of charge-separated lifetimes. A structural 

change that might enable this feature in FeII isocyanoborato complexes is the introduction 

of multidentate, strongly -donating ligands (e.g., N-heterocyclic carbenes (NHCs)). These 

chelates have the effect of destabilizing the eg-like orbitals and have already been shown 

to result in FeII complexes with favorable photophysical properties featuring comparably 

long charge-separated lifetimes up to 528 ps.[15,18,366–368,405,406] The combination of BCF- 

and NHC-ligands is expected to result in a large ligand field splitting due to the presence 

of both strongly -donating (NHC) as well as potent -accepting (BCF) ligands. As a first 

structure, the complex shown in Figure 6.3b with the 3,3'-methylenebis(1-phenyl-2,3-

dihydro-1H-benzo[d]imidazol-2-ide) (mpbi) ligand could be targeted.[407,408] In this ligand, 

the methylene linker is intended to optimize its bite angle, whereas the N-Aryl 

substituents shield the FeII center from the chemical environment. Furthermore, different 

substituents on the backbone of the mpbi ligand are in principle conceivable, which could 

allow for tuning of the energy of the expected MLCT state.[407,408]  
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Figure 6.3. Possible structures for future research on isocyanoborato complexes of RuII, FeII and CoIII. a) 

[Ru(dqp)(BCF)3]; b) [Fe(mpbi)2(BCF)2]4; c) [Co(BCF)6]3.  

Furthermore, the effects of borylation on cyanide complexes of other first row transition 

metals could be investigated. For example, one of the few examples of a luminescent 

Cobalt complex is [Co(CN)6]3 and the borylation of this compound could be an interesting 

starting point.[355,409–411] However, it is expected that the effects of borylation on this 

complex might differ significantly from the previously known isocyanoborato compounds, 

because their lowest excited states all have MLCT (or MLCT/IL) character, whereas 

[Co(CN)6]3 does not bear any MLCT-accepting ligands and its luminescence is based on a 
3MC-excited state.[409–411] Along these lines, it might also be interesting to further 

investigate the properties of the isocyanoborato ligand CNB(C6F5)3 itself. For this, the 

study on FeII isocyanoborato complexes in Chapter 5 could be expanded to [Fe(CN)6]4 as 

well as [Fe(BCF)6]4. Because in these complexes, no MLCT states are present, they might 

be well suited to further investigate the effects of borylation on the ligand-field strength 

of cyanido ligands as well as the influence they exert on the FeII center.[89] In combination 

with the abovementioned study on [Co(CN)6]3 and [Co(BCF)6]3, this might be an 

attractive research target. 

Apart from novel complexes based on isocyanoborato ligands, further applications of the 

photocatalysts described in this thesis could be envisioned. For example, the 

[Ir(dFN(Me)2ppy)2(BCF)2] complex investigated in Chapter 2 (Figure 6.1b) could be 

employed for additional challenging applications in photocatalysis by making further use 

of its very high triplet energy (3.0 eV, Figure 6.2a). To name one conceivable reaction 

mechanism, a highly energetic singlet-excited state of a suitable annihilator (1A) should 

be accessible via photochemical upconversion (Figure 6.4), and this state could be 

reductively quenched by a sacrificial electron donor (SED) to give a highly reducing radical 

anion (A∙), in analogy to previous literature reports.[161,331,412,413] A∙ could then be 

employed for the reduction of challenging substrates (Sub). 
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Figure 6.4. A possible mechanism to access highly reducing radical anions (A∙) via TTA-UC. 

This approach could enable even more challenging photoreductions compared to the 

previously known systems relying on this reaction type, due to the higher triplet energy 

of the [Ir(dFN(Me)2ppy)2(BCF)2] sensitizer, which allows access to high-energy singlet-

states of suitable annihilators. However, one challenge is to find an annihilator for such a 

demanding application. Even though photochemical upconversion with 

[Ir(dFN(Me)2ppy)2(BCF)2] was possible employing tBubiphenyl as the annihilator 

(Chapter 4), the upconversion quantum yield of this system was low (0.07 % with a 

maximal theoretical limit of 50 %), which renders productive reaction pathways based on 

this species unlikely. Nevertheless, other annihilators with high triplet energies could be 

tested for the reaction type outlined in Figure 6.4, with fluorene (ET = 2.9 eV) as one 

promising possibility.[149,414] Furthermore, the high photostability of 

[Ir(dFN(Me)2ppy)2(BCF)2] under TTET conditions (vide supra) is encouraging for this 

reaction type.[365] 

In summary, this thesis highlights the potential of isocyanoborato complexes of d6 metals 

for challenging applications in photocatalysis and provides new insights into their 

electronic structures and photophysical properties. This results in a profound 

understanding of these compounds, and lays the foundation for the development of new 

(luminescent) isocyanoborato complexes as well as for further applications of the existing 

complexes in photocatalysis.
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7 Appendix  

7.1 Accumulation of Four Electrons on a Terphenyl (Bis)disulfide  

The activation of N2, CO2 or H2O to energy-rich products relies on multi-electron transfer 

reactions, and consequently it seems desirable to understand the basics of light-driven 

accumulation of multiple redox equivalents. Most of the previously reported molecular 

acceptors merely allow the storage of up to two electrons.  

 

We report on a terphenyl compound including two disulfide bridges, which undergoes 

four-electron reduction in two separate electrochemical steps, aided by a combination of 

potential compression and inversion. Under visible light irradiation using the organic 

super-electron donor tetrakis(dimethylamino)ethylene, a cascade of light-induced 

reaction steps is observed, leading to the cleavage of both disulfide bonds. Whereas one 

of them undergoes extrusion of sulfur to result in a thiophene, the other disulfide is 

converted to a dithiolate. These insights seem relevant to enhance the current 

fundamental understanding of photochemical energy storage. 
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Introduction 

The photoinduced transfer of single electrons in donor-photosensitizer-acceptor 

compounds has been intensely investigated in the past decades and is now increasingly 

well understood.[415–424] However, for the production of solar fuels from small molecules 

such as H2O or CO2, the temporary accumulation and storage of more than one redox 

equivalent seems indispensable, yet proves very challenging until now.[425–430] To gain 

insight into the basic principles of photoinduced accumulation of redox equivalents, 

covalent[431–449] as well as non-covalent[450–452] molecular compounds were investigated 

from a fundamental, mechanistic perspective. In most of the previously studied molecular 

multi-electron acceptors, the second reduction step is thermodynamically more 

challenging compared to the first one, due to electrostatic repulsion between the 

accumulating electrons. However, in some systems, the second reduction step is easier to 

accomplish than the first, a phenomenon that is called potential inversion,[453–460] and 

which is usually caused by significant structural changes upon two-electron reduction. 

Such behavior can be desirable to accumulate multiple charge equivalents, because it 

gives an energetic preference towards the two-electron rather than the one-electron 

reduced product. 

A particularly interesting class of compounds showing potential inversion or two 

energetically similar reduction processes (i.e., potential compression) is based on the 

structural motif of dibenzo[1,2]dithiin and its bipyridine analogues (Figure 7.1.1).[436,461–

469] This electron-acceptor has been used for light-induced charge accumulation in a 

molecular heptad comprised of two RuII-based photosensitizers along with four 

triarylamine electron donors and led to the temporary storage of two electrons on the 
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central dibenzo[1,2]dithiin unit.[436] In separate studies, a 2,2'-bipyridine-based ligand 

bearing a disulfide in the backbone was coordinated to two different metals (RuII and ReI, 

compounds IIIa and IIIb in Figure 7.1.1a), and the redox chemistry as well as the reactivity 

of these complexes was investigated.[462,463,467] However, the previously reported systems 

were based on acceptors bearing one single disulfide bond, thereby enabling the storage 

of a maximum of two electrons in the form of a dithiolate. One exception is compound II 

(Figure 7.1.1), which can undergo a four-fold reduction, however, two of the electrons are 

stored on the viologen scaffold, resulting in the loss of the desired potential inversion for 

these two reduction steps.[464] Moreover, compound II has been investigated so far only 

by electrochemical means, whereas the possibility of light-driven charge accumulation has 

remained unexplored. Due to their high density of acceptor states, nanoparticle-based 

and polyoxometalate systems are often competent in the accumulation of many 

electrons,[470–475] but in organic compounds the accumulation of more than two electrons 

has remained comparatively little explored.[434,442] 

 

Figure 7.1.1. A selection of previously reported disulfide-based acceptors featuring potential inversion (a)[461–

463,466,467] and the four-electron acceptor terph(S2)2 (b). IIIa: M = Ru(II), L = bpy (n=2). IIIb: M = Re(I), L = CO (n=3), Cl 
(n=1). 

Here, we present electro- and photochemical investigations of a p-terphenyl-based 

(bis)disulfide compound that represents an extension of the known molecular acceptor 

units from one to two disulfides (terph(S2)2, Figure 7.1.1b), in order to accumulate up to 

four electrons.[476] We describe the synthesis of terph(S2)2, which is then structurally 

characterized and thoroughly investigated in terms of its redox chemistry. Controlled 

potential coulometry paired with digital simulations of the cyclic voltammograms reveal 

two consecutive two-electron reduction processes, occurring with potential inversion and 
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potential compression. Based on these insights, we explore the photochemical reduction 

of terph(S2)2 using the strong excited-state reductant tetrakis(dimethylamino)ethylene 

(TDAE), and we demonstrate that terph(S2)2 is indeed able to undergo photoinduced 

multi-electron reduction via a cascade of different reaction steps. 

 

Results and Discussion 

Synthesis and Characterization 

The bis(disulfide) terph(S2)2 (Scheme 7.1.1) was previously prepared following a different 

synthetic procedure than we employed in our work presented here.[476] The previous 

report did not include electrochemical studies geared at elucidating potential inversion 

and multi-electron storage on the terph(S2)2 compound, and no photochemical 

investigations were made.  

Our synthetic strategy to obtain terph(S2)2 started from 1,4-dibromo-2,5-

dimethoxybenzene (1) and boronic acid pinacol ester 2 (Scheme 7.1.1).  

 

Scheme 7.1.1. Synthesis of the terphenyl (bis)disulfide key compound terph(S2)2.  

Reagents and conditions: i) Pd(PPh3)4, Na2CO3, toluene/EtOH, 90 °C, 16 h, 88 %; ii) BBr3, CH2Cl2, 78 °C  rt, 4 h, 96 %; 
iii) DMAP, (CH3)2NC(S)Cl, N(Et)3, 1,4-dioxane, 100 °C, 46 h, 24 %; iv) n-tetradecane, 260 °C, 5 h, 79 %; v) 1) LiAlH4, THF, 

0 °C 80 °C, 6 h; 2) I2, THF, rt, 40 min., 57 %. 

Whereas 2 is commercially available, 1 was obtained by the bromination of 1,4-

dimethoxybenzene according to a known procedure.[477] Suzuki coupling of 1 and 2 using 

Pd(PPh3)4 as the catalyst afforded the methoxy-protected terphenyl 3, which was 

deprotected to the tetraol 4 using BBr3. Reaction of 4 with dimethylcarbamoyl chloride 

((CH3)2NC(S)Cl) in the presence of 4-(dimethylamino)pyridine (DMAP) and triethylamine 

(N(Et)3) as a base resulted in the formation of 5 in moderate yields. Four-fold Newman-

Kwart rearrangement of 5 to 6 initially proved to be difficult, because several 

rearrangement products were observed at the beginning of our studies. Furthermore, a 

thiophene species was formed as a by-product, in line with recent reports.[462] 

Optimization of the reaction conditions, i.e., conducting the reaction in a closed 

microwave vial with tetradecane as solvent, led to an improved yield of 79 %. Finally, 6 
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was deprotected with LiAlH4 generating the free tetrathiol, which was then converted to 

bis(disulfide) terph(S2)2 using I2 as an oxidizing agent. Terph(S2)2 was characterized by 1H 

and 13C NMR spectroscopy, as well as by high-resolution mass spectrometry (HRMS) and 

elemental analysis (see page 283). The analytical data are in good agreement with the 

previously reported characterization of terph(S2)2.[476] The earlier employed procedure 

was based on methyl-protected thiols that can be used for Pd-catalyzed C-C cross coupling 

reactions, which can be challenging with the typical Newman-Kwart compounds, because 

some of them seem to interfere with the Pd-based catalytic cycle.[478] 

 

Electrochemistry 

All electrochemical measurements were performed in N2-saturated THF with (nBu4N)(PF6) 

as supporting electrolyte and were referenced internally vs. Fc+/0.  

Cyclic voltammetry (CV) measurements on terph(S2)2 reveal two steep reduction 

processes, with peak potentials of 1.87 V (Epc1) and  2.59 V (Epc2) at a scan rate of 1 V/s 

(Figure 7.1.2). Both processes exhibit similar currents, indicating that the same number of 

electrons are transferred in both waves. The peak currents of both reduction features Ipc1 

and Ipc2 (insets in Figure 7.1.2) increase linearly as a function of the square root of the scan 

rate (v1/2), as typically observed for diffusion-controlled processes.[479] Apart from the 

reduction waves, a broad reoxidation feature with a peak potential Epa = 0.84 V is 

observed after an initial reductive sweep (red trace in Figure 7.1.2a). Importantly, the 

peak current of this wave increases when the potential is scanned beyond the second 

reduction process (black trace in Figure 7.1.2a), and we therefore conclude that this 

feature includes the reoxidations of both reduction waves. The potential separations 

between the individual reduction waves and the reoxidation feature are large (ΔΕ = 1.03 V 

for the first and ΔΕ = 1.75 V for the second reduction process). This is either indicative of 

an irreversible redox process, e.g., due to large structural changes, or an EC mechanism 

(E = electrochemical step, C = chemical step), in which an initial electron-transfer process 

is followed by a fast chemical reaction.[479] Furthermore, we observe a small oxidative 

feature near the second reduction feature, which gets more significant with decreasing 

scan rates and thus likely arises from a follow up-reaction (vide infra). 
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Figure 7.1.2. Top, a) Cyclic voltammograms of 1.0 mM terph(S2)2 recorded with a scan rate of 1 V/s. Insets: Plot of the 
reductive currents (Ipc) of the first (lower left) and second (upper right) reduction waves vs. the square root of the 
scan rate (v1/2). Bottom: Charge vs time curves of the coulometry experiment with terph(S2)2 at a potential between 
the two reduction waves (b) and at a potential more negative than the second reduction wave (c). The experiments 
were performed in dry, N2-saturated THF at room temperature with 0.2 M (nBu4N)(PF6) as supporting electrolyte. For 
details concerning the coulometry experiments, see the main text and page 295. 

Previous reports on related compounds have shown that the two single-electron 

reduction events necessary to convert a given disulfide to its dithiolate form can occur as 

a single two-electron wave in cyclic voltammetry,[461–467] and therefore we conducted 

Coulometry experiments to determine the number of electrons for both reduction waves 

observable in our bis(disulfide). At an applied potential between the two reduction waves, 

the current decreased to 5 % after passing two charge equivalents (see page 293 and 

Figure 7.1.2b). Subsequent Coulometry at the potential required for the second reduction 

wave led to the injection of two additional charge equivalents (Figure 7.1.2c), thereby 

confirming our hypothesis that terph(S2)2 is able to store up to four electrons.  
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To extract the thermodynamic and kinetic parameters of the two electron transfer 

processes in terph(S2)2, digital simulations of the CV data were performed, applying a 

Butler-Volmer model over a scan-rate range of 0.1 V/s to 2 V/s.[480] A selection of 

representative experimental CV data (black traces) and corresponding simulated data (red 

dashed lines) are shown in Figure 7.1.3. Simulations of cyclic voltammograms with several 

other potential scan rates as well as with different potential sweep windows are shown in 

Figure SIV.17 and Figure SIV.18. 

 

Figure 7.1.3. Cyclic voltammograms of 1.0 mM terph(S2)2 in dry, N2-saturated THF at room temperature with 0.2 M 
(nBu4N)(PF6) as supporting electrolyte. Black lines: experimental data; red dashed lines: simulations with the 
parameters listed in Table 7.1.1. 

Good simulations were achieved by modeling four consecutive irreversible electron 

transfer events using the minimum model shown in Scheme SIV.1 with the parameter 

values summarized in Table 7.1.1. To model the oxidative current, an unproductive and 

slow pseudo-first-order chemical side reaction kc = 0.07 s1 of the fourfold reduced 

terph(S2)2
4 had to be included, which likely reflects the partial protonation of this species 

due to traces of water in the electrolyte solution.[462,466]  

Both reduction waves are steep and the corresponding reoxidation feature is rather 

broad, pointing towards a transfer coefficient  of 0.5 or higher, at least for one of the 

two electron transfer processes of each observable wave. Indeed, reasonable simulations 

were achieved when the -values of the four individual single electron transfer events (n 

= 1 – 4) were set to 0.65, 0.70, 0.55 and 0.50 (Table 7.1.1).[463] Transfer coefficients 

deviating from 0.5 imply asymmetric transition states and -values larger than 0.5 have 
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been observed previously for related disulfide compounds.[461,466,467] The reductions of 

terph(S2)2 were all simulated as electrochemically irreversible processes to account for 

the large peak to peak separation, which is indicative for sizeable structural changes 

associated with the overall reduction. This is in line with the fact that in comparable 

disulfide compounds, the first reducing equivalent leads to substantial electron density in 

the *-antibonding orbital of the SS bond, which causes bond elongation and 

consequent increased tilting of the aromatic units along the central C–C bond of a given 

biphenyl unit.[436,464–466] Uptake of the second electron was previously associated with SS 

bond rupture and further rotation around the central CC bond, in order to balance 

Coulombic repulsion between the two thiolate groups and steric interactions between 

two connected phenyl subunits.[436,464–466] Due to the chemical similarities between 

terph(S2)2 and the previously reported systems in Figure 7.1.1,[436,461–467] it seems 

reasonable to assume that similar structural changes occur upon two-electron reduction 

of terph(S2)2, leading to electrochemical irreversibility of the electron transfer 

reactions.[461–463,467] 

According to the simulations, the first reduction occurs at a potential E1 = 1.55 V and the 

second reduction requires the same potential E2 = 1.55 V (Table 7.1.1). This is in 

agreement with literature reports on comparable disulfide-based systems, where the 

second reduction occurs at essentially the same (potential compression) or a less negative 

potential than the first reduction (potential inversion) due to the large structural 

changes.[461–467] The peak current of the first reduction wave of terph(S2)2 is similar to the 

peak current observed for related disulfide-biphenyl[436,465,466,469] and -bipyridine[462,464] 

systems, suggesting that the initial two-electron reduction induces S–S bond cleavage in 

one of the two disulfide moieties of terph(S2)2, leading to a dithiolate species. The third 

and fourth reductions were simulated with potentials of E3 = 1.85 V and E4 = 1.72 V, 

indicating potential inversion. These results support the hypothesis of two consecutive 

two-electron reductions of both disulfide units leading to S–S bond cleavage and the 

formation of a tetrathiolate species under electrochemical conditions. 

Table 7.1.1. Thermodynamic and Kinetic Parameters Obtained from the Simulations of the CV Data of terph(S2)2 
Describing the Stepwise (n = 1 – 4) Fourfold Reduction. 

n En / V n
a ks,n

b / cm·s-1 

1 1.55 0.65 4 ∙ 105 
2 1.55 0.70 7 ∙ 106 
3 1.85 0.55 2 ∙ 108 
4 1.72 0.50 1 ∙ 109 

 

a  is the transfer coefficient, 0 <  < 1. 
b ks is the electron transfer rate. 
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UV-Vis Absorption Spectroscopy and Photochemical Reduction 

The UV-Vis spectrum of terph(S2)2 features a prominent peak at 310 nm as well as 

absorption bands ranging into the visible part of the spectrum (Figure 7.1.4). To identify 

the UV-Vis spectral signatures of the two- (terph(S2)2
2) and four-fold reduced 

(bis)disulfide species (terph(S2)2
4), we employed electrochemical reduction in 

combination with UV-Vis absorption spectroscopy. Controlled potential Coulometry of a 

50 μM solution of terph(S2)2 in THF under inert atmosphere at a potential between the 

first and second reduction for 80 minutes resulted in the formation of terph(S2)2
2.  

 

Figure 7.1.4. UV-Vis absorption spectra of terph(S2)2, terph(S2)2
2 and terph(S2)2

4 obtained through electrochemical 
reduction at room temperature in dry, Ar-saturated THF containing 0.2 M (nBu4N)(PF6). 

This species shows a new, broad absorption band with λmax at 448 nm (green trace in 

Figure 7.1.4), which vanishes again upon further two-electron reduction to terph(S2)2
4– 

(black trace in Figure 7.1.4).  

Next, we set out to investigate the ability of terph(S2)2 to undergo photoinduced 

accumulation of multiple electrons. Given the very negative third and fourth reduction 

potentials of terph(S2)2 (vide supra), we chose tetrakis(dimethylamino)ethylene (TDAE) as 

a photoreductant, due to its exceptionally high excited-state oxidation potential of ca. 

3.8 V vs. Fc+/0.[481] TDAE has been previously employed as a stoichiometric 

photoreductant in energetically highly unfavorable radical-type hydrodehalogenation 

reactions.[176] In principle, TDAE is not an efficient light-harvesting chromophore, and the 

rationale for using this particular photoreductant is its exceptionally negative excited-

state reduction potential. In a first experiment, a solution of 3.3 mM terph(S2)2 and 5 eq. 

TDAE in C6D6 was irradiated with a 440 nm LED with a power output of 40 W. This led to 

the reduction of terph(S2)2 and extrusion of sulfur (likely in the form of sulfide),[463] 

yielding the thiophene species terph(S)(S2) after an irradiation time of 24 h (Figure 7.1.5b 
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and Figure SIV.19). The photochemical formation of terph(S)(S2) was confirmed by high-

resolution ESI mass spectrometry in addition to 1H-NMR spectroscopy (see page 297). 

Thiophene formation in aromatic disulfide-based electron acceptors is known to take 

place at elevated temperatures or under reductive conditions.[464,467] 

 

Figure 7.1.5. Top: Aromatic regions of the 1H NMR spectra of the different species (A, B, C and D) obtained from 
photochemical reduction of terph(S2)2 (A) with the strong excited-state reductant TDAE in dry, Argon-saturated C6D6 
under irradiation with a 440 nm LED at room temperature. The spectra shown in panels a, b and d were recorded in 
CD2Cl2 after work-up, whereas the spectrum shown in panel c was recorded in C6D6 without work-up. The region of 
the solvent residual peak of C6D6 (7.1-7.2 ppm) is omitted from the spectra for clarity. The asterisks in panel c mark 
the 13C satellites of the solvent residual peak of C6D6. Bottom, e) Reactivity of terph(S2)2 based on the experimental 
data shown in panels a to d. 

In our case, it is conceivable that terph(S)(S2) forms in two steps via excitation of the two-

fold reduced terph(S2)2
2. This dithiolate species features the abovementioned absorption 
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band between 400 and 550 nm (green trace in Figure 7.1.4) and hence could absorb the 

440 nm LED light directly. Consequently, it seems possible that following initial two-fold 

reduction of terph(S2)2 to the terph(S2)2
2 via photoexcited TDAE, subsequent direct 

excitation of dithiolate terph(S2)2
2 triggers sulfur extrusion to result in the formation of 

the thiophene terph(S)(S2). Because terph(S2)2 also absorbs at 440 nm (Figure 7.1.4), it is 

furthermore possible that the initial reduction step occurs via direct excitation and 

subsequent reductive quenching of terph(S2)2 by TDAE. 

When we increased the TDAE concentration from 5 to 15 eq., but kept all other reaction 

conditions constant, the formation of terph(S)(S2) was markedly faster, reaching its peak 

concentration already after a reaction time of 9 hours (68 % NMR-yield, Figure 7.1.6). At 

even longer reaction times, the conversion of terph(S)(S2) to yet another species started 

to become detectable (Figure 7.1.6), manifesting by a new set of signals in the aromatic 

region of the 1H-NMR spectrum of the reaction mixture (Figure SIV.23). The appearance 

of these new signals parallels the disappearance of the terph(S)(S2) resonances (Figure 

7.1.6), suggesting that conversion of terph(S)(S2) to the new species occurs in a 

consecutive A  B  C overall reaction process, in which A is terph(S2)2 and B is 

terph(S)(S2) (Figure 7.1.5). 

 

Figure 7.1.6. Yields of the different terphenyl species in the reduction of 3.3 mM terph(S2)2 with 15 eq. TDAE, 
performed in dry, deaerated C6D6 upon irradiation with a 440 nm LED at room temperature. Yields are reported with 
respect to the internal standard 1,3,5-trimethoxybenzene. 

After a reaction time of 45 h, no terph(S2)2 or terph(S)(S2) was present anymore and the 

new species C was dominant in the respective 1H NMR spectrum (Figure 7.1.5c and Figure 

SIV.23). However, when the reaction mixture containing species C was exposed to air, a 

fast reaction back to terph(S)(S2) (species B) was observed, as confirmed by 1H NMR 

spectroscopy (Figure SIV.22). Thus it seems plausible that species C is the thiophene-

dithiolate terph(S)(S)2, because dithiolates are usually easily oxidized under air.[464] The 
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oxygen-sensitive nature of the supposed terph(S)(S)2 photoproduct did not allow for 

further direct analysis and consequently, in Figure 7.1.5c, the 1H NMR spectrum of the 

reaction mixture containing terph(S)(S)2 is shown, whereas Figure 7.1.5b and d contain 

the spectra of the air-stable reaction products after work-up. To circumvent the oxygen-

sensitivity issue, we aimed to intercept this presumed species, in order to obtain a stable 

compound that can be properly characterized. Since thiolates are usually strong 

nucleophiles,[482] we anticipated that 1-bromobutane would readily react with 

terph(S)(S)2 to form a characterizable doubly alkylated product. Adding 7 eq. of degassed 

1-bromobutane to a solution of terph(S)(S)2 (prepared photochemically according to 

procedure 3 in the SI) and heating the resulting solution to 40 °C for 28 hours lead to 

formation of bench-stable terph(S)(SBu)2 (Figure 7.1.5d) with 62 % NMR yield determined 

relative to the internal standard 1,3,5-trimethoxybenzene. 1H-NMR and HRMS analysis 

(see page 298) confirm the formation of terph(S)(SBu)2, and we conclude that species C is 

indeed the terph(S)(S)2 compound, as suspected above. It should be noted that the NMR-

yield of terph(S)(S)2 is only ca. 60 %, whereas the starting material terph(S2)2 is 

completely consumed. We attribute this to possible deleterious reaction pathways, which 

could be due to the very reactive nature of photoexcited TDAE. 

The results presented in this section illustrate that terph(S2)2 can not only be reduced 

electrochemically by up to four electrons but is furthermore able to undergo 

photoinduced multi-electron accumulation. The initial conversion of terph(S2)2 to 

terph(S)(S2) likely occurs via formation of terph(S2)2
2 with photoexcited TDAE, and direct 

light absorption by this dithiolate could then lead to the thiophene terph(S)(S2) 

(species B), though the involved sequence of elementary steps cannot be fully elucidated. 

The subsequent two-electron reduction of terph(S)(S2) to terph(S)(S)2 presumably occurs 

by photoexcited TDAE. Importantly, terph(S2)2 did not participate in any reaction in the 

absence of light (Figure SIV.27) or TDAE (Figure SIV.28). Analogously to other aliphatic 

amines,[483] TDAE can be expected to act either as a one-electron or two-electron donor. 

 

Conclusions 

Photoinduced charge-accumulation remains of considerable interest to mimic natural 

systems relevant for artificial photosynthesis and the production of solar fuels.[425–452,461–

468,484,485] In order to expand the electron accumulation capacity of currently known 

molecular acceptors for the temporary storage of multiple redox equivalents, we report 

on the synthesis and characterization of the bis(disulfide) electron acceptor terph(S2)2, 

which can accumulate up to four electrons. Going beyond the previously achieved 

accumulation of two redox equivalents in molecular systems represents an important 

advance in the direction of mastering light-to-chemical energy conversion, 
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complementing an early study of four-electron accumulation in a molecular 

compound.[432] Compared to that previously reported system, terph(S2)2 benefits from 

potential inversion and potential compression enabled by structural reorganizations in 

the course of its redox chemistry, which facilitate the uptake of four electrons by over-

compensating Coulombic repulsion between the accumulated negative charges. Based on 

our study, the concepts of potential inversion and potential compression seem very 

promising for the accumulation and temporary storage of more than two redox 

equivalents under electro- and photochemical conditions.  
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General Experimental Details 

Materials and Methods 

[Ru(bpy)2]Cl2 ∙ x H2O, fac-[Ir(ppy)3], [Ru(bpy)3]Cl2, K2C2O4, KCN and B(C6F5)3 were obtained 

from commercial suppliers in high purity and were used without further purification. 

[Ru(bpy)3][PF6]2 was obtained from the chloride salt after anion exchange with (NH4)(PF6) 

in an ethanol/water mixture. [Ru(bpy)2(CN)2] and [Ru(CF3bpy)2(CN)2] were synthesized 

according to the literature procedure.[486] 

CH2Cl2 for the borylation reaction was dried over 3 Å molecular sieves for 48 hours and 

degassed by three freeze-pump-thaw cycles and subsequent refill with argon. Glassware 

was dried at 200 °C overnight and assembled while still hot.  

Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. NMR 

spectra were recorded either on a Bruker Avance III instrument operating at 400 MHz 

proton frequency or on a Bruker Avance III operating at 500 MHz proton frequency. All 

chemical shifts are reported in δ values in ppm referred to protons of the residual non-

perdeuterated solvent used or its carbon atoms, respectively.[487] To describe the signals 

and their coupling patterns, the following abbreviations are used: s (singlet), d (doublet), 

dd (doublet of doublets), ddd (doublet of doublets of doublets), dt (doublet of triplets), t 

(triplet), m (multiplet). All coupling constants J are stated in Hertz (Hz). 

Elemental Analysis was performed by Ms. Sylvie Mittelheisser (University of Basel, 

Department of Chemistry), with a Vario Micro Cube instrument from Elementar.  

Cyclic voltammetry was performed in an MBraun Glovebox under an Ar-Atmosphere. A 

glassy carbon disk electrode served as working electrode and two silver wires were used 

as counter electrode and (pseudo)-reference electrode. To apply and control the voltage, 

a Versastat3-200 potentiostat from Princeton Applied Research was used. 

Preparative photoreductions and triplet-triplet energy transfer reactions were performed 

either in Schlenk tubes or in flame-sealed NMR tubes. As light source, a Kessil PR160 LED 

with 440 nm output was used. 

 

Optical Spectroscopy 

All optical spectroscopic experiments were carried out at 293 K. Steady-state absorption 

and luminescence spectra were recorded using a Cary 5000 spectrophotometer (Varian) 

and a Fluorolog-3-22 instrument (Horiba Jobin-Yvon), respectively. An LP920-KS apparatus 

from Edinburgh Instruments was employed for UV-Vis transient absorption and emission 

spectroscopy. Excitation was performed by a frequency-doubled Nd:YAG laser (Quantel 
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Brilliant b, ca. 10 ns pulse width) or by a frequency-tripled Nd:YAG laser (Quantel Brilliant 

b, ca. 10 ns pulse width) equipped with an OPO from Opotek. A beam expander (GBE02-

A from Thorlabs) was used to ensure homogeneous excitation. Detection of transient 

absorption spectra occurred on an iCCD camera (Andor), whereas kinetics at a single 

wavelength were recorded using a photomultiplier tube.  

Unless otherwise indicated, the solutions were purged with argon (4.8, PanGas) for at 

least five minutes before the experiments and sealed under argon (1 atm) using cuvettes 

with septum caps. 

Luminescence lifetime and quenching measurements with [Ru(bpy)2(BCF)2] and fac-

[Ir(ppy)3] were performed on a LifeSpec II spectrometer (time-correlated single photon 

counting technique) from Edinburgh Instruments using picosecond pulsed diode lasers for 

excitation at 375 nm. Luminescence lifetime and quenching measurements with 

[Ru(bpy)3][PF6]2 and [Ru(CF3bpy)2(BCF)2] were performed with the abovementioned 

LP920-KS apparatus from Edinburgh Instruments. 

Luminescence quantum yields were determined as described in further detail on page 

143. 

CD measurements were performed on a JASCO J-1500 CD spectrophotometer at 20 °C in 

1115F-QS Hellma cuvettes (10 mm light path). 
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Synthesis of Complexes 

The syntheses of [Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] were conducted on small 

scales, because no large quantities of these substances were required for our studies.  

 

[Ru(bpy)2(BCF)2] 

[Ru(bpy)2(CN)2] (30.0 mg, 64.45 mol, 1.0 eq.) and B(C6F5)3 (69.3 mg, 135.34 mol, 2.1 

eq.) were dissolved in dry and deaerated CH2Cl2 (15 mL) under an Ar atmosphere in a 50 

mL Schlenk tube, and the resulting yellow solution was heated to 40 °C for 12 h. The 

solvent was removed under reduced pressure and the crude product was purified by flash 

column chromatography (silica, CH2Cl2) to yield [Ru(bpy)2(BCF)2] (76.2 mg, 51.1 mol, 79 

%) as a yellow solid. 

 

1H NMR (500 MHz, CD2Cl2): δ 9.18 (ddd, J=5.6, 1.6, 0.7 Hz, 2H, H1), 8.21 (m, 2H, H4), 8.17 (m, 2H, 

H7), 8.07 (ddd, J=8.1, 7.8, 1.6 Hz, 2H, H3) 7.95 (ddd, J=8.2, 7.6, 1.6 Hz, 2H, H8), 7.61 – 7.55 (m, 4H, 

H2, H10), 7.29 (ddd, J=7.6, 5.6, 1.2 Hz, 2H, H9). 

13C NMR (126 MHz, CD2Cl2) δ 156.7, 156.3, 156.2, 153.7, 149.7, 138.9, 138.3, 127.9, 127.2, 123.5, 

123.2. 

11B NMR (160 MHz, CD2Cl2) δ -13.80. 

19F NMR (471 MHz, CD2Cl2) δ -134.87 (dd, J=23.4, 9.1 Hz, 12F), -160.69 (t, J=20.2 Hz, 6F), -165.88 – 

-166.48 (m, 12F). 

Elemental analysis calc. for C58H16N6B2F30Ru: C 46.77 %, H 1.08 %, N 5.64 %, found: C 46.67 %, H 

1.20 %, N 5.96 %. 

ESI-HRMS (m/z): calcd. for [C58H16N6B2F30RuNa]+ [M+Na]+, [C58H16B2F30N6RuK]+ [M+K]+: 1513.0085, 

1528.9824. found: 1513.0098, 1528.9832. 
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[Ru(CF3bpy)2(BCF)2] 

[Ru(CF3bpy)2(CN)2] (10.0 mg, 13.6 mol, 1.0 eq.) and B(C6F5)3 (14.6 mg, 28.5 mol, 2.1 eq.) 

were dissolved in dry and deaerated CH2Cl2 (10 mL) under an Ar atmosphere in a 50 mL 

Schlenk tube, and the resulting orange solution was stirred at room temperature for 10 

min. The solvent was removed under reduced pressure and the crude product was 

purified by flash column chromatography (silica, CH3CN). Since the product still contained 

impurities, it was again subjected to flash column chromatography (silica, CH2Cl2) to yield 

[Ru(CF3bpy)2(BCF)2] (19.6 mg, 11.1 mol, 82 %) as a yellow solid. 

 

1H NMR (500 MHz, CD3CN) δ 9.26 (d, J=5.9, 2H, H1), 8.83 (s, 2H, H4), 8.80 (s, 2H, H2), 8.03 – 7.96 

(m, 4H, H2, H9), 7.69 – 7.64 (m, 2H, H10). 

13C NMR (126 MHz, CD3CN) δ 157.6 (s), 157.2 (s), 156.7 (s), 152.8 (s), 152.2 (m), 149.2 (m), 

147.3(m), 140.9 (m), 140.7 – 139.6 (m), 138.9 (m), 138.3 (m), 136.3 (m), 124.6 (m), 124.1 (s), 123.9 

(m), 121.8 (m), 121.8 (d), 121.2 (m).  

11B NMR (160 MHz, CD3CN) δ -13.84. 

19F NMR (471 MHz, CD3CN) δ -65.46 (s, 6F), -65.50 (s, 6F), -135.78 (dd, J=22.9, 8.3 Hz, 12F), -160.93 

(t, J=19.6 Hz, 6F), -166.79 (m, 12F). 

Elemental analysis calc. for C62H12N6B2F42Ru · 0.15 H2O · 0.5 CH3CN: C 43.05 %, H 1.11 %, N 4.63 % 

found: C 42.71 %, H 1.35 %, N 4.92 %. 

 

ESI-HRMS (m/z): calcd. for [C62H12N6B2F42RuNa]+ [M+Na]+, [C62H12B2F42N6RuK]+ [M+K]+: 1784.9580, 

1800.9319; found: 1784.9626, 1800.9345 
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NMR Spectra of [Ru(bpy)2(BCF)2] 

 

Figure SI.1. 1H NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 

 

Figure SI.2. 19F NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 
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Figure SI. 3. 11B NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 

 

Figure SI.4. 1H-1H COSY NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 
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Figure SI.5. 1H-1H NOESY NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 

 

Figure SI.6. 1H-13C HMQC NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 
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Figure SI.7. 1H-13C HMBC NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 

 

Figure SI.8. 13C-{1H} NMR spectrum of [Ru(bpy)2(BCF)2] in CD2Cl2 at 293 K. 
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NMR Spectra of [Ru(CF3bpy)2(BCF)2] 

 

Figure SI.9. 1H NMR spectrum of [Ru(CF3bpy)2(BCF)2] in CD3CN at 293 K. 

 

Figure SI.10. 19F NMR spectrum of [Ru(CF3bpy)2(BCF)2] in CD3CN at 293 K. 
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Figure SI.11. 11B NMR spectrum of [Ru(CF3bpy)2(BCF)2] in CD3CN at 293 K. 

 

Figure SI.12. 13C NMR spectrum of [Ru(CF3bpy)2(BCF)2] in CD3CN at 293 K. 
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Figure SI.13. 1H-1H NOESY NMR spectrum of [Ru(CF3bpy)2(BCF)2] in CD3CN at 293 K. 

 

Figure SI.14. 1H-1H COSY NMR spectrum of [Ru(CF3bpy)2(BCF)2] in CD3CN at 293 K. 
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IR Spectroscopy  

In the IR spectra of [Ru(bpy)2(BCF)2] (Figure SI.15) and [Ru(CF3bpy)2(BCF)2] (Figure SI.16), 

the C≡N stretching frequencies are shifted to higher wavenumbers compared to the same 

bands in the respective parent complexes [Ru(bpy)2(CN)2] and [Ru(CF3bpy)2(CN)2]. 

[Ru(bpy)2(CN)2] exhibits two C≡N stretching bands at 2064 cm-1 and 2045 cm-1. Upon 

borylation, these two bands are observed at 2159 cm-1 and 2063 cm-1. In 

[Ru(CF3bpy)2(BCF)2], the two bands are shifted from 2085 cm-1 and 2094 cm-1 to 2173 cm-1 

and 2195 cm-1. 

Due to the hygroscopic nature of [Ru(bpy)2(CN)2] and [Ru(CF3bpy)2(CN)2], strong O-H 

bands between 2600 cm-1 and 3600 cm-1 originating from H2O appear in the IR spectra of 

these two compounds. Furthermore, in the spectra of [Ru(bpy)2(BCF)2] and 

[Ru(CF3bpy)2(BCF)2] C=O bands from ambient CO2 are observed between 2280 cm-1 and 

2393 cm-1. 

 

Figure SI.15. IR spectra (neat) of [Ru(bpy)2(BCF)2] (red) and [Ru(bpy)2(CN)2] (green). 
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Figure SI.16. IR spectra (neat) of [Ru(CF3bpy)2(BCF)2] (red) and [Ru(CF3bpy)2(CN)2] (green). 
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Crystal Structures 

[Ru(bpy)2(BCF)2] 

CCDC deposition number: 2062751 

Single yellow block-shaped crystals of [Ru(bpy)2(BCF)2] were grown from a mixture of 

CHCl3 and CH2Cl2 by slow evaporation. A suitable crystal (0.22 × 0.18 × 0.16 mm3) was 

selected and mounted on a Lindemann tube in perfluoroether oil on a Bruker APEX-II CCD 

diffractometer. The crystal was kept at a steady T = 130 K during data collection. The 

structure was solved with the ShelXT[488] structure solution program using the Intrinsic 

Phasing solution method and by using Olex2[489] as the graphical interface. The model was 

refined with version 2018/3 of ShelXL[488] using Least Squares minimisation. 
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Table SI.1. Crystallographic data for [Ru(bpy)2(BCF)2]. 

 

  

Formula  B2C59.8Cl5.4F30H17.8N6Ru  

Dcalc./ g cm-3  1.788  

/mm-1  5.347  

Formula Weight  1704.32  

Colour  yellow  

Shape  block  

Size/mm3  0.22×0.18×0.16  

T/K  130  

Crystal System  monoclinic  

Space Group  P21/c  

a/Å  12.0356(11)  

b/Å  25.201(2)  

c/Å  21.4652(19)  

/°  90  

/°  103.432(3)  

/°  90  

V/Å3  6332.6(10)  

Z  4  

Z'  1  

Wavelength/Å  1.541838  

Radiation type  CuK  

min/°  4.098  

max/°  70.315  

Measured Refl.  38829  

Independent Refl.  11626  

Reflections with I > 2(I)  11406  

Rint  0.0301  

Parameters  874  

Restraints  0  

Largest Peak  0.901  

Deepest Hole  -0.474  

GooF  1.019  

wR2 (all data)  0.0749  

wR2  0.0746  

R1 (all data)  0.0299  

R1  0.0295  
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[Ru(CF3bpy)2(BCF)2] 

CCDC deposition number: 2062756 

Single orange plate crystals of [Ru(CF3bpy)2(BCF)2] were grown from CD2Cl2. A suitable 

crystal with dimensions 0.20 × 0.18 × 0.05 mm3 was selected and mounted on a mylar 

loop in perfluoroether oil on a Bruker APEX-II CCD diffractometer. The crystal was kept at 

a steady T = 150 K during data collection. The structure was solved with the ShelXT[490] 

solution program using dual methods and by using Olex2[489] as the graphical interface. 

The model was refined with ShelXL[488] using full matrix least squares minimisation on F2. 

Table SI. 2. Crystallographic data for [Ru(CF3bpy)2(BCF)2]. 

Formula  C62H12B2F42N6Ru  

Dcalc./ g cm-3  1.934  

/mm-1  3.776  

Formula Weight  1761.47  

Colour  orange  

Shape  plate  

Size/mm3  0.20×0.18×0.05  

T/K  150  

Crystal System  monoclinic  

Space Group  C2/c  

a/Å  16.2170(13)  

b/Å  16.2866(13)  

c/Å  23.0814(18)  

/°  90  

/°  97.013(3)  

/°  90  

V/Å3  6050.6(8)  

Z  4  

Z'  0.5  

Wavelength/Å  1.54178  

Radiation type  Cu K  

min/°  3.859  

max/°  70.268  

Measured Refl's.  38067  

Indep't Refl's  5637  

Refl's I≥2 (I)  5493  
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The two compounds [Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] were observed as two 

different isomers: Whereas [Ru(bpy)2(BCF)2] crystallized as the Λ-enantiomer, 

[Ru(CF3bpy)2(BCF)2] crystallized as the Δ-enantiomer. The two compounds are shown in 

Error! Reference source not found. without the (C6F5) moieties for clarity. 

  

Rint  0.0315  

Parameters  507  

Restraints  25  

Largest Peak  1.745  

Deepest Hole  -1.231  

GooF  1.047  

wR2 (all data)  0.1147  

wR2  0.1140  

R1 (all data)  0.0439  

R1  0.0432  
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Absorption and Emission Spectroscopy 

 

Figure SI.17. UV-Vis absorption spectra of [Ru(bpy)2(BCF)2] (green) and [Ru(bpy)2(CN)2] (red) in argon-saturated 
CH3CN at room temperature. 

 

Figure SI.18. Normalized emission spectra of [Ru(bpy)2(BCF)2] (green) and [Ru(bpy)2(CN)2] (red) in argon-saturated 
CH3CN at room temperature. Excitation occurred at the respective MLCT-band maxima (390 nm for [Ru(bpy)2(BCF)2] 
and 490 nm for [Ru(bpy)2(CN)2]). 
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Figure SI.19. Luminescence decays of [Ru(bpy)2(CN)2] (10-5 M, red) at 680 nm and [Ru(CF3bpy)2(CN)2] (10-5 M, green) 
at 740 nm in argon-saturated CH3CN at 293 K. Excitation occurred at 532 nm in both cases using laser pulses of ca. 10 
ns duration. 

 

Figure SI.20. UV-Vis absorption spectra of [Ru(CF3bpy)2(BCF)2] (green) and [Ru(CF3bpy)2(CN)2] (red) in argon-saturated 
CH3CN at room temperature. 

 



Appendix 

140 

 

 

Figure SI.21. Normalized emission spectra of [Ru(CF3bpy)2(BCF)2] (green) and [Ru(CF3bpy)2(CN)2] (red) in argon-
saturated CH3CN at 20 °C. Excitation occurred at the respective MLCT absorption band maxima (420 nm for 
[Ru(CF3bpy)2(BCF)2] and 520 nm for [Ru(CF3bpy)2(CN)2]). 
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Effect of Different Solvents 

 

Figure SI.22. UV-Vis absorption spectra of [Ru(bpy)2(BCF)2] recorded in different argon-saturated solvents at 293 K. 

 

Figure SI.23. Normalized emission spectra of [Ru(bpy)2(BCF)2] in different argon-saturated solvents at 293 K. 
Excitation occurred at 390 nm in all cases. 
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Figure SI.24. Luminescence decay curves of [Ru(bpy)2(BCF)2] (10-5 M) at 530 nm in different argon-saturated solvents 
after 375 nm excitation at 293 K. 

Table SI.3. Excited-state lifetimes of [Ru(bpy)2(BCF)2] in different argon-saturated solvents at 293 K. 

 

Solvent 0 / ns 

CH3CN 8.6 

THF 13.0 

MeOH 11.6 
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Circular Dichroism Spectroscopy 

CD spectra of [Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] were measured to explore 

whether the two complexes were obtained as racemic mixtures of the Δ-isomer and the 

Λ-isomer or whether formation of one of these two isomers was favored over the other 

one. The formation of both isomers in a 1:1 ratio was confirmed by the absence of 

significant signals in the CD spectra shown in Figure SI.25. 

 

Figure SI.25. CD spectra of 10-5 M [Ru(bpy)2(BCF)2] and 10-5 M [Ru(CF3bpy)2(BCF)2] in CH3CN at 20 °C. 

 

Photoluminescence Quantum Yields 

The photoluminescence quantum yield of [Ru(CF3bpy)2(BCF)2] was determined using an 

integrating sphere (Hamamatsu absolute photoluminescence quantum yield 

spectrometer C11347 Quantaurus-QY). Photoluminescence quantum yields of 

[Ru(bpy)2(BCF)2], [Ru(bpy)2(CN)2] and [Ru(CF3bpy)2(CN)2] were determined by measuring 

their luminescence spectra in deaerated acetonitrile and comparing the respective 

spectra to the emission spectrum of [Ru(bpy)3]2+ in deaerated acetonitrile recorded under 

exactly identical conditions and using identical acquisition parameters.[217] The literature 

value for the quantum yield of [Ru(bpy)3]2+ in deaerated acetonitrile is 9.5 %.[230] The 

emission bands of [Ru(CF3bpy)2(CN)2] and [Ru(bpy)2(CN)2] could not be fully integrated, 

because their low-energy part is outside of the range of the employed detector. The 

integrated area was therefore approximated as twice the area of the high-energy part of 

the emission band, ranging from the onset wavelength to the emission band maximum. 

Due to the approximative nature of this procedure, we consider the quantum yields 

indicated for these two complexes in Table 3.1 of the main paper as upper limits.  
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Electrochemistry 

 

Figure SI.26. Cyclic voltammogram of 1.0 mM [Ru(bpy)2(CN)2] in dry, deaerated CH3CN with 0.1 M NBu4PF6 as 
supporting electrolyte at room temperature. The scan rate was 0.1 V/s. 

 

Figure SI.27. Cyclic voltammogram of 1.0 mM [Ru(CF3bpy)2(CN)2] in dry, deaerated CH3CN with 0.1 M NBu4PF6 as 
supporting electrolyte at room temperature. The scan rate was 0.1 V/s. 
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Table SI.4. Electrochemical Properties of [Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] and their Parent Complexes 
[Ru(bpy)2(CN)2] and [Ru(CF3bpy)2(CN)2]. All Data were Measured in Dry, Deaerated CH3CN with 0.1 M NBu4PF6 as 
Supporting Electrolyte at Room Temperature in an Ar-filled Glovebox. The Scan Rate was 0.1 V/s in all Cases. 

 
E(0/-)  

/ V vs SCE 

E(-/2-) 

/ V vs SCE 

E(0/+) 

/ V vs SCE 

[Ru(bpy)2(CN)2] -1.64 -1.89 0.80 

[Ru(bpy)2(BCF)2] -1.46 -1.70 1.63 

[Ru(CF3bpy)2(CN)2] -1.13 -1.37 1.14 

[Ru(CF3bpy)2(BCF)2] -0.92 -1.13 2.00 
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Photochemical Synthesis Procedures 

General Procedure 1: trans/cis Isomerization of trans-methyl Cinnamate 

Trans-methyl cinnamate (50 mol), trimethyl(phenyl)silane (17 mol, as internal 

standard) and the respective catalyst (0.5 mol, 1 mol%) were dissolved in CD3CN (0.6 mL) 

and the mixture was degassed in an NMR-tube by three freeze-pump-thaw cycles. The 

NMR-tube was flame-sealed and irradiated for two hours with a blue Kessil LED lamp (440 

nm), after which time the ratio of cis/trans (in relation to the internal standard 

trimethyl(phenyl)silane) was determined by 1H NMR spectroscopy.  

 

General Procedure 1a: trans/cis Isomerization of trans-methyl Cinnamate 
with lower catalyst loading 

Trans-methyl cinnamate (50 mol), trimethyl(phenyl)silane (17 mol, as internal 

standard) and [Ru(bpy)2(BCF)2] (0.01 mol, 0.02 mol%) were dissolved in CD3CN (0.6 mL) 

and the mixture was degassed in an NMR-tube by three freeze-pump-thaw cycles. The 

NMR-tube was flame-sealed and irradiated for two hours with a blue Kessil LED lamp (440 

nm), after which time the ratio of cis/trans (in relation to the internal standard 

trimethyl(phenyl)silane) was determined by 1H NMR spectroscopy.  

 

General Procedure 2: Pinacol Coupling 

Benzaldehyde (50 mol), DiPEA (250 mol, 5 eq.) and the respective catalyst (0.5mol, 1 

mol%) were dissolved in CD3CN (0.6 mL) and the mixture was degassed in an NMR-tube 

by three freeze-pump-thaw cycles. The NMR-tube was sealed and irradiated for two hours 

with a blue Kessil LED lamp (440 nm). 
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General Procedure 3: Nickel-catalyzed C-O Coupling 

 

 

 

 

The following procedure was adapted from the literature.[137]  

Benzoic acid (98 mg, 0.80 mmol, 2.0 eq.), methyl 4-bromobenzoate (86 mg, 0.40 mmol, 

1.0 eq.), NiBr2∙diglyme (7.0 mg, 0.02 mmol, 5 mol%), 4,4’-di-tert-butyl-2,2’-dipyridyl (5.4 

mg, 0.02 mmol, 5 mol%) and photocatalyst (4 mol, 1 mol%) were dissolved in dry DMF 

(2 mL) in a 10 mL Schlenk tube and sonicated until no solids remained. N-tert-butyl-

isopropylamine (254 L, 1.6 mmol, 4 eq.) was added, resulting in a suspension that was 

degassed by bubbling argon through it for 15 min. The reaction mixture was irradiated for 

18h with a Kessil LED lamp (440 nm) and was cooled by a fan during the reaction time. 

Nevertheless, the temperature slightly rose due to the proximity of the lamp. The reaction 

mixture was subsequently poured into a 20% aq. LiCl solution (5 mL). This solution was 

extracted with EtOAc (3 × 10 mL), the organic phases were combined, washed with aq. 

sat. K2CO3 solution (1 × 20 mL) and with 50% aq. LiCl solution (2 × 10 mL). The organic 

phase was dried over anhydrous MgSO4, filtered and the solvent was removed under 

reduced pressure. The crude product was purified by flash column chromatography (silica, 

30% polar solvent mixture with pentane, polar solvent mixture = 1:1 CH2Cl2:EtOAc) to yield 

the product as a colourless solid.  

NMR-data are in agreement with the literature.[137] 

1H NMR (500 MHz, CDCl3) δ 8.24 – 8.17 (m, 2H), 8.16 – 8.10 (m, 2H), 7.69 – 7.62 (m, 1H), 7.56 – 

7.49 (m, 2H), 7.35 – 7.28 (m, 2H), 3.93 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 166.5, 164.8, 154.8, 134.0, 131.4, 130.4, 129.3, 128.8, 127.9, 121.9, 

52.4. 
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General Procedure 4: Decarboxylative Addition of Cbz-Proline to Ethyl 
Maleate 

 

 

 

Cbz-proline (5.6 mg, 22.5 mol, 1.0 eq.), ethyl maleate (4.3 mg, 24.7 mol, 1.1 eq.), 

K2HPO4 (4.7 mg, 27.0 mol, 1.2 eq.) and the respective catalyst (0.225 mol, 1 mol%) were 

suspended in CD3CN (0.6 mL). The solution was degassed in an NMR-tube by three freeze-

pump-thaw cycles. The NMR-tube was flame-sealed and irradiated for five hours with a 

blue Kessil LED lamp (440 nm), after which time the ratio of ethyl maleate to the product 

was determined by 1H NMR spectroscopy. 

For the preparative-scale experiment with [Ru(CF3bpy)2(BCF)2] as photocatalyst, the 

following procedure was adapted from the literature.[118,177] 

Cbz-proline (38.0 mg, 0.15 mmol, 1.0 eq.), K2HPO4 (29.2 mg, 0.17 mmol, 1.1 eq.), ethyl 

maleate (28.9 mg, 0.17 mmol, 1.1 eq.) and [Ru(CF3bpy)2(BCF)2] (2.7 mg, 1 mol%) were 

suspended in acetonitrile (3mL) in a 5 mL Schlenk tube under argon atmosphere. The 

reaction mixture was degassed by three freeze-pump-thaw cycles, backfilled with argon 

and irradiated for 20 h with a Kessil LED lamp (440 nm). H2O (3 mL) was added and the 

product was extracted with CH2Cl2 (3 × 10 mL). The combined organic phases were dried 

over Na2SO4 and filtered. The solvent was removed under reduced pressure and the crude 

product was purified by flash column chromatography (Silica, 20 % EtOAc in pentane) to 

yield the title compound (47.2 mg, 0.13 mmol, 82 %) as a colourless liquid. For the 

visualization of the product on TLC plates, iodine and a vanillin stain were used. 

NMR data are in agreement with the literature.[118] 

1H NMR (400 MHz, Chloroform-d) δ = 7.43 – 7.26 (m, 5H), 5.25 – 5.04 (m, 2H), 4.35 – 4.26 

(m, 1H), 4.18 – 4.03 (m, 4H), 3.75 – 3.42 (m, 2H), 3.39 – 3.17 (m, 1H), 2.84 – 2.65(m, 1H), 

2.56 – 2.22 (m, 1H), 2.06 – 1.71 (m, 4H), 1.27 – 1.18 (m, 6H). 
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Excited-State Quenching Studies 

Methyl Cinnamate 

 

Figure SI.28, main plot: Decay of [Ru(bpy)2(BCF)2] emission at 530 nm in the absence of trans-methyl cinnamate (blue 
trace) and in presence of increasing concentrations of trans-methyl cinnamate (other traces) after 375 nm excitation 
of a 10-5 M [Ru(bpy)2(BCF)2] solution in argon-saturated CH3CN at 20 °C. Inset: Stern-Volmer plot (with the same color-
code for the trans-methyl cinnamate concentration as in the main plot). 

  

Figure SI.29, main plot: Decay of [Ru(CF3bpy)2(BCF)2] emission at 525 nm in the absence of trans-methyl cinnamate 
(blue trace) and in presence of increasing concentrations of trans-methyl cinnamate (other traces) after 425 nm 
excitation of a 10-5 M [Ru(CF3bpy)2(BCF)2] solution in argon-saturated CH3CN at 20 °C. Inset: Stern-Volmer plot (with 
the same color-code for the trans-methyl cinnamate concentration as in the main plot). 
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Figure SI.30, main plot: Emission decay of fac-[Ir(ppy)3] emission at 525 nm in the absence of trans-methyl cinnamate 
(blue trace) and in the presence of increasing concentrations of trans-methyl cinnamate (other traces) after 375 nm 
excitation of a 10-5 M Ir(ppy)3 solution in argon-saturated CH3CN at 20 °C. Inset: Stern-Volmer plot (with the same 
color-code for the trans-methyl cinnamate concentration as in the main plot). 

 

Figure SI.31. Decay of [Ru(bpy)3][PF6]2 emission at 630 nm in the absence of trans-methyl cinnamate (blue trace) and 
with 200 mM trans-methyl cinnamate (green trace) after 532 nm excitation of a 10-5 M [Ru(bpy)3][PF6]2 solution with 
~10 ns laser pulses in argon-saturated CH3CN at 20 °C. 
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DiPEA 

 

Figure SI.32, main plot: Decay of [Ru(bpy)3][PF6]2 emission at 630 nm in the absence of DiPEA (blue trace) and in the 
presence of increasing concentrations of DiPEA (other traces) after 532 nm excitation of a 10-5 M [Ru(bpy)3][PF6]2 
solution with ~10 ns laser pulses in argon-saturated CH3CN at 20 °C. Inset: Stern-Volmer plot (with the same color-
code for the DiPEA concentration as in the main plot). 

 

 

Figure SI.33, main plot: Decay of [Ru(bpy)2(BCF)2] emission at 530 nm in the absence of DiPEA (blue trace) and in the 
presence of increasing concentrations of DiPEA (other traces) after 375 nm excitation of a 10-5 M [Ru(bpy)2(BCF)2] 
solution in aerated CH3CN at 20 °C. Inset: Stern-Volmer plot (with the same color-code for the DiPEA concentration 
as in the main plot). 
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Figure SI.34. Decay of fac-[Ir(ppy)3] emission at 525 nm without any quencher (green trace) and with 50 mM DiPEA 
(yellow trace) or 10 mM benzaldehyde (red trace) after 375 nm excitation of a 10-5 M fac-[Ir(ppy)3] solution in argon-
saturated CH3CN at 20 °C. 

 

Mechanistic Considerations 

The mechanism of the photocatalytic pinacol coupling is dependent on the used catalysts 

and their respective redox potentials. The excited state reduction potential of fac-

[Ir(ppy)3] is 0.31 V vs SCE (see main paper), which is too low to be reductively quenched 

by DiPEA. The benzaldehyde reduction therefore takes place directly from the excited 

state, which is strongly reducing (-1.73 V vs SCE). Regeneration of fac-[Ir(ppy)3] from its 

one-electron oxidized form subsequently occurs in the electronic ground state; the 

relevant reduction potential of fac-[Ir(ppy)3]+ is 0.77 V vs SCE. This mechanism is 

confirmed by luminescence quenching experiments with fac-[Ir(ppy)3] as the luminophore 

and DiPEA or benzaldehyde as the quencher (Figure SI.34). Whereas only very slow 

excited-state quenching was observed with DiPEA (kq < 106 M-1s-1), reductive quenching 

by benzaldehyde is nearly two orders of magnitude faster (kq = 3.54  107 M-1s-1). 

For [Ru(bpy)2(BCF)2], the mechanism differs significantly. Since the excited-state 

reduction potential is already rather high, 3MLCT quenching by DiPEA is much more rapid 

(kq = 1.29  109 M-1s-1) than with fac-[Ir(ppy)3] (kq < 106 M-1s-1). Therefore, the first step in 

the photocatalytic pinacol coupling with [Ru(bpy)2(BCF)2] is the reductive quenching with 

DiPEA, followed by the actual benzaldehyde reduction, which takes place with 

[Ru(bpy)2(BCF)2]- in the electronic ground state. This species is a much stronger reductant 

(-1.46 V vs SCE) than the 3MLCT-excited [Ru(bpy)2(BCF)2] (-0.87 V vs SCE). 

With fac-[Ir(ppy)3] as the catalyst, an NMR-yield of 100 % was obtained for the pinacol 

coupling. 
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Photostability Measurements 

 

Figure SI.35. Photostability of [Ru(bpy)2(BCF)2] (a), [Ru(CF3bpy)2(BCF)2] (b), fac-[Ir(ppy)3] (c) and [Ru(bpy)3][PF6]2 (d) 
upon irradiation with a blue cw laser (447 nm, 1.1 W) in argon-saturated CH3CN at room temperature. Main plots: 
Loss in luminescence intensity at the respective emission peak wavelength as function of irradiation time. Left insets: 
Luminescence spectra before (green) and after (red) the irradiation. Right insets: UV-Vis spectra recorded before 
(green) and after (red) the irradiation. 

 

Photo-Degradation Quantum Yield Calculation 

The photo-degradation quantum yield degr is defined here as the number of decomposed 

photosensitizer molecules divided by the number of absorbed photons. In order to avoid 

systematic errors due to possibly luminescent photo-degradation products, degr was 

determined at I/I0 = 0.9. The number of decomposed photosensitizer molecules at this 

point was assumed to be 10 % of the initial value. The number of photons emitted by the 

cw laser was calculated by multiplying the power output of the lamp (1.1 W) with the 

irradiation time and dividing the obtained value by the energy of a photon with 447 nm 

wavelength (the laser output energy was 4.44 ∙ 10-19 J). Using the number of photons 

emitted by the laser, the number of photons absorbed by the sample was then calculated 

using the Lambert-Beer law. Since the absorbance at the excitation wavelength was 
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adjusted to 0.1 for all stability measurements, 21 % of the incident photons were 

absorbed by the four different samples, assuming that the absorbance remains constant 

during the considered irradiation period. These calculations lead to the values given in 

Table SI.5. 

Table SI.5. Input Values for the Determination of the Photo-Degradation Quantum Yield degr. 

 Time 

(I/I0=0.9) 

# Abs. 

Photons 

Initial 

conc. 

# Decomposed 

molecules  

(I/I0=0.9) 

degr 

[Ru(bpy)2(BCF)2] 105 min 5.41 mmol 149 μM 44.7 nmol 0.000826 % 

[Ru(CF3bpy)2(BCF)2] 37.4 min 1.94 mmol 32 μM 9.60 nmol 0.000495 % 

fac-[Ir(ppy)3] 12.0 min 0.621 mmol 36 μM 10.8 nmol 0.00174 % 

[Ru(bpy)3][PF6]2  0.183 min 9.45 mol 8.7 μM 2.61 nmol 0.0276 % 

 

For Figure 3.8 in the main paper, the change in luminescence intensity was converted to 

change in concentration (c) by multiplying the normalized luminescence (Figure SI.35, 

main plot) with the initial concentration of the respective complex. The initial c-value for 

each complex was set to 0, because at time = 0 no photo-degradation has occurred yet. 

Figure 3.8 in the main paper shows the change in concentration (c) as a function of 

irradiation time. Since the change in luminescence intensity is directly proportional to the 

change in concentration, but the initial concentration was different for each complex, the 

form of presentation shown in the main paper represents the photostability of the 

complexes better (and in more directly comparable fashion) than the raw data in Figure 

SI.35. 

DFT Calculations 

All DFT calculations were carried out with the Gaussian 09 software package[491] using the 

B3LYP functional combined with the LANL2DZ basis set. The geometry optimizations of 

[Ru(bpy)2(BCF)2] and derived species were accompanied by frequency analyses. The 

optimized structures presented in Figure SI.36 and Figure SI.37 did not show negative 

vibrational frequencies, indicating convergence on minimum structures. Characteristic 

bond lengths and angles of all computed structures are summarized in Table SI.6. The 

frontier orbitals of the singlet ground state (Figure SI.36) are in line with an MLCT-type 
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HOMO-LUMO transition (Ru-centered HOMO, bipyridine-centered LUMO).  

 

Figure SI.36. Optimized singlet ground state structure (left) and frontier orbitals (center, HOMO; right, LUMO) of 
[Ru(bpy)2(BCF)2] calculated at the B3LYP/LANL2DZ level of theory. 

Starting from the energy-minimized singlet ground state geometry (Figure SI.36), the 

corresponding lowest triplet state was optimized (upper structure in Figure SI.37). In this 

structure, the central Ru atom has a spin density close to 1, and the remaining spin density 

is distributed over one bipyridine ligand. Hence, these calculations predict the lowest 

triplet to be an MLCT state. Additional calculations on starting geometries with much 

longer Ru-N distances gave another energy-optimized structure (see the central row in 

Figure SI.37 for the structure and Table SI.6 for characteristic bond lengths), which lies 

higher in energy by about 0.4 kJ/mol compared to the 3MLCT structure. Spin density 

calculations provide clear evidence for the metal-centered (MC) character of this slightly 

higher-lying triplet state (two unpaired electrons at the ruthenium atom). The triplet state 

energies shown in Figure SI.37 were determined by comparing their calculated energies 

to that of the [Ru(bpy)2(BCF)2] singlet ground state. Comparable calculations on 

[Ru(CF3bpy)2(BCF)2] were unsuccessful. More specifically, several attempts to obtain the 

[Ru(CF3bpy)2(BCF)2]-derived 3MC gave optimized 3MLCT-like structures, which implies a 

much higher 3MC-3MLCT energy difference than calculated and experimentally observed 

for [Ru(bpy)2(BCF)2] (in an indirect manner through the 3MLCT lifetime decrease). 
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Table SI.6. Selected Bond Lengths (Calculated and Determined from the Crystal Structure) of [Ru(bpy)2(BCF)2]. 

ligand bond Distance 

(Å) (Crystal 

Structure) 

Distance 

(Å) 

(Ground  

State, DFT) 

Distance 

(Å) (3MLCT, 

DFT) 

Distance 

(Å) 

 (3MC, DFT) 

Distance 

(Å) 

(reduced 

complex, 

DFT) 

bpy-1 Ru-N(1) 2.114 2.135 2.097 2.208 2.139 

 Ru-N(2) 2.069 2.105 2.028 2.351 2.111 

bpy-2 Ru-N(3) 2.063 2.107 2.138 2.362 2.101 

 Ru-N(4) 2.112 2.137 2.134 2.221 2.128 

BArF-1 Ru-C(21) 1.951 1.981 2.024 2.008 1.965 

BArF-2 Ru-C(22) 1.951 1.984 2.031 2.016 1.982 

 

 

Atoms Angle (deg) 

(Crystal 

Structure) 

Angle (deg) 

(Ground  

State, DFT) 

 

Distance 

(Å) 

(3MLCT, 

DFT) 

Distance 

(Å) 

(3MC, DFT) 

Distance 

(Å) 

(reduced 

complex, 

DFT) 

BArF-1 Ru-C(21)-

N(5) 

175.21 177.89 177.31 176.25 177.79 

 C(21)-N(5)-

B(1) 

176.51 174.85 175.81 177.25 175.33 

BArF-2 Ru-C(22)-

N(6) 

174.34 177.80 177.12 178.10 177.56 

 C(22)-N(6)-

B(2) 

172.08 176.40 175.64 178.10 178.18 

 

Geometry optimizations and spin density calculations of the one-electron reduced 

[Ru(bpy)2(BCF)2]- complex show a localized bipyridine radical anion for this reactive 

species (lower row in Figure SI.37).  
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Figure SI.37. Optimized structures (B3LYP/LANL2DZ) of the open-shell species derived from [Ru(bpy)2(BCF)2] (left), 
together with the corresponding spin densities (right). Blue color represents positive spin densities, whereas green 
represents negative spin densities. Pertinent energies and spin densities are given next to the respective structure. 
See text for details. 
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XYZ Coordinates for DFT-optimized structures: 

Singlet ground state of [Ru(bpy)2(BCF)2] (charge = 0, multiplicity = 1) 

C  1.33202100 0.92353000 -0.04408400 

C  -1.49454500 0.89607000 0.11781100 

N  2.21152000 0.13519500 -0.09045300 

N  -2.35287500 0.08267600 0.13305100 

C  4.76343100 0.11192600 -0.29458400 

C  4.80427600 1.00304000 -1.38184400 

C  5.94058600 0.09536200 0.46882200 

C  5.88967300 1.83121600 -1.68313200 

C  7.05322800 0.90365100 0.20476200 

C  7.02839200 1.78399700 -0.87736900 

C  3.33169400 -1.49743200 1.45539200 

C  3.10875800 -2.84988600 1.74983400 

C  3.37819300 -0.67212900 2.59467900 

C  2.96342700 -3.35337500 3.05102000 

C  3.23295500 -1.12438500 3.90671700 

C  3.02551500 -2.48623600 4.14022100 

C  3.37352100 -1.91291300 -1.27785600 

C  4.48710500 -2.73902700 -1.51414800 

C  2.32777900 -2.10651900 -2.19197800 

C  4.58185300 -3.66497200 -2.55368200 

C  2.37707800 -3.01975500 -3.25419400 

C  3.51179400 -3.80622300 -3.44058100 

C  -3.71093500 -1.57090200 1.57693400 

C  -3.94200700 -2.92480700 1.86801800 

C  -3.68810200 -0.74751300 2.71542600 

C  -4.09938100 -3.43299300 3.16317000 

C  -3.83654800 -1.20710400 4.02726300 

C  -4.03941200 -2.56868900 4.25649100 

C  -4.82512800 -0.13771100 -0.47372700 

C  -4.73798800 0.73338300 -1.57511300 

C  -6.10617700 -0.19918100 0.09515500 

C  -5.79766200 1.50539900 -2.05656800 

C  -7.20011800 0.55297900 -0.35431100 

C  -7.04559500 1.41916300 -1.43576200 

C  -2.98246500 -2.11667600 -0.99276200 

C  -1.71889800 -2.71137600 -0.82742300 

C  -3.70001700 -2.60669500 -2.09349700 

C  -1.19069400 -3.68629700 -1.67655700 

C  -3.20984300 -3.57885300 -2.97505500 

C  -1.94237500 -4.12311900 -2.76887800 

B  -3.49191800 -0.95353000 0.06129200 

B  3.41138800 -0.81773500 -0.04776100 

F  -3.54467000 0.63754900 2.57321900 
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F  -3.79335200 -0.32411000 5.09649600 

F  -4.18978100 -3.05119600 5.54493900 

F  -4.32182000 -4.78665000 3.36777200 

F  -4.06431400 -3.86498200 0.84056400 

F  -4.99463000 -2.15323900 -2.36542000 

F  -3.97865300 -4.01165400 -4.04614300 

F  -1.44371200 -5.08929000 -3.62520500 

F  0.06258100 -4.23119100 -1.43931500 

F  -0.92564300 -2.35432600 0.26684300 

F  -3.53811600 0.83761200 -2.28417700 

F  -5.62548100 2.34705600 -3.14639400 

F  -8.11211400 2.17390600 -1.89274200 

F  -8.43573400 0.44013800 0.26623900 

F  -6.37720100 -1.05800900 1.16459000 

F  1.13241700 -1.38894700 -2.09191000 

F  1.29792000 -3.15109500 -4.11621500 

F  3.57679000 -4.71692000 -4.48130800 

F  5.71656000 -4.44771600 -2.70904200 

F  5.57724100 -2.67473000 -0.64143000 

F  3.01072900 -3.80443300 0.73426400 

F  2.75081800 -4.70809600 3.26113300 

F  2.87913000 -2.96362200 5.43131900 

F  3.29357400 -0.24123700 4.97530300 

F  3.58819500 0.70138200 2.43843200 

F  6.07126500 -0.76255800 1.56202100 

F  8.18205400 0.83503700 1.00885800 

F  8.11760800 2.59369200 -1.15101300 

F  5.84653900 2.69242200 -2.77007200 

F  3.71428000 1.08412000 -2.25580200 

Ru  -0.09236300 2.29786900 0.03755400 

N  -0.42178500 2.44648100 -2.03660700 

C  0.22227600 1.70907700 -2.98213600 

C  -1.37287800 3.36211600 -2.42594400 

C  -0.04697000 1.85245900 -4.34966000 

H  0.95523800 0.99782800 -2.62775100 

C  -1.68193500 3.54535900 -3.78587400 

C  -1.01531500 2.78638500 -4.75956900 

H  0.49188900 1.24310500 -5.06648800 

H  -2.43132600 4.26659200 -4.08713200 

H  -1.24795300 2.92001200 -5.81089500 

N  -1.59999000 3.80673300 -0.06438100 

C  -2.02687900 4.11333600 -1.33311500 

C  -2.14477600 4.44786500 1.00057700 

C  -3.02626200 5.08249400 -1.54113100 

C  -3.14103600 5.42304100 0.85505100 

H  -1.77539200 4.16883900 1.97900500 

C  -3.58943800 5.74459800 -0.43907600 

H  -3.36323600 5.32141000 -2.54201800 



Appendix 

160 

 

H  -3.54893700 5.90966000 1.73378600 

H  -4.36095800 6.49292600 -0.58808900 

N  0.24822600 2.46994600 2.10930300 

C  -0.37591400 1.73039800 3.06583000 

C  1.19701000 3.39421900 2.48414800 

C  -0.08653700 1.87372200 4.42890700 

H  -1.11793500 1.02412700 2.72206900 

C  1.52627600 3.57909800 3.83936200 

C  0.88332300 2.81282800 4.82319000 

H  -0.61063900 1.26115500 5.15382400 

H  2.27469200 4.30623800 4.12863300 

H  1.13349400 2.94636000 5.87041400 

N  1.39575100 3.82910000 0.11841900 

C  1.82725500 4.15145700 1.38162400 

C  1.92468900 4.46987700 -0.95478200 

C  2.80970300 5.14054500 1.57618200 

C  2.90662500 5.46140300 -0.82321600 

H  1.55490800 4.17725700 -1.92884700 

C  3.35559800 5.80277700 0.46555500 

H  3.14847700 5.39353400 2.57307500 

H  3.30230600 5.94606100 -1.70857400 

H  4.11451300 6.56582100 0.60419000 

MLCT triplet state of [Ru(bpy)2(BCF)2] (charge = 0, multiplicity = 3) 

C  1.38260900 0.89613600 -0.04890500 

C  -1.50908800 0.91136600 0.18132500 

N  2.24908100 0.10276800 -0.10281000 

N  -2.38311100 0.12608200 0.19288300 

C  4.79137500 0.02832900 -0.37643200 

C  4.81708400 0.92091400 -1.46269000 

C  5.98998300 -0.01528100 0.35187600 

C  5.91005900 1.72672800 -1.79534300 

C  7.11044100 0.77034900 0.05550300 

C  7.07130700 1.65303000 -1.02448200 

C  3.38594600 -1.55081100 1.41496200 

C  3.18468000 -2.90460000 1.71939400 

C  3.45858400 -0.72042900 2.54909500 

C  3.07985800 -3.40376600 3.02599300 

C  3.35552300 -1.16912000 3.86628200 

C  3.16542800 -2.53171900 4.10977900 

C  3.32199300 -1.97179000 -1.31629300 

C  4.41675600 -2.79985200 -1.62272300 

C  2.21607100 -2.16885100 -2.15595700 

C  4.44007300 -3.72962000 -2.66315800 

C  2.19136600 -3.08867000 -3.21283200 

C  3.31159800 -3.87508200 -3.47369200 

C  -3.90465200 -1.48521700 1.58658600 
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C  -4.54039500 -2.72854600 1.75052500 

C  -3.62892500 -0.83124300 2.79741800 

C  -4.84951700 -3.29795000 2.98890500 

C  -3.91392300 -1.36186000 4.06102700 

C  -4.52607100 -2.61091500 4.16034900 

C  -4.79702300 -0.01996100 -0.56478400 

C  -4.60361300 0.66208100 -1.78048100 

C  -6.06658400 0.17412000 -0.00191800 

C  -5.56012500 1.47402600 -2.39087900 

C  -7.06098300 0.97646300 -0.57982600 

C  -6.80736800 1.63503300 -1.78191800 

C  -3.00842000 -2.10326900 -0.87315400 

C  -1.76662500 -2.70757500 -0.61316100 

C  -3.68651500 -2.64710100 -1.97462300 

C  -1.21712200 -3.73646400 -1.38324600 

C  -3.17535000 -3.67499800 -2.77497200 

C  -1.92614300 -4.22353600 -2.48157100 

B  -3.55914400 -0.88533300 0.09482200 

B  3.43760500 -0.88132400 -0.09099100 

F  -3.06438200 0.44911700 2.80155100 

F  -3.60134600 -0.65203200 5.21040600 

F  -4.81909600 -3.15458500 5.39807400 

F  -5.48312600 -4.52845200 3.06361400 

F  -4.95337900 -3.45158300 0.62898600 

F  -4.95944100 -2.19128000 -2.32259000 

F  -3.90399900 -4.15966900 -3.85108800 

F  -1.40541000 -5.24177000 -3.25926800 

F  0.01995200 -4.27673400 -1.06586500 

F  -1.01234300 -2.29315800 0.48854800 

F  -3.38824100 0.52176700 -2.45503800 

F  -5.29002800 2.11397800 -3.59093100 

F  -7.77451000 2.43431000 -2.36475400 

F  -8.29431100 1.12054400 0.03735200 

F  -6.42640200 -0.44381600 1.19811400 

F  1.03102800 -1.45002600 -1.97457300 

F  1.05285400 -3.22794400 -3.99313000 

F  3.30460100 -4.79152900 -4.51047900 

F  5.56086400 -4.51348100 -2.89126000 

F  5.56082200 -2.73688900 -0.82302000 

F  3.07216300 -3.86316400 0.71044800 

F  2.88589500 -4.75896200 3.24670800 

F  3.06045800 -3.00525100 5.40565200 

F  3.44254500 -0.28315400 4.92970300 

F  3.65438700 0.65379000 2.37969500 

F  6.13488900 -0.88087300 1.43658300 

F  8.26142400 0.67507400 0.82374800 

F  8.16865500 2.43896300 -1.33012700 

F  5.85279600 2.58961900 -2.87948800 
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F  3.70107000 1.02660800 -2.29975000 

Ru  -0.04928900 2.32013200 0.08947000 

N  -0.40844300 2.52023300 -1.89645600 

C  0.14302000 1.75872800 -2.90886200 

C  -1.40125800 3.50531100 -2.21977600 

C  -0.19229000 1.93351200 -4.23644600 

H  0.86705400 1.01348000 -2.60562800 

C  -1.76004500 3.69538700 -3.59271700 

C  -1.17122900 2.93804300 -4.58752900 

H  0.27734000 1.32004700 -4.99695200 

H  -2.50436300 4.44138400 -3.84781200 

H  -1.44592300 3.08748000 -5.62719700 

N  -1.49697900 3.83579200 0.15280700 

C  -1.96654100 4.20678700 -1.12134700 

C  -1.97485600 4.46409300 1.26190300 

C  -2.95603800 5.23999800 -1.22463400 

C  -2.93262700 5.47516300 1.19884000 

H  -1.57876800 4.13465400 2.21539900 

C  -3.43237000 5.86588500 -0.08301100 

H  -3.32905600 5.52978900 -2.20035000 

H  -3.28517900 5.94311100 2.11084300 

H  -4.18100100 6.64857100 -0.16070400 

N  0.46667400 2.41328600 2.16201500 

C  -0.04985200 1.59702000 3.11869700 

C  1.41979200 3.34387500 2.49787200 

C  0.35422200 1.68088500 4.45740600 

H  -0.79901100 0.88332700 2.80600500 

C  1.86029000 3.47033100 3.82658000 

C  1.32412700 2.63299500 4.81691200 

H  -0.08429700 1.01340500 5.19008600 

H  2.61306000 4.20259400 4.08958700 

H  1.65955800 2.72073100 5.84473800 

N  1.41883300 3.86776500 0.14305100 

C  1.93452800 4.16190400 1.38087200 

C  1.82764300 4.56614900 -0.94716500 

C  2.88716700 5.18459400 1.53366100 

C  2.77667700 5.59241600 -0.85289800 

H  1.39214900 4.28766000 -1.89704500 

C  3.31348000 5.90713800 0.40811000 

H  3.29188300 5.41947300 2.50995500 

H  3.07975700 6.12423800 -1.74733700 

H  4.04848500 6.69792200 0.51509500 

MC triplet state of [Ru(bpy)2(BCF)2] (charge = 0, multiplicity = 3) 

C  1.38853910 0.87019507 0.02847000 

C  -1.56016112 0.84676206 0.09835001 

N  2.29061118 0.11373401 -0.04152200 



Appendix 

163 

 

N  -2.44557319 0.06792601 0.12270501 

C  4.83066537 0.09039001 -0.39514403 

C  4.80828437 0.99249608 -1.47350511 

C  6.05277446 0.06142600 0.29418402 

C  5.87553347 1.82110014 -1.83233914 

C  7.14963957 0.86955907 -0.02947800 

C  7.06142953 1.76163614 -1.09871208 

C  3.50147127 -1.52021912 1.42850911 

C  3.29401825 -2.87292622 1.73280813 

C  3.62072227 -0.69681406 2.56360819 

C  3.22939125 -3.37836726 3.03966423 

C  3.55723327 -1.15123009 3.88128729 

C  3.36177326 -2.51317819 4.12431032 

C  3.37193026 -1.92221315 -1.30757010 

C  4.46055934 -2.76029221 -1.60871813 

C  2.27533317 -2.09326516 -2.16621916 

C  4.48720434 -3.68013328 -2.65745920 

C  2.25701317 -2.99998123 -3.23531625 

C  3.36912626 -3.80088929 -3.48625627 

C  -3.75345329 -1.54204912 1.64157813 

C  -3.97857930 -2.88825622 1.97025215 

C  -3.67726528 -0.69375505 2.75912621 

C  -4.08352031 -3.36753326 3.28135125 

C  -3.77241129 -1.12477409 4.08565331 

C  -3.97245031 -2.47990519 4.35210133 

C  -4.94399638 -0.15532601 -0.39516503 

C  -4.89122038 0.72219505 -1.49328111 

C  -6.21082050 -0.23574502 0.20271102 

C  -5.97094847 1.48291411 -1.94731815 

C  -7.32360654 0.50439404 -0.21886802 

C  -7.20356358 1.37729111 -1.29951510 

C  -3.11252224 -2.13973016 -0.94453407 

C  -1.84752614 -2.73631321 -0.79480706 

C  -3.84685829 -2.63065520 -2.03358016 

C  -1.33094510 -3.71163429 -1.65026613 

C  -3.36926826 -3.60517828 -2.91977022 

C  -2.09884616 -4.14914332 -2.73121921 

B  -3.59781728 -0.96444107 0.10528301 

B  3.49713027 -0.83933206 -0.07423101 

F  -3.52833927 0.68684005 2.58083319 

F  -3.67854528 -0.21987202 5.13259239 

F  -4.07031831 -2.93361122 5.65567641 

F  -4.30414433 -4.71475336 3.52449827 

F  -4.14847932 -3.84650729 0.96751507 

F  -5.14239139 -2.17267816 -2.29003717 

F  -4.15296032 -4.03874731 -3.97920631 

F  -1.61243312 -5.11535039 -3.59400327 

F  -0.07428401 -4.25490132 -1.43026711 
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F  -1.03964208 -2.37598218 0.28723002 

F  -3.70744628 0.84471506 -2.22575217 

F  -5.83350246 2.33195018 -3.03593923 

F  -8.28929866 2.11980516 -1.72943813 

F  -8.54356467 0.37246703 0.42756803 

F  -6.44476748 -1.10353008 1.27302610 

F  1.10054409 -1.35556211 -2.00320115 

F  1.13383109 -3.10835724 -4.04234431 

F  3.36584925 -4.70509536 -4.53434334 

F  5.60141744 -4.47603334 -2.87837322 

F  5.59700145 -2.71218321 -0.79669906 

F  3.12919024 -3.82344729 0.72286505 

F  3.02692023 -4.73259936 3.26029925 

F  3.29610025 -2.99288523 5.42079342 

F  3.68686128 -0.27051202 4.94528438 

F  3.82293329 0.67628205 2.39481518 

F  6.24665850 -0.80789606 1.36841511 

F  8.32533261 0.78882806 0.70254606 

F  8.13442663 2.57076720 -1.43019111 

F  5.76825543 2.69364521 -2.90521122 

F  3.66648128 1.08517208 -2.27778917 

Ru  -0.09196101 2.22692717 0.05047100 

N  -0.33999203 2.68171321 -2.24298517 

C  0.29801602 1.97858715 -3.21439924 

C  -1.46213111 3.39975826 -2.54400219 

C  -0.15804201 1.96457915 -4.54101934 

H  1.18314209 1.42857111 -2.91430422 

C  -1.97527415 3.42312826 -3.85632229 

C  -1.31437710 2.70142621 -4.86387037 

H  0.37875803 1.39627011 -5.29264838 

H  -2.87737522 3.97442131 -4.09205631 

H  -1.69911413 2.70749321 -5.87872044 

N  -1.66502813 3.76421429 -0.14773001 

C  -2.08951516 4.11302732 -1.40648911 

C  -2.21073717 4.38393633 0.93159107 

C  -3.07338223 5.10576639 -1.58672412 

C  -3.19971624 5.37020640 0.81459306 

H  -1.83884314 4.07906431 1.89966015 

C  -3.63774128 5.73951344 -0.46969204 

H  -3.38516226 5.39162342 -2.58374720 

H  -3.60610028 5.83091642 1.70796813 

H  -4.39539334 6.50550248 -0.59979105 

N  0.18335801 2.77681421 2.33146618 

C  -0.44186503 2.10691016 3.33422825 

C  1.32429510 3.48124026 2.59054320 

C  0.04913500 2.10942316 4.64861836 

H  -1.34668410 1.57081912 3.06944123 

C  1.87574115 3.51680927 3.88714930 
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C  1.23045209 2.82511122 4.92558537 

H  -0.47940404 1.56802312 5.42559141 

H  2.79588621 4.05295231 4.08581831 

H  1.64443712 2.83984822 5.92868245 

N  1.48545911 3.78473329 0.18352901 

C  1.92915515 4.16784632 1.42514211 

C  2.01325116 4.37739833 -0.91963407 

C  2.90951422 5.17050940 1.56502612 

C  3.00069823 5.36939639 -0.84391506 

H  1.62978812 4.04521231 -1.87382814 

C  3.45485626 5.77622146 0.42321203 

H  3.23388025 5.48415842 2.54974720 

H  3.39239126 5.80667143 -1.75543213 

H  4.21041932 6.54898047 0.52166704 

One-electron reduced form of [Ru(bpy)2(BCF)2] (charge = -1, multiplicity = 2) 

C  1.33653000 0.90957700 -0.08131200 

C  -1.49476300 0.85234000 0.04624700 

N  2.23187100 0.13282800 -0.09833800 

N  -2.36207400 0.04444600 0.08110400 

C  4.77747800 0.10663700 -0.41127600 

C  4.76584300 0.91342800 -1.56318300 

C  5.98973600 0.14829200 0.29473500 

C  5.83204000 1.71937800 -1.97421900 

C  7.08510700 0.93669500 -0.07899200 

C  7.00659400 1.73464100 -1.22062600 

C  3.43301800 -1.35785700 1.52600200 

C  3.20199800 -2.67667800 1.94093600 

C  3.55114100 -0.44436200 2.59058900 

C  3.11280200 -3.07068600 3.28432500 

C  3.46448100 -0.78630100 3.94067500 

C  3.24462700 -2.11997900 4.29459500 

C  3.36300500 -1.99881000 -1.16099100 

C  4.46478500 -2.85169200 -1.35217600 

C  2.29072700 -2.26666400 -2.02479800 

C  4.52524700 -3.87210600 -2.30192700 

C  2.30433800 -3.27838300 -2.99522600 

C  3.42812700 -4.08906500 -3.13890800 

C  -3.80622300 -1.35827600 1.66613500 

C  -3.96161800 -2.65210200 2.18556300 

C  -3.91892700 -0.34404200 2.63388300 

C  -4.17313900 -2.93192400 3.54185700 

C  -4.12786900 -0.57288700 3.99642600 

C  -4.25168000 -1.88437500 4.45902500 

C  -4.79971300 -0.25051900 -0.63330100 

C  -4.64327300 0.47415900 -1.82897200 

C  -6.11516800 -0.25485900 -0.14577800 
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C  -5.67262300 1.16754000 -2.47099500 

C  -7.17976100 0.42228400 -0.75495800 

C  -6.95761400 1.14688000 -1.92539800 

C  -2.96770500 -2.28863900 -0.77222800 

C  -1.69634000 -2.83421900 -0.51870700 

C  -3.66898400 -2.94279500 -1.79566700 

C  -1.14505500 -3.90530400 -1.22538100 

C  -3.15702200 -4.01895100 -2.53244600 

C  -1.88003800 -4.50279800 -2.25082400 

B  -3.50275300 -0.98207100 0.08534200 

B  3.43788200 -0.79932800 -0.03083100 

F  -3.86019900 0.99813600 2.24483000 

F  -4.22314300 0.48550800 4.88866900 

F  -4.45831700 -2.13916600 5.80416500 

F  -4.31197200 -4.24149800 3.97912200 

F  -3.93884400 -3.76937500 1.34470000 

F  -4.97162600 -2.55839900 -2.13181700 

F  -3.91229300 -4.61110600 -3.53523100 

F  -1.35500300 -5.56566100 -2.96569100 

F  0.11817600 -4.38741900 -0.91345800 

F  -0.91870500 -2.32551500 0.52462800 

F  -3.40159800 0.50174200 -2.46999500 

F  -5.43308500 1.86692800 -3.64585800 

F  -7.99488600 1.82686000 -2.54120400 

F  -8.45355500 0.37444800 -0.20620800 

F  -6.45215000 -0.98059100 1.00167200 

F  1.10315400 -1.53256900 -1.96403700 

F  1.19724600 -3.48581300 -3.80673100 

F  3.45642500 -5.09558300 -4.08977100 

F  5.65213600 -4.67380400 -2.41630300 

F  5.58173700 -2.71330000 -0.52247000 

F  3.03752100 -3.70929300 1.01259000 

F  2.88742600 -4.39980300 3.61485100 

F  3.15454100 -2.48815800 5.62664200 

F  3.59458200 0.17795300 4.93028800 

F  3.77657200 0.90668900 2.31321000 

F  6.17687400 -0.62390700 1.44298800 

F  8.25050600 0.92958600 0.67530900 

F  8.07883100 2.52304100 -1.60397000 

F  5.73669700 2.49384600 -3.12183300 

F  3.64007000 0.92598600 -2.39377200 

Ru  -0.09657600 2.25302400 -0.05608200 

N  -0.40006500 2.37694600 -2.14125700 

C  0.23867500 1.61430900 -3.07053800 

C  -1.32222500 3.31134100 -2.55624100 

C  -0.00408000 1.74982400 -4.44380200 

H  0.94908800 0.89065700 -2.69451600 

C  -1.60330100 3.49010200 -3.92407300 
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C  -0.94024900 2.70593300 -4.87963000 

H  0.53033400 1.11962100 -5.14615900 

H  -2.32872800 4.22795600 -4.24420800 

H  -1.15059100 2.83640000 -5.93621700 

N  -1.59794300 3.76929900 -0.20319600 

C  -1.98535800 4.08197700 -1.48221400 

C  -2.15512900 4.42146300 0.84780500 

C  -2.96082500 5.07130200 -1.71651200 

C  -3.12753200 5.41700500 0.67686100 

H  -1.80867700 4.13022300 1.83131400 

C  -3.53739000 5.74585500 -0.62917800 

H  -3.26905800 5.31499100 -2.72578500 

H  -3.54642400 5.91511800 1.54421900 

H  -4.28941800 6.51000000 -0.79794800 

N  0.16489000 2.48913400 2.01573800 

C  -0.44083200 1.75791500 2.99520400 

C  1.08786100 3.49502300 2.37537100 

C  -0.21475400 1.96071900 4.35614700 

H  -1.12818900 0.99214800 2.65606300 

C  1.34361000 3.73535100 3.76605000 

C  0.70695100 2.98601700 4.74484400 

H  -0.72981800 1.34949700 5.08934100 

H  2.04846100 4.50908500 4.05216000 

H  0.90870900 3.17295300 5.79620000 

N  1.35728600 3.80604700 -0.00163300 

C  1.72007800 4.19705100 1.30142900 

C  1.93885700 4.41404500 -1.07050600 

C  2.69058500 5.24122600 1.46711600 

C  2.88720000 5.43178500 -0.95352500 

H  1.62677600 4.06320700 -2.04845200 

C  3.26667100 5.85215500 0.36194800 

H  2.97752000 5.55221000 2.46624600 

H  3.31645500 5.88174900 -1.84217000 

H  4.00194900 6.64150100 0.49462100 

 

 

  



Appendix 

168 

 

NMR Spectra Methyl Cinnamate Isomerization 

Due to the significant side product formation in the cis/trans isomerization reaction of 

methyl cinnamate with fac-[Ir(ppy)3] and [Ru(CF3bpy)2(BCF)2], we decided to use the 

internal standard trimethyl(phenyl)silane for the precise determination of the cis/trans 

product ratio. The concentration of trimethyl(phenyl)silane was chosen to be one third of 

the methyl cinnamate concentration in order for the methyl resonances of both 

compounds to have approximately the same integral in the 1H NMR spectrum. 

 

 

Figure SI.38. Isomerization of methyl cinnamate with fac-[Ir(ppy)3] in argon-saturated CD3CN upon blue light 
irradiation applying the conditions described in general procedure 1. Shown are the 1H NMR spectra before the 
irradiation and after a reaction time of 2h. The integrals for the determination of the cis/trans ratio were normalized 
with respect to the internal standard trimethyl(phenyl)silane. 
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Figure SI.39. Isomerization of methyl cinnamate with [Ru(bpy)2(BCF)2] in argon-saturated CD3CN upon blue light 
irradiation applying the conditions described in general procedure 1a. Shown are the 1H NMR spectra before the 
irradiation and after a reaction time of 8h. The integrals for the determination of the cis/trans ratio were normalized 
with respect to the internal standard trimethyl(phenyl)silane. 

 

Figure SI.40. Isomerization of methyl cinnamate with [Ru(bpy)2(BCF)2] in argon-saturated CD3CN upon blue light 
irradiation applying the conditions described in general procedure 1. Shown are the 1H NMR spectra before the 
irradiation and after a reaction time of 2h. The integrals for the determination of the cis/trans ratio were normalized 
with respect to the internal standard trimethyl(phenyl)silane. 
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Figure SI.41. Isomerization of methyl cinnamate with [Ru(CF3bpy)2(BCF)2] in argon-saturated CD3CN upon blue light 
irradiation applying the conditions described in general procedure 1. Shown are the 1H NMR spectra before the 
irradiation and after a reaction time of 2h. The integrals for the determination of the cis/trans ratio were normalized 
with respect to the internal standard trimethyl(phenyl)silane. 

 

Figure SI.42. Isomerization of methyl cinnamate with [Ru(bpy)3][PF6]2 in argon-saturated CD3CN upon blue light 
irradiation applying the conditions described in general procedure 1. Shown are the 1H NMR spectra before the 
irradiation and after a reaction time of 2h. The integrals for the determination of the cis/trans ratio were normalized 
with respect to the internal standard trimethyl(phenyl)silane. 
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Figure SI.43. Enlarged region of the 1H NMR spectra from Figure SI.38, Figure SI.40 and Figure SI.41, monitoring the 
isomerization of methyl cinnamate with [Ru(bpy)2(BCF)2] (top), [Ru(CF3bpy)2(BCF)2] (middle) and fac-[Ir(ppy)3] 
(bottom) after a reaction time of 2 hours in argon-saturated CD3CN upon blue light irradiation applying the conditions 
described in general procedure 1. The integrals for the determination of the cis/trans ratio were normalized with 
respect to the internal standard trimethyl(phenyl)silane. 
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NMR Spectra Pinacol Coupling Reaction 

Since no significant side product formation was observed in the pinacol coupling 

reactions, the yields were determined by the ratio of the benzaldehyde resonance at 10.0 

ppm to the combined integrals of the meso and dl forms at 4.8 ppm and 4.6 ppm, 

respectively, of the coupled product. 

 

 

Figure SI.44. Pinacol coupling of benzaldehyde with [Ru(bpy)2(BCF)2] in argon-saturated CD3CN upon blue light 
irradiation applying the conditions described in general procedure 2. Shown are the 1H NMR spectra before the 
irradiation and after a reaction time of 2h. 
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Figure SI.45. Pinacol coupling of benzaldehyde with fac-[Ir(ppy)3] in argon-saturated CD3CN upon blue light irradiation 
applying the conditions described in general procedure 2. Shown are the 1H NMR spectra before the irradiation and 
after a reaction time of 2h. 

 

Figure SI.46. Pinacol coupling of benzaldehyde with [Ru(bpy)3][PF6]2 in argon-saturated CD3CN upon blue light 
irradiation applying the conditions described in general procedure 2. Shown are the 1H NMR spectra before the 
irradiation and after a reaction time of 2h. 
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NMR Spectra C-O coupling 

 

Figure SI.47. 1H NMR spectrum of methyl 4-(benzoyloxy)benzoate in CDCl3 at 293 K. 

 

Figure SI.48. 13C-{1H}-NMR spectrum of methyl 4-(benzoyloxy)benzoate in CDCl3 at 293 K. 
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NMR Spectra Decarboxylative Addition of CBz-Proline to 
Ethyl Maleate 

The coupling of Cbz-Proline with ethyl maleate was performed in an NMR tube and 

reaction progress was monitored by 1H NMR spectroscopy, where the integral of the 

aromatic protons of the Cbz-protecting group (7.43 – 7.22 ppm, 5H) was compared to the 

integral of the olefinic ethyl maleate protons (6.28 ppm, 2H) after a reaction time of 5 

hours. When the reaction was performed in an NMR-tube with [Ru(CF3bpy)2(BCF)2] as the 

photocatalyst, 88 % of ethyl maleate were consumed after 5 h and product formation 

could be observed. Since the product and starting material show strongly overlapping 1H 

NMR spectra, the determination of the exact yield is impossible when monitoring the 

reaction directly in an NMR tube. To circumvent this problem, the reaction was performed 

on preparative scale and gave a yield of 82 %. 

NMR Spectra with [Ru(bpy)2(BCF)2] as photocatalyst 

 

Figure SI.49. 1H NMR spectrum at t=0h of the reaction mixture for the coupling of Cbz-Proline to ethyl maleate with 
[Ru(bpy)2(BCF)2] in argon-saturated CD3CN upon blue light irradiation applying the conditions described in general 
procedure 4. 
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Figure SI.50. 1H NMR spectrum at t=5h of the reaction mixture for the coupling of Cbz-Proline to ethyl maleate with 
[Ru(bpy)2(BCF)2] in argon-saturated CD3CN upon blue light irradiation applying the conditions described in general 
procedure 4. 
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NMR Spectra with [Ru(CF3bpy)2(BCF)2] as Photocatalyst 

 

Figure SI.51. 1H NMR spectrum at t=0h of the reaction mixture for the coupling of Cbz-Proline to ethyl maleate with 
[Ru(CF3bpy)2(BCF)2] in argon-saturated CD3CN upon blue light irradiation applying the conditions described in 
general procedure 4. 

 

Figure SI.52. 1H NMR spectrum at t=5h of the reaction mixture for the coupling of Cbz-Proline to ethyl maleate with 
[Ru(CF3bpy)2(BCF)2] in argon-saturated CD3CN upon blue light irradiation applying the conditions described in general 
procedure 4. 
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NMR Spectra with [Ru(bpy)3][PF6]2 as Photocatalyst 

 

Figure SI.53. 1H NMR spectrum at t=0h of the reaction mixture for the coupling of Cbz-Proline to ethyl maleate with 
[Ru(bpy)3][PF6]2 in argon-saturated CD3CN upon blue light irradiation applying the conditions described in general 
procedure 4. 

 

Figure SI.54. 1H NMR spectrum at t=5h of the reaction mixture for the coupling of Cbz-Proline to ethyl maleate with 
[Ru(bpy)3][PF6]2 in argon-saturated CD3CN upon blue light irradiation applying the conditions described in general 
procedure 4. 
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NMR Spectrum diethyl 2-(1-((benzyloxy)carbonyl)pyrrolidin-2-yl)succinate 

Pure diethyl 2-(1-((benzyloxy)carbonyl)pyrrolidin-2-yl)succinate could be isolated 

according to general procedure 4 (preparative scale), the 1H NMR spectrum is shown 

below. 

 

 

Figure SI.55. 1H NMR spectrum of diethyl 2-(1-((benzyloxy)carbonyl)pyrrolidin-2-yl)succinate in CDCl3 at 293 K. 
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General Experimental Details 

Materials and Methods 

All chemicals for the synthesis of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] were obtained from 

commercial suppliers in high purity and were used without further purification.  

Verbenone, norbornadiene, 4,4’-di-tert-butyl-biphenyl, 3-bromo-4-fluorobenzonitrile and 

3-chloro-4-fluorobenzonitrile were obtained from commercial suppliers in high purity and 

were used without further purification. PQO,[279] tosyl-protected substrates[492] and the 

lignin model substrate[322] were synthesized according to modified literature procedures. 

CH2Cl2 for the borylation of [TBA][Ir(dFN(Me)2ppy)2(CN)2] was dried over 3 Å molecular 

sieves for 48 hours and degassed by three freeze-pump-thaw cycles and subsequent refills 

with argon. Glassware was dried at 200 °C overnight and assembled while still hot.  

Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. NMR 

spectra were recorded either on a Bruker Avance III instrument operating at 250 MHz 

proton frequency, a Bruker Avance III instrument operating at 400 MHz proton frequency 

or on a Bruker Avance III instrument operating at 500 MHz proton frequency. All chemical 

shifts are reported in δ values in ppm referred to protons of the residual non-

perdeuterated solvent used or its carbon atoms, respectively.[487] To describe the signals 

and their coupling patterns, the following abbreviations are used: s (singlet), d (doublet), 

dd (doublet of doublets), ddd (doublet of doublets of doublets), dt (doublet of triplets), t 

(triplet), m (multiplet). All coupling constants J are stated in Hertz (Hz). 

Elemental Analysis was performed by Ms. Sylvie Mittelheisser (University of Basel, 

Department of Chemistry), with a Vario Micro Cube instrument from Elementar.  

Cyclic voltammetry and differential pulse voltammetry on the Ir(III) complexes were 

performed in an MBraun Glovebox under an Ar-atmosphere. A glassy carbon disk 

electrode with a diameter of 3 mm served as working electrode and two silver wires were 

used as counter electrode and (pseudo)-reference electrode. To apply and control the 

voltage, a Versastat3-200 potentiostat from Princeton Applied Research was used. As 

internal reference, small quantities of resublimed ferrocene were added. 

Cyclic voltammetry on the tosyl-protected substrates was performed outside of the 

glovebox using the abovementioned glassy carbon disk electrode as working electrode, a 

silver wire as counter electrode and an SCE as the reference electrode. The solutions 

containing the tosyl-protected substrates were deaerated by argon-bubbling for at least 

3 minutes. To apply and control the voltage, a Versastat3-200 potentiostat from Princeton 

Applied Research was used. 
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Preparative photoreductions and triplet-triplet energy transfer reactions were performed 

either in Schlenk tubes or in flame-sealed NMR tubes. As light source, a 415 nm Thorlabs 

SOLIS-415C lamp with 5.8 W output was employed. 

 

Optical Spectroscopy 

All optical spectroscopic experiments were carried out at 293 K. Steady-state absorption 

and luminescence spectra were recorded using a Cary 5000 spectrophotometer (Varian) 

and a Fluorolog-3-22 instrument (Horiba Jobin-Yvon), respectively. An LP920-KS apparatus 

from Edinburgh Instruments was employed for UV-Vis transient absorption and emission 

spectroscopy. Excitation was performed by a frequency-tripled Nd:YAG laser (Quantel 

Brilliant b, ca. 10 ns pulse width). A beam expander (BE02-355 from Thorlabs) was used 

to ensure homogeneous excitation. Detection of transient absorption spectra occurred on 

an iCCD camera (Andor), whereas kinetics at a single wavelength were recorded using a 

photomultiplier tube.  

Unless otherwise indicated, the solutions were purged with argon (4.8, PanGas) for at 

least five minutes before the experiments and sealed under argon (1 atm) using cuvettes 

with septum caps. 

Luminescence quantum yields of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] and 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] were determined with respect to the fluorescein standard 

in deaerated 0.1 M aqueous NaOH solution (92.5 %).[493] 

The measurements for the power dependence of the upconversion system with 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] and tBuBPh were performed with the internal excitation 

lamp of the Fluorolog spectrometer, and neutral density filters were employed to 

attenuate the excitation power to different levels. 

For the photochemical upconversion experiments, including the estimation of the 

upconversion quantum yield, a RLTMDL-405 1-500 mW continuous wave (cw) laser with 

a 405 nm output and a maximum power of 526 mW from Roithner LaserTechnik was used. 
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Synthesis of Complexes 

2-Bromo-4-dimethylaminopyridine[290] 

 

2,4-Dibromopyridine (5.05 g, 21.3 mmol, 1.0 eq.) and dimethylamine (5.6 M solution in 

ethanol, 50.1 mL, 281 mmol, 13 eq.) were dissolved in ethanol and heated to 50 °C for 5 

h. The mixture was allowed to cool to room temperature and the solvent was removed 

under reduced pressure. The crude product was purified by flash column chromatography 

(silica, cyclohexane / EtOAc 1:0 -> 3:7) to obtain the product (3.04 g, 15.1 mmol, 71 %) as 

a colourless powder. 

1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 5.3 Hz, 1H), 6.71 – 6.63 (m, 2H), 3.07 (s, 6H). 

The 1H NMR data are in line with the previously reported characterization data of this 

compound.[67] 

 

  



Appendix 

186 

 

2-(2,4-difluoro)-N,N-dimethylpyridin-4-amine (dFN(Me)2ppy)[290] 

 

2-Bromo-4-dimethylaminopyridine (800 mg, 3.98 mmol, 1.0 eq.), 2,4-difluorophenyl 

boronic acid (692 mg, 4.38 mmol, 1.1 eq.) and barium hydroxide octahydrate (3.77 g, 12.0 

mmol, 3.0 eq.) were dissolved in a mixture of Milli-Q water (3.0 mL) and 1,4-dioxane (2.0 

mL), and the solution was degassed for 30 min. Pd(PPh3)4 (184 mg, 159 µmol, 0.04 eq.) 

was added, and the solution was degassed for further 15 min. The reaction was heated to 

120 °C in a microwave for 3 h at 120 °C. The solvent was removed under reduced pressure 

and the crude product was redissolved in CH2Cl2. The solution was washed with water (2 

 30 mL) and the aqueous phase was extracted with CH2Cl2 (2  30 mL). The combined 

organic phases were washed with brine, dried over Na2SO4, filtered and the solvent was 

removed under reduced pressure. The crude product was purified by flash column 

chromatography (silica, EtOAc / cyclohexane, 2:1) to yield the product (509 mg, 2.19 

mmol, 55 %) as a colourless solid. 

1H NMR (400 MHz, CDCl3) δ 8.32 (d, J = 6.0 Hz, 1H), 7.97 – 7.86 (m, 1H), 7.01 – 6.83 (m, 

3H), 6.49 (dd, J = 6.0, 2.6 Hz, 1H), 3.05 (s, 6H). 

The 1H NMR data are in line with the previously reported characterization data of this 

compound.[67] 
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[Ir(dFN(Me)2ppy)2(μ-Cl)]2 

 

2-(2,4)-difluorophenyl-N,N-dimethylpyridin-1-amine (133 mg, 569 µmol, 2.5 eq.) and 

Ir(Cl)3 ∙ H2O (68.0 mg, 228 µmol, 1.0 eq.) were dissolved in a mixture of 2-ethoxyethanol 

(4.0 mL) and water (2.0 mL). The solution was degassed by argon-bubbling for 30 min 

before heating it to 150 °C for 10 min. The suspension was allowed to cool to room 

temperature and the resulting precipitate was collected and washed with MeOH (10 mL) 

and Et2O (10 mL) to give [Ir(dFN(Me)2ppy)2(μ-Cl)]2 (40.1 mg, 29 µmol, 25 %) as a yellow 

solid. 

1H NMR (250 MHz, CD2Cl2) δ 8.76 (d, J = 7.0 Hz, 4H), 7.53 (t, J = 3.5 Hz, 4H), 6.36 – 6.14 (m, 

8H), 5.44 (dd, J = 9.4, 2.5 Hz, 4H), 3.21 (s, 24H). 

The 1H NMR data are in line with the previously reported characterization data of this 

compound.[67] 
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[TBA][Ir(dFN(Me)2ppy)2(CN)2] 

 

Following a previously published procedure[67], [Ir(dFN(Me)2ppy)2(μ-Cl)]2 (66.0 mg, 47.5 

µmol, 1.0 eq.) and [TBA][CN] (140 mg, 523 µmol, 11.0 eq.) were dissolved in dry, degassed 

CH2Cl2 (6 mL) and the solution was heated to 44 °C for 5h. After allowing the mixture to 

cool to room temperature, diethyl ether (20 mL) was added and the resulting precipitate 

was filtered off and washed with diethyl ether (3  3 mL) to give 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] (68.2 mg, 71.6 µmol, 75 %) as a slightly yellow solid. 

1H NMR (500 MHz, CD3CN) δ 9.06 (d, J = 6.9 Hz, 2H, H1), 7.52 – 7.48 (m, 2H, H3), 6.63 (dd, 

J = 6.9, 3.0 Hz, 2H, H2), 6.36 (ddd, J = 13.1, 9.5, 2.5 Hz, 2H, H4), 5.82 (dd, J = 8.3, 2.5 Hz, 

2H, H5), 3.17 (s, 12H, H6), 3.11 – 3.06 (m, 8H, TBA), 1.66 – 1.57 (m, 8H, TBA), 1.36 (h, J = 

7.4 Hz, 8H, TBA), 0.99 (t, J = 7.4 Hz, 12H, TBA). 

13C{1H} NMR (126 MHz, CD3CN) δ 171.8 (s), 164.5-164.3 (m), 162.7-162.3 (m), 160.6 (d J = 

11.8 Hz), 155.4 (s), 153.6 (s), 130.7 (s), 130.1 (s), 113.6 (dd, J = 14.8, 2.9 Hz), 107.3 (s), 

106.0 (dd, J = 20.9, 1.6 Hz), 96.8 (t, J = 27,3 Hz), 59.4 – 59.3 (m), 39.7 (s), 24.3 (s), 20.4 – 

20.3 (m), 13.8 (s). 

19F{1H} NMR (235 MHz, CD2Cl2) δ -112.34 (d, J = 9.0 Hz), -112.67 (d, J = 9.0 Hz). 

ESI-HRMS (m/z): calcd. for [C28H22F4IrN6]: 711.1478; found: 711.1477. 

All these characterization data are in line with the previously reported characterization 

data of this compound.[67] 
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[TBA][Ir(dFN(Me)2ppy)2(BCF)2] 

 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] (22.0 mg, 23.1 μmol, 1.0 eq.) and B(C6F5)3 (26.0 mg, 50.8 

μmol, 2.2 eq.) were dissolved in dry and deaerated CH2Cl2 (10 mL) under an Ar atmosphere 

in a 50 mL Schlenk tube, and the resulting yellow solution was heated to 40 °C for 12 h. 

The solvent was removed under reduced pressure and the crude product was purified by 

size exclusion chromatography (S-X3, CH2Cl2) to yield [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (76.2 

mg, 51.1 μmol, 79 %) as a colorless solid. 

1H NMR (500 MHz, CD3CN) δ 8.41 (d, J = 7.0 Hz, 2H, H1), 7.37 (dd, J = 4.3, 2.9 Hz, 2H, H3), 

6.46 – 6.37 (m, 4H, H2, H4), 5.74 (dd, J = 8.4, 2.5 Hz, 2H, H5), 3.14 (s, 12H, H6), 3.11 – 3.04 

(m, 8H, TBA), 1.64 – 1.54 (m, 8H, TBA), 1.35 (h, J = 7.4 Hz, 8H, TBA), 0.96 (t, J = 7.4 Hz, 12H, 

TBA). 

13C{1H} NMR (126 MHz, CD3CN) δ 164.4 – 164.2 (m), 163.4 – 162.9 (m), 162.6 – 162.2 (m), 

160.5 (d, J = 11.6 Hz), 155.9 (s), 153.5 (s), 149.9 – 147.4 (m), 141.5 – 139.0 (m) 139.0 – 

136.0 (m), 134.4 (s), 130.1 – 129.9 (m), 113.7 (dd, J = 16.4, 2.8 Hz), 107.3 (s), 106.2 (d, J = 

21.8 Hz), 98.7 (t, J = 27.4 Hz), 59.4 – 59.3 (m), 39.7 (s), 24.3 (s), 20.4 – 20.3 (m), 13.8 (s).  

19F{1H} NMR (376 MHz, CD3CN) δ -111.97 (d, J = 9.4 Hz, 2F, ppy), -112.44 (d, J = 9.4 Hz, 2F, 

ppy), -135.06 (dd, J = 22.5, 8.3 Hz, 12F, BCF), -161.29 (t, J = 19.7 Hz, 6F, BCF), -166.78 – -

166.97 (m, 12F, BCF). 

11B NMR (160 MHz, CD3CN) δ -13.80. 

ESI-HRMS (m/z): calcd. for [C64H22B2F34IrN6]: 1735.1178; found: 1735.1216.  

Elemental analysis calcd. for C80H58B2F34IrN7: C 48.60 %, H 2.96 %, N 4.96 %. found: C 48.32 

%, H 3.14 %, N 4.75 %. 
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NMR Spectra of the Synthesized Compounds 

 

Figure SII.1. 1H-NMR spectrum of 2-Bromo-4-dimethylaminopyridine in CDCl3 at 293 K. 

 

Figure SII.2. 1H-NMR spectrum of dFN(Me)2ppy in CDCl3 at 293 K. 
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Figure SII.3. 1H-NMR spectrum of [Ir(dFN(Me)2ppy)2(μ-Cl)]2 in CD2Cl2 at 293 K. 

 

Figure SII.4. 1H-NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] in CD3CN at 293 K. 
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Figure SII.5. 19F{1H}-NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] in CD3CN at 293 K. 

 

Figure SII.6. 13C{1H}-NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] in CD3CN at 293 K. 
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Figure SII.7. 1H-1H NOESY NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] in CD3CN at 293 K. 

 

Figure SII.8. 1H-1H COSY NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] in CD3CN at 293 K. 
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Figure SII.9. 1H-13C HMQC NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] in CD3CN at 293 K. 

 

Figure SII.10. 1H-13C HMBC NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] in CD3CN at 293 K. 
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Figure SII.11. 1H-NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 

 

Figure SII.12. 19F{1H}-NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 
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Figure SII.13. 13C{1H}-NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 

 

Figure SII.14. 11B-NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 
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Figure SII.15. 1H-1H NOESY NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 

 

Figure SII.16. 1H-1H COSY NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 
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Figure SII.17. 1H-13C HMQC NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 

 

Figure SII.18. 1H-13C HMBC NMR spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in CD3CN at 293 K. 
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High-resolution ESI mass spectra 

 

Figure SII.19. High-resolution ESI mass spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (top) in comparison to the 
calculated spectrum (bottom). 

 

Figure SII.20. High-resolution ESI mass spectrum of [TBA][Ir(dFN(Me)2ppy)2(CN)2] (top) in comparison to the 
calculated spectrum (bottom). 
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IR-Spectroscopy 

In the infrared spectra of both [TBA][Ir(dFN(Me)2ppy)2(BCF)2] and 

[TBA][Ir(dFN(Me)2ppy)2(CN)2], strong bands due to C≡N stretching vibrations can be 

observed: [TBA][Ir(dFN(Me)2ppy)2(CN)2] exhibits two such bands at 2091 cm-1 and 2100 

cm-1, whilst [TBA][Ir(dFN(Me)2ppy)2(BCF)2] shows a band at 2180 cm-1 with a shoulder at 

2195 cm-1. This shift in C≡N stretching frequency is commonly observed upon borylation 

of cyanido complexes and is the result of the lower energies of the CN- orbitals of 

borylated complexes compared to their non-borylated analogues.[89] Due to the 

hygroscopic nature of [TBA][Ir(dFN(Me)2ppy)2(CN)2], O-H bands between 3100 cm-1 and 

3500 cm-1 originating from H2O appear. 

 

Figure SII.21. IR-spectra of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] and [TBA][Ir(dFN(Me)2ppy)2(CN)2]. 
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Electrochemistry of [TBA][Ir(dFN(Me)2ppy)2(CN)2] 

 

Figure SII.22. Cyclic (green) and differential pulse (orange) voltammograms of 1 mM [TBA][Ir(dFN(Me)2ppy)2(CN)2] in 
dry, deaerated CH3CN with 0.1 M [TBA][PF6] as supporting electrolyte. For the CV, the scan rate was 0.1 V/s, for the 
DPV, the step height was 20 mV, the pulse height was 40 mV, the pulse width was 90 ms and the step width was 100 
ms. 
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Absorption and Emission Spectroscopy 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] 

 

Figure SII.23. Main plot: UV-Vis absorption (green line) and luminescence (dashed red line) spectra of 10-5 M 
[TBA][Ir(dFN(Me)2ppy)2(CN)2] recorded in dry, deaerated CH3CN at 298 K. Left upper inset: luminescence spectrum of 
[TBA][Ir(dFN(Me)2ppy)2(CN)2] recorded in 2-methyl-THF at 77K. Right lower inset: luminescence decay of 10-5 M 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] in dry, deaerated CH3CN at 293 K after excitation at 355 nm with laser pulses of 10 ns 
duration. For the steady-state luminescence spectra, excitation was at 350 nm. 

 

Figure SII.24. Transient absorption spectrum measured after 355 nm excitation of a 10-5 M solution of 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] in dry, deaerated CH3CN at 293 K with laser pulses of 10 ns duration. The signals were 
time integrated over 200 ns directly after excitation. 
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Figure SII.25. Temporal evolution of the excited-state absorption signal at 400 nm in a 10-5 M solution of 

[TBA][Ir(dFN(Me)2ppy)2(CN)2] in dry, deaerated CH3CN at 293 K after excitation with 355 nm laser pulses of 10 ns 
duration.  
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[TBA][Ir(dFN(Me)2ppy)2(BCF)2] 

 

Figure SII.26. Transient absorption spectrum measured after 355 nm excitation of a 10-5 M solution of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] in dry, deaerated CH3CN at 293 K with laser pulses of 10 ns duration. The signals were 
time integrated over 200 ns directly after excitation. 

 

Figure SII.27. Temporal evolution of the excited-state absorption signal at 400 nm in a 10-5 M solution of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] in dry, deaerated CH3CN at 293 K after excitation with 355 nm laser pulses of 10 ns 
duration. 
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Figure SII.28. Absorption spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in dry, deaerated CH3CN at 293 K (orange) and 
normalized emission spectrum of the Thorlabs SOLIS-415C lamp (green). 

 

Figure SII.29. UV-Vis absorption spectra of a 10-5 M solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in dry CH3CN at 293 K 
before the addition of triethylamine (red) and after letting the same solution stand for 20 minutes, following the 
addition of 1000 eq. of triethylamine (green). 
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Photochemical Synthesis Procedures 

Procedure 1: [2+2]-Cycloaddition of PQO to CQO on NMR-scale 

4-(pent-4-en-1-yloxy)quinolin-2(1H)-one (PQO, 34.4 mg, 150.0 μmol) and 

trimethyl(phenyl)silane (5.2 mg, 34.8 μmol, as internal standard) were dissolved in CD2Cl2 

(1.2 mL). The solution was split in two vials (0.6 mL each) and to one of them, 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.49 mg, 0.25 μmol, 0.3 mol%) was added. The solutions 

were transferred to two separate NMR tubes and were degassed by three freeze-pump-

thaw cycles. The NMR-tubes were flame-sealed and irradiated for 90 minutes with a 

Thorlabs LED lamp (415 nm).  

 

Procedure 2: [2+2]-Cycloaddition of PQO to CQO on preparative scale 

For the preparative-scale experiment, the following procedure was adapted from the 

literature.[278] 4-(pent-4-en-1-yloxy)quinolin-2(1H)-one (PQO, 15.0 mg, 65.4 μmol) and 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.647 mg, 0.33 μmol, 0.5 mol%) were dissolved in CH2Cl2 

(1.5 mL) and irradiated with a Thorlabs LED lamp (415 nm) lamp for 2 h. The solvent was 

removed and the crude product was purified by flash column chromatography 

(pentane/EtOAc 1:1) to give CQC as a colorless solid. 

The NMR data are in agreement with the literature.[278] 

1H-NMR (400 MHz, CD2Cl2) δ 8.41 (s, 1H), 7.44 (d, J = 7.7 Hz, 1H), 7.25 (td, J = 7.7, 1.5 Hz, 

1H), 7.10 (t, J = 7.5 Hz, 1H), 6.76 (d, J = 7.9 Hz, 1H), 3.99 – 3.73 (m, 3H), 2.57 – 2.44 (m, 

1H), 2.34 – 2.20 (m, 1H), 1.91 – 1.63 (m, 5H).  

 

Procedure 3: [2+2]-Cycloaddition of Norbornadiene to Quadricyclane 

Norbornadiene (9.2 mg, 100 μmol) and trimethyl(phenyl)silane (5.0 mg, 34 μmol, as 

internal standard) were dissolved in CD3CN (1.2 mL). The solution was split in two vials 

(0.6 mL each) and to one of them, [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.30 mg, 0.15 μmol, 0.3 

mol%) was added. The solutions were transferred to two separate NMR tubes and were 

degassed by three freeze-pump-thaw cycles. The NMR-tubes were flame-sealed and 

irradiated for 1 h with a Thorlabs LED lamp (415 nm).  

 

Procedure 4: [1,3]-Sigmatropic Shift of Verbenone to Chrysanthenone 

Verbenone (15.0 mg, 100 μmol) and trimethyl(phenyl)silane (5.0 mg, 34 μmol, as internal 

standard) were dissolved in CD3CN (1.2 mL). The solution was split in two vials (0.6 mL 
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each) and to one of them, [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.30 mg, 0.15 μmol, 0.3 mol%) 

was added. The solutions were transferred to two separate NMR tubes and were 

degassed by three freeze-pump-thaw cycles. The NMR-tubes were flame-sealed and 

irradiated for 3 h with a Thorlabs LED lamp (415 nm).  

 

Procedure 5: General Procedure for Dehalogenations 

The substrate (65 μmol), triethylamine (45 μl, 323 μmol) fluorotoluene (7.1 μl, 65 μmol, 

as internal standard) were dissolved in CD3CN (1.3 mL). The solution was split in two vials 

(0.65 mL each) and to one of them, [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.32 mg, 0.16 μmol, 

0.5 mol%) was added. The solutions were transferred to two separate NMR tubes and 

were degassed by three freeze-pump-thaw cycles. The NMR-tubes were flame-sealed and 

irradiated for 6 h with a Thorlabs LED lamp (415 nm). 

 

Procedure 6: General Procedure for Detosylations 

The tosyl protected substrate (33 μmol), triethylamine (22.5 μl, 165 μmol) 

trimethyl(phenyl)silane (2.0 μl, 12 μmol, as internal standard) were dissolved in CD3CN 

(1.5 mL). The solution was split in two vials (0.75 mL each) and to one of them, 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.18 mg, 0.09 μmol, 0.5 mol%) was added. The solutions 

were transferred to two separate NMR tubes and were degassed by three freeze-pump-

thaw cycles. The NMR-tubes were flame-sealed and irradiated for 3 h (tBuCBzTs) or 16 h 

(PyrTs) with a Thorlabs LED lamp (415 nm).  

 

Procedure 7: Lignin Degradation 

The lignin model substrate (8.7 mg, 32 μmol), triethylamine (22.5 μl, 161 μmol) and 

trimethyl(phenyl)silane (2.0 μl, 12 μmol, as internal standard) were dissolved in CD3CN 

(1.2 mL). The solution was split in two vials (0.6 mL each) and to one of them, 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.18 mg, 0.09 μmol, 0.5 mol%) was added. The solutions 

were transferred to two separate NMR tubes and were degassed by three freeze-pump-

thaw cycles. The NMR-tubes were flame-sealed and irradiated for two hours with a 

Thorlabs LED lamp (415 nm).  

 

Procedure 8: Photostability Assay 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.3 mg, 0.15 μmol) and trimethyl(phenyl)silane (2.5 mg, 

17 μmol) were dissolved in CD3CN (0.5 mL). The solution was degassed by three freeze-
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pump-thaw cycles, the NMR tube was flame sealed and irradiated with a Thorlabs LED 

lamp (415 nm), and 1H-NMR spectra were recorded after different time intervals. 

For the stability measurements in the presence of norbornadiene, the same procedure 

was applied with the only difference being that norbornadiene (60 mM) was added to the 

solution. 

 

Reaction Setup 

The typical reaction setup used for the photochemical reactions on NMR scale described 

above is shown in Figure SII.30. 

 

Figure SII.30. Typical reaction setup for NMR-scale reactions with the 415 nm Thorlabs LED lamp, photographed 
through a pair of laser safety goggles. 
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Estimation of the Photochemical Quantum Yield for the 
[2+2] Cycloaddition of Norbornadiene 

For the estimation of the photochemical quantum yield of the [2+2] cycloaddition of 

norbornadiene to quadricyclane, we determined the number of formed quadricyclane 

molecules after a certain irradiation time by NMR spectroscopy, and then divided this by 

the number of photons absorbed by [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in the reaction 

mixture over the course of this given irradiation time.  

First, the number photons that reach the NMR tube containing the reaction mixture was 

calculated based on the power output of the Thorlabs lamp (5.8 W, 415 nm, 1.21 mmol 

photons per minute), the spot size of the light beam at a distance of 10 cm (12.6 cm2) and 

the surface of the NMR tube that overlaps with the output of the LED lamp (1.6 cm2) at 

that distance. Next, the number of absorbed photons was estimated using the Lambert-

Beer law, by taking the concentration of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (2.53 ∙ 104 M) in 

combination with its extinction coefficient at 415 nm (260 M1 cm1) and the diameter of 

the NMR tube (0.4 cm) into account. Even though the output of the LED lamp is spectrally 

quite broad (green trace in Figure SII.28), we use this procedure as a proxy for the number 

of absorbed photons, because the molar extinction coefficient of 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] over the relevant wavelength range is relatively constant 

(orange trace in Figure SII.28). 

The number of formed quadricyclane molecules was determined from the NMR spectra 

recorded after different reaction times with respect to the internal standard 

trimethyl(phenyl)silane (Figure SII.43and Figure SII.44). 

The photochemical quantum yield (ΦPC) was determined after different reaction times 

and was found to decrease from 0.3 after the first 15 minutes to 0.2 after 60 minutes, 

in line with the decreased reaction rate over time shown in Figure 4.7 of the main paper. 

Table SII.1. Input Values for the Determination of the Photochemical Quantum Yield (ΦPC) for the [2+2] Cycloaddition 
of Norbornadiene to Quadricyclane. 

Time 

(min) 

emitted photons 

[μmol] 

absorbed photons 

[μmol] 

quadricyclane 

[μmol] ΦPC 

15 18000 140 40 0.3 

30 36000 280 70 0.2 

45 54000 420 95 0.2 

60 72000 560 100 0.2 
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Cyclic Voltammograms of the Tosyl-protected Substrates 

 

Figure SII.31. Cyclic voltammograms of PyrTs (a) and tBuCBzTs (b) recorded in deaerated CH3CN at room temperature 
with 0.1 M [TBA][PF6] as supporting electrolyte.  
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Stern-Volmer Measurements 

 

Figure SII.32. Main plot: luminescence spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in the absence of norbornadiene 
(blue trace) and in presence of increasing concentrations of norbornadiene (other traces) after 350 nm excitation of 
a 10-5 M [Ir(dFN(Me)2ppy)2(BCF)2][TBA] solution in argon–saturated CH3CN at 293 K. Inset: Stern-Volmer plot (with 
the same color-code for the norbornadiene concentration as in the main plot). 

 

Figure SII.33. Main plot: luminescence spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in the absence of PQO (blue trace) 
and in the presence of increasing concentrations of PQO (other traces) after 350 nm excitation of a 10-5 M 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] solution in argon–saturated CHCl3 at 293 K. Inset: Stern-Volmer plot (with the same 
color-code for the PQO concentration as in the main plot). 
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Figure SII.34. Main plot: luminescence spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in the absence of verbenone (blue 
trace) and in the presence of increasing concentrations of verbenone (other traces) after 350 nm excitation of a 10-5 
M [Ir(dFN(Me)2ppy)2(BCF)2][TBA] solution in argon-saturated CH3CN at 293 K. Inset: Stern-Volmer plot (with the same 
color-code for the verbenone concentration as in the main plot). 

 

Figure SII.35. Main plot: decay of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] emission at 450 nm in the absence of tBuBph (blue 
trace) and in the presence of increasing concentrations of tBuBph (other traces) after 355 nm excitation of a 10-5 M 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] solution in deaerated CH3CN at 293 K. Inset: Stern-Volmer plot (with the same color-
code for the tBuBph concentration as in the main plot). 
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Figure SII.36. Main plot: luminescence spectrum of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in the absence of triethylamine 
(blue trace) and in the presence of increasing concentrations of triethylamine (other traces) after 350 nm excitation 
of a 10-5 M [TBA][Ir(dFN(Me)2ppy)2(BCF)2] solution in argon–saturated CH3CN at 293 K. Inset: Stern-Volmer plot (with 
the same color-code for the triethylamine concentration as in the main plot). 

 

Table SII.2. Excited-State Quenching Constants of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] with tBuBPh, Norbornadiene, 
Verbenone, PQO and Triethylamine Determined in Dry, Deaerated CH3CN at 293 K. 

 kq / M-1s-1 

tBuBPh 9.8 ∙ 108 

norbornadiene 5.0 ∙ 108 

verbenone 2.1 ∙ 108 

PQO[a] 1.3 ∙ 107 

triethylamine 1.7 ∙ 105 

 

a Determined in dry, deaerated CHCl3 due to the limited solubility of PQO in CH3CN. 
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Upconversion Measurements 

In Figure SII.37, the emission spectrum of a CH3CN solution of 10-5 M 

[TBA][Ir(dFN(Me)2ppy)2(BCF)2] and 5.0 mM tBuBPh with a time delay of 5 μs after excitation 

with 355 nm laser pulses is shown. After this time in the presence of this excess of tBuBPh, 

no prompt emission of the photosensitizer is expected anymore. However, apart from the 

upconverted singlet tBuBPh emission with a maximum at 315 nm, two additional 

luminescence bands are observed. The emission band between 400 nm and 550 nm is 

attributed to luminescence from [Ir(dFN(Me)2ppy)2(BCF)2] and is likely caused by back 

energy transfer from tBuBph to the complex, or by reabsorption of the upconverted light 

by [Ir(dFN(Me)2ppy)2(BCF)2], or a combination of both processes. The luminescence band 

between 590 nm and 750 nm has its maximum at 628 nm, which corresponds essentially 

to double the wavelength of the 1tBuBph fluorescence band maximum, and this band is 

assigned to an artefact caused by the diffraction grating of the detection monochromator. 

In order to verify that the observed signals in Figure SII.37 do indeed arise from the 

upconversion system (and are not caused by an impurity), kinetic traces of the 

luminescence bands centered at 315 nm and 630 nm were recorded and are shown in 

Figure SII.38. Both signals show identical decay kinetics, as expected. The kinetics of the 

delayed emission arising from [Ir(dFN(Me)2ppy)2(BCF)2] between 400 nm and 550 nm 

could not be recorded under identical conditions, because the prompt emission of 

[Ir(dFN(Me)2ppy)2(BCF)2] is much more intense compared to the delayed emission. 
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Figure SII.37. Luminescence spectrum of a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (10 μM) and tBuBph (5.0 mM) in 

dry, deaerated CH3CN at 293 K after excitation at 355 nm with 25 mJ laser pulses of 10 ns duration, recorded with a 
time delay of 5 μs. 

 

Figure SII.38. Luminescence decays of a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (10 μM) and tBuBph (5.0 mM) in 

dry, deaerated CH3CN at 293 K after excitation at 355 nm with 25 mJ laser pulses of 10 ns duration, recorded at 313 
nm (black) and 630 nm (red). 
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Figure SII.39. Green trace: UV-vis absoption spectrum of tBuBph recorded in dry CH3CN at 293 K. Red trace: emission 
spectrum of tBuBph obtained from a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (20 μM) and tBuBph (5.0 mM) in dry, 
deaerated CH3CN at 293 K after excitation at 405 nm with a cw laser. 
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Upconversion Quantum Yield Estimation 

A CH3CN solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (20 μM) and tBuBPh (5.0 mM) was 

irradiated with a 405 nm cw laser. As reference sample with a known luminescence 

quantum yield (87 %), a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (20 μM) was used and 

measurements with this sample were performed with the exact same settings as with the 

upconversion sample, apart from placing a neutral density filter between the reference 

sample and the detector in order to prevent its oversaturation. 

For the determination of the upconversion luminescence quantum yield (UC), the 

integrals of the emission spectra (displayed on a wavenumber scale in cm-1) of the 

upconversion samples were compared to the integrals of the emission spectra obtained 

from the reference samples (under the same experimental settings, taking the 

attenuation effect of the abovementioned neutral density filters into account). This 

procedure was carried out for 10 different power density settings of the incident light and 

gave the data presented in Figure SII.40.  

 

Figure SII.40. Upconversion luminescence quantum yield as function of incident power density of a solution of 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (20 μM) and tBuBph (5.0 mM) in dry, deaerated CH3CN at 293 K. 
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Triplet Absorption Spectrum of tBuBPh and Decay Kinetics 

In the transient absorption spectrum of a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] and 

excess tBuBPh in CH3CN, recorded with a time delay of 5 μs (Figure SII.41), a signal centered 

around 360 nm is observed. We attribute this signal to the absorption of triplet-excited 
tBuBPh. A reference spectrum for this species is not available in the literature, however, 

the closely related unsubstituted biphenyl compound shows a nearly identical absorption 

spectrum in its triplet-excited state.[149] 

 

Figure SII.41. Transient absorption spectrum measured after 355 nm excitation of a solution of 

[Ir(dFN(Me)2ppy)2(BCF)2][TBA] (10-5 M) and tBuBPh (5.0 mM) in dry, deaerated CH3CN at 293 K with laser pulses of 10 
ns duration. The signals were time integrated over 200 ns with a time delay of 5 μs after the laser pulse. 

The decay of 3tBuBPh occurs via two pathways: a first order decay back to the singlet 

ground state with the rate constant kT and a second order decay via triplet-triplet 

annihilation with the rate constant kTTA. A procedure for the analysis of the decay 

considering both of these pathways has been developed previously and was applied to 

several upconversion systems.[77,161,330] The tBuBPh triplet concentration as a function of 

time can described by the following equations: 

[ 𝐴3 ]𝑡 = [ 𝐴3 ]0
1−𝛽

exp(𝑘𝑇∙𝑡)−𝛽
        (eq.S1) 

Where [3A] is the concentration of the triplet-excited state of the annihilator (tBuBPh) and 

 is the fraction of the decay that occurs via triplet-triplet annihilation defined as: 

𝛽 =
𝑘𝑇𝑇𝐴∙[ 𝐴3 ]0

𝑘𝑇𝑇𝐴∙[ 𝐴3 ]
0
+𝑘𝑇

         (eq.S2) 

Fitting of the kinetic decay curves in Figure SII.42 according to eq. S1 and S2 gives values 

for both kT (and therefore the natural lifetime 0 via the relationship  = 1/kT) and kTTA. As 
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input, the initial concentration of triplet-excited annihilator molecules ([3A]0) is required. 

This can be calculated from the OD values at t=0 (Figure SII.42) and the extinction 

coefficient of 3A. As we were unable to find the extinction coefficient of 3tBuBPh in the 

literature, the value for unsubstituted biphenyl (360=27’100 M-1cm-1)[149] was used. As the 

triplet-excited states of tBuBPh and unsubstituted BPh have nearly identical absorption 

spectra, this assumption seems reasonable. 

 

Figure SII.42. Decays of the triplet absorption signal of tBuBph at 360 nm in a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] 
(40 μM) and tBuBph (2.5 mM) in dry, deaerated CH3CN at 293 K after excitation at 355 nm with laser pulses of different 

energies (see inset) and 10 ns duration. The black, dashed lines show the fitting curves. 

In order to vary [3A]0, different laser pulse energies were employed (see inset in Figure 

SII.42). Analysis of the three decay curves allowed for the calculation of averaged values 

for 0 and kTTA, included in Figure SII.42. The value obtained for kTTA is near the diffusion 

limit in CH3CN (1.9 ∙ 1010M-1s-1) and is close to the values for similar systems.[161,331] The 

reported natural lifetime of unsubstituted biphenyl is 130 μs, which is roughly twice as 

long as the 0 value we obtained from our analysis.[149] This deviation possibly arises from 

the back-energy transfer to [Ir(dFN(Me)2ppy)2(BCF)2], thereby resulting in a shortened 

lifetime of triplet-excited tBuBPh. 
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Photostability Measurements 

The photostability of [Ir(dFN(Me)2ppy)2(BCF)2] was investigated by irradiating a degassed 

0.3 mM CD3CN solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in the presence and in the 

absence of 60 mM norbornadiene (NBD) at room temperature and recording 1H-NMR 

spectra after different irradiation times. The integrals of the aromatic signals of the 

(dFN(Me)2ppy) ligands (marked yellow in Figure SII.43 and Figure SII.44) with respect to 

the internal standard trimethyl(phenyl)silane were normalized and averaged (Table SII.3) 

and used as the input data for Figure 4.7 in the main paper. The consumption of NBD can 

be traced by the decreasing integral of the 1H-NMR signal at 6.75 ppm (Figure SII.44, 

marked red). 

Table SII.3. Normalized aromatic 1H-NMR integrals of a 0.3 mM [TBA][Ir(dFN(Me)2ppy)2(BCF)2] solution in CD3CN after 
different irradiation times with a 415 nm LED in the presence and in the absence of norbornadiene (60 mM). The 
integrals were normalized with respect to the internal standard trimethyl(phenyl)silane 

time / 
min 

integral 8.41 
ppm  

/ norm 

integral 6.4 ppm  
/ norm 

integral 5.7 ppm  
/ norm 

averaged integrals 
/ norm 

 with 
NBD 

without  
NBD 

with 
NBD 

without  
NBD 

with 
NBD 

without  
NBD 

with 
NBD 

without  
NBD 

0 1 1 1 1 1 1 1 1 
15 0.96 0.71 1.00 0.70 1.00 0.85 0.99 0.78 
30 1.02 0.55 0.96 0.55 0.97 0.63 0.98 0.59 
45 1.00 0.40 0.95 0.41 1.01 0.38 0.99 0.39 
60 0.93 0.19 0.95 0.15 0.85 0.13 0.90 0.15 
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Figure SII.43. Aromatic region of the 1H-NMR spectra of a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.3 mM) and 
trimethyl(phenyl)silane (31 mM) in deaerated CD3CN after different irradiation times with a 415 nm LED at room 
temperature. The signals marked in yellow arise from the aromatic protons of [TBA][Ir(dFN(Me)2ppy)2(BCF)2]. 

 

Figure SII.44. Aromatic region of the 1H-NMR spectra of a solution of [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (0.3 mM), 
trimethyl(phenyl)silane (31 mM) and norbornadiene (60 mM) in deaerated CD3CN after different irradiation times 
with a 415 nm LED at room temperature. The signals marked in yellow arise from the aromatic protons of 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] whereas the signal marked in red arises from norbornadiene. 
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NMR Spectra of the Photochemical Reactions 

[2+2] Cycloadditions 

 

Figure SII.45. [2+2] cycloaddition of PQO to CQO with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD2Cl2 upon 415 
nm irradiation applying the conditions described in general procedure 1. Shown are the 1H-NMR spectra before the 
irradiation (top), after a reaction time of 1.5 h (middle) and after a reaction time of 1.5 h without 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 

 

Figure SII.46. 1H-NMR spectrum of CQO recorded in CD2Cl2 at 293 K. 
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Figure SII.47. [2+2] cycloaddition of norbornadiene to quadricyclane with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated 
CD3CN upon 415 nm irradiation applying the conditions described in general procedure 3. Shown are the 1H-NMR 
spectra before the irradiation (top), after a reaction time of 60 min. (middle) and after a reaction time of 60 min. 
without [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 
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NMR Spectra [1,3] Sigmatropic Shift  

 

Figure SII.48. [1,3] sigmatropic shift of verbenone to chrysanthenone with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in 
deaerated CD3CN upon 415 nm irradiation applying the conditions described in general procedure 4. Shown are the 
1H-NMR spectra before the irradiation (top), after a reaction time of 3 h (middle) and after a reaction time of 3 h 
without [TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 

  

H O2

CD HCN
2

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

t = 0 h

t = 3 h

without photocat, t = 3 h



Appendix 

225 

 

NMR Spectra Dehalogenations 

 

Figure SII.49. Dechlorination of 2-chloro-4-fluorobenzonitrile with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN 
upon 415 nm irradiation applying the conditions described in procedure 5. Shown are the 19F-NMR spectra before the 
irradiation (top), after a reaction time of 6 h (middle) and after a reaction time of 6 h without 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 

 

Figure SII.50. Dechlorination of 2-chloro-4-fluorobenzonitrile with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN 
upon 415 nm irradiation applying the conditions described in procedure 5. Shown are the 19F-NMR spectra after a 
reaction time of 6 h (top) and the reference spectrum of the product 4-fluorobenzonitrile (bottom). 
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Figure SII.51. Debromination of 2-bromo-4-fluorobenzonitrile with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated 
CD3CN upon 415 nm irradiation applying the conditions described in procedure 5. Shown are the 19F-NMR spectra 
before the irradiation (top), after a reaction time of 6 h (middle) and after a reaction time of 6 h without 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 

 

Figure SII.52. Debromination of 2-bromo-4-fluorobenzonitrile with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated 
CD3CN upon 415 nm irradiation applying the conditions described in procedure 5. Shown are the 19F-NMR spectra 
after a reaction time of 6 h (top) and the reference spectrum of the product 4-fluorobenzonitrile (bottom). 
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NMR Spectra Detosylations 

 

Figure SII.53. Detosylation of protected tBucarbazole with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN upon 
415 nm irradiation applying the conditions described in general procedure 6. Shown are the 1H-NMR spectra before 
the irradiation (top), after a reaction time of 3 h (middle) and after a reaction time of 3 h without 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 

 

Figure SII.54. Detosylation of protected tBucarbazole with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN upon 
415 nm irradiation applying the conditions described in general procedure 6. Shown are the 1H-NMR spectra after a 
reaction time of 3 h (top) and the reference spectrum of the product tBucarbazole (bottom). 
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Figure SII.55. Detosylation of protected pyrrole with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN upon 415 nm 
irradiation applying the conditions described in general procedure 6. Shown are the 1H-NMR spectra before the 
irradiation (top), after a reaction time of 18 h (middle) and after a reaction time of 16 h without 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 

 

Figure SII.56. Detosylation of protected pyrrole with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN upon 415 nm 
irradiation applying the conditions described in general procedure 6. Shown are the 1H-NMR spectra after a reaction 
time of 16 h (top) and the reference spectrum of the product pyrrole (bottom). 
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NMR Spectra Lignin Model Substrate Degradation 

 

Figure SII.57. Degradation of the lignin model substrate with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN upon 
415 nm irradiation applying the conditions described in general procedure 7. Shown are the 1H-NMR spectra before 
the irradiation (top), after a reaction time of 2 h (middle) and after a reaction time of 2 h without 
[TBA][Ir(dFN(Me)2ppy)2(BCF)2] (bottom). 

 

Figure SII.58. Degradation of the lignin model substrate with [TBA][Ir(dFN(Me)2ppy)2(BCF)2] in deaerated CD3CN upon 
415 nm irradiation applying the conditions described in general procedure 7. Shown are the 1H-NMR spectra after a 
reaction time of 2 h (top) and the reference spectra of the products 2-methoxyphenol (middle) and 4-
methoxyacetophenone (bottom).
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General Experimental Details 

Materials and Methods 

All chemicals for the syntheses of [Fe(bpy)3](PF6)2, [Fe(bpy)2(BCF)2], and 

(PPN)2[Fe(bpy)(BCF)4] were obtained from commercial suppliers in high purity and were 

used without further purification. 

[Fe(bpy)3](PF6)2,[494] [Fe(bpy)2(CN)2],[377] and K2[Fe(bpy)(CN)4][377] were synthesized 

according to literature procedures. 

CH2Cl2 for the borylation of [Fe(bpy)2(CN)2] and (PPN)2[Fe(bpy)(CN)4] was dried over 3 Å 

molecular sieves for 48 hours and degassed by three freeze-pump-thaw cycles and 

subsequent refills with argon. Glassware was dried at 200 °C overnight and assembled 

while still hot.  

Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. NMR 

spectra were recorded on a Bruker Avance III instrument operating at 500 MHz proton 

frequency. All chemical shifts are reported in δ values in ppm referred to protons of the 

residual non-perdeuterated solvent used or its carbon atoms, respectively.[487] To describe 

the signals and their coupling patterns, the following abbreviations are used: s (singlet), d 

(doublet), dd (doublet of doublets), ddd (doublet of doublets of doublets), dt (doublet of 

triplets), t (triplet), m (multiplet). All coupling constants J are stated in Hertz (Hz). 

Elemental Analysis was performed by Ms. Sylvie Mittelheisser (University of Basel, 

Department of Chemistry), with a Vario Micro Cube instrument from Elementar. 

High resolution ESI-MS analysis was performed by Dr. Michael Pfeffer (University of Basel, 

Department of Chemistry) on a Bruker maXis 4G QTOF mass spectrometer coupled with 

Thermo Fischer UPLC. 

Cyclic voltammetry and differential pulse voltammetry on the FeII complexes were 

performed in an MBraun Glovebox under an Ar-atmosphere. A glassy carbon disk 

electrode with a diameter of 3 mm served as working electrode and two silver wires were 

used as counter electrode and (pseudo)-reference electrode. To apply and control the 

voltage, a Versastat3-200 potentiostat from Princeton Applied Research was used. As 

internal reference, small quantities of resublimed ferrocene were added.  

57Fe Mössbauer spectra were measured using a 57Co source in a Rh matrix using an 

alternating constant acceleration Wissel Mößbauer spectrometer equipped with a Janis 

closed-cycle helium cryostat. Transmission data were collected, and isomer shifts are 

reported relative to iron metal at ambient temperature. Experimental data were 

simulated with Mfit software.[495] 
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Steady-state absorption spectra were recorded at 293 K using a Cary 5000 

spectrophotometer (Varian).  

For photo-stability experiments, a Flame UV-vis spectrometer system from Ocean optics 

was employed in combination with a continuous-wave (cw) laser from Roithner 

Lasertechnik emitting at 447 nm (optical output up to 1.1 W). The temperature was kept 

constant at 293 K using a self-built cuvette holder, and the solutions were stirred with a 

magnetic stirring bar. 

The experimental setup for recording broadband transient absorption spectra was based 

on a Ti:Sapphire amplified laser system (Solstice Pro, Spectra Physics) operating at a 4 kHz 

repetition rate, producing 60 fs pulses centered at 796 nm. The pump beam was tuned 

by an optical parametric amplifier (TOPAS C, Light Conversion) to excite the samples at 

desired wavelengths (400 nm, 486 nm, 500 nm, 606 nm and 670 nm) with typical fluency 

1.8 x 1015 photons per pulse per cm2. A white-light super-continuum was used as probe 

in the UV and VIS-NIR spectral regions. The supercontinuum was generated by focusing 

either a NIR signal (1350 nm) from a TOPAS C or second harmony (400 nm) of the 

fundamental beam into a 3 mm CaF2 plate for the probe in VIS-NIR or in UV spectral 

region, respectively. The desired timing between excitation and probe pulses was 

achieved using a computer-controlled delay stage (Aerotech, 10 ns). The pump and the 

probe beams were overlapped in the sample volume with their relative polarization set 

to the magic-angle (54.7˚) by a Berek polarization compensator placed in the pump beam 

path. The sample was measured in a 1 mm path length quartz cuvette with an automated 

sample mover to avoid sample photodamage, which was also checked by measuring the 

absorption spectra of the sample before and after each experiment. The probe and 

reference beams were collimated onto the entrance aperture of a prism-based, double-

beam spectrograph, and detected by a double diode-array detection system (Pascher 

Instruments) in two spectral ranges, 280 nm – 380 nm and 370 nm – 1150 nm, which were 

later merged. Correction of the data as well as global fitting of the transient absorption 

datasets was carried out using both an in-house written Python software (KiMoPack) and 

the analysis software DAFit (Pascher Instruments). 
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Synthesis of the Complexes 

[Fe(bpy)2(BCF)2] 

 
 
 

 

 

 

 

 

 

 

 

 

 

[Fe(bpy)2(CN)2] (40.0 mg, 95.2 μmol, 1.0 eq.) and B(C6F5)3 (107 mg, 210 μmol, 2.2 eq.) 

were dissolved in dry and deaerated CH2Cl2 (15 mL) under an Argon atmosphere and the 

resulting orange solution was stirred at 40 °C for 16 h. The solvent was removed under 

reduced pressure and the crude product was purified by flash column chromatography 

(silica, CH2Cl2) to yield the product (98 mg, 67.9 μmol, 71 %) as an orange solid. 

1H NMR (500 MHz, CD3CN) δ 8.95 (ddd, J = 5.6, 1.5, 0.7 Hz, 2H, H1), 8.30 – 8.26 (m, 4H, 

H4,H7), 8.08 (ddd, J = 8.0, 7.8, 1.5 Hz, 2H, H3), 8.01 – 7.96 (m, 2H, H8), 7.50 (ddd, J = 7.6, 

5.6, 1.3 Hz, 2H, H2), 7.31 – 7.27 (m, 4H, H9, H10). 

13C NMR (126 MHz, CD3CN) δ 159.1 (C5), 157.7 (C6), 157.7 (C1), 151.7 (C10), 139.5 (C8), 

139.3 (C3), 127.7 (C2), 127.6 (C9), 123.9 (C4), 123.6 (C7). 

11B NMR (160 MHz, CD3CN) δ -14.09. 

19F NMR (471 MHz, CD3CN) δ -135.39 – -135.53 (m), -161.13 (t, J = 19.6 Hz), -166.72 – -

166.87 (m). 

Elemental analysis calcd. for C58H16B2F30FeN6 · 1 H2O: C, 47.64; H, 1.24; N, 5.75. Found: C, 

47.82; H, 1.50; N, 5.99. 

ESI-HRMS (m/z): calcd. for [C58H16B2F30FeN6Na]+ [M+Na]+ : 1467.0404; found: 1467.0411. 
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(PPN)2[Fe(bpy)(CN)4] 

 

 

K2[Fe(bpy)(CN)4] (40.1 mg, 102 μmol, 1.0 eq.) was dissolved in H2O (0.2 mL) and the 

resulting solution was added to a solution of commercial (PPN)Cl (130.0 mg, 213 μmol, 

2.1 eq) in warm water (19.0 mL). The resulting purple precipitate was filtered off and the 

solid was washed with warm H2O (200 mL). The resulting solid was collected and dried 

under vacuum to yield the product (117 mg, 84 μmol, 82 %) as a green solid. 

1H NMR (500 MHz, CD2Cl2) δ 9.65 – 9.55 (m, 2H, H1), 7.87 – 7.79 (m, 2H, H4), 7.76 – 7.30 

(m, 62H, PPN and H3), 7.07 – 7.01 (m, 2H, H2). 

13C NMR (126 MHz, CD2Cl2) δ 158.3 (s), 156.0 (s), 134.3 – 134.0 (m), 132.7 – 132.2 (m), 

131.9 (s), 130.2 – 129.5 (m), 127.8 (d, J = 2.0 Hz), 126.9 (d, J = 2.0 Hz), 122.9 (s), 119.8 (s). 
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(PPN)2[Fe(bpy)(BCF)4] 

 

 
 

(PPN)2[Fe(bpy)(CN)4] (17.0 mg, 12.2 μmol, 1.0 eq.) and B(C6F5)3 (27.5 mg, 53.7 μmol, 4.4 

eq.) were dissolved in dry, deaerated CH2Cl2 (10 mL) under an Argon atmosphere and the 

resulting yellow mixture was heated to 40 °C for 16 h. The solvent was removed under 

reduced pressure and the crude product was purified by size exclusion chromatography 

(S-X3, CH2Cl2) to yield the product (26.0 mg, 7.6 μmol, 62 %) as a yellow solid. 

 

1H NMR (500 MHz, CD2Cl2) δ 8.84 – 8.79 (m, 2H, H1), 7.79 – 7.75 (m, 2H, H4), 7.73 (ddd, J 

= 8.0, 7.2, 1.5 Hz, 2H, H3), 7.54 (m, 12H, PPN), 7.45 – 7.33 (m, 48H, PPN), 7.09 (ddd, J = 

7.2, 5.7, 1.5 Hz, 2H, H2). 

13C NMR (126 MHz, CD2Cl2) δ 156.9 (s, C5), 155.1 (s, C1), 137.1 (s, C3), 134.2 (s), 132.9 – 

132.5 (m), 130.2 – 129.8 (m), 128.1 (d, J = 1.9 Hz), 127.2 (d, J = 1.7 Hz), 125.3 (s, C2), 121.1 

(s, C4). 

11B NMR (160 MHz, CD2Cl2) δ –13.86. 

31P NMR (202 MHz, CD2Cl2) δ 21.07. 

19F NMR (471 MHz, CD2Cl2) δ -134.01 – -134.19 (m), -134.39 – -134.57 (m), -162.24 (t, J = 

20.1 Hz), -162.45 (t, J = 20.1 Hz), -167.10 – -167.35 (m), -167.36 – -167.59 (m). 

Elemental analysis calcd. for C158H68B4F60FeN8P4 · 1.5 H2O: C, 54.72; H, 2.06; N, 3.23. 

Found: C, 54.93; H, 2.39; N, 3.55. 

ESI-HRMS (m/z): calcd. for [C86H8B4F60FeN6] [M]: 1181.9814; found: 1181.9823. 
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NMR Spectra of Synthesized Compounds 

NMR Spectra [Fe(bpy)2(BCF)2] 

 
Figure SIII.1. 1H NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K. 
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Figure SIII.2. 1H-1H COSY NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K. 

 
Figure SIII.3. 1H-1H NOESY NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K. 
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Figure SIII.4. 13C-{1H} NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K. 

 
Figure SIII.5. 1H-13C HMBC NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K. 
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Figure SIII.6. 1H-13C HMQC NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K. 

 
Figure SIII.7. 19F NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K. 
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Figure SIII.8. 11B NMR spectrum of [Fe(bpy)2(BCF)2] in CD3CN at 293 K.  
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NMR Spectra (PPN)2[Fe(bpy)(CN)4] 

 

Figure SIII.9. 1H NMR spectrum of (PPN)2[Fe(bpy)(CN)4] in CD2Cl2 at 293 K. 

 

Figure SIII.10. 13C-{1H} NMR spectrum of (PPN)2[Fe(bpy)(CN)4] in CD2Cl2 at 293 K. 
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NMR Spectra (PPN)2[Fe(bpy)(BCF)4] 

 

Figure SIII.11. 1H NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 

 

Figure SIII.12. 1H-1H COSY NMR spectrum (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 
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Figure SIII.13. 1H-1H NOESY NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 

 
Figure SIII.14. 31P NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 
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Figure SIII.15. 13C-{1H} NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 

 
Figure SIII.16. 1H-13C HMQC NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 
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Figure SIII.17. 1H-13C HMBC NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 

 
Figure SIII.18. 19F NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K. 
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Figure SIII.19. 11B NMR spectrum of (PPN)2[Fe(bpy)(BCF)4] in CD2Cl2 at 293 K.  
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IR Spectroscopy 

 

Figure SIII.20. IR-spectra (neat) of [Fe(bpy)2(BCF)2] (green) and [Fe(bpy)2(CN)2] (red). 

 

Figure SIII.21. IR-spectra (neat) of (PPN)2[Fe(bpy)(BCF)4] (green) and (PPN)2[Fe(bpy)(CN)4] (red). 
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Crystal Structure of [Fe(bpy)2(BCF)2] 

CCDC deposition number: 2159475 

Single red block-shaped crystals of [Fe(bpy)2(BCF)2] were obtained from a mixture of CHCl3 
and CH2Cl2 by slow evaporation. A suitable crystal 0.38×0.18×0.15 mm3 was selected and 
mounted on a mylar loop in perfluoroether oil on a Stoe StadiVari diffractometer. The 
crystal was kept at a steady T = 130 K during data collection. The structure was solved with 
the ShelXT[490] structure solution program using the Intrinsic Phasing solution method and 
by using Olex2[496] as the graphical interface. The model was refined with version 2018/3 
of ShelXL[488] using Least Squares minimisation. 

Table SIII.1. Crystallographic Data for [Fe(bpy)2(BCF)2]. 

Formula  B2C58F30FeH16N6 ∙ 1.85 CHCl3 

Dcalc./ g cm-3  1.765  

/mm-1  3.555  

Formula Weight  1665.07  

Color  red  

Shape  block  

Size/mm3  0.38×0.18×0.15  

T/K  130  

Crystal System  monoclinic  

Space Group  P21/c  

a/Å  11.9670(2)  

b/Å  24.8927(3)  

c/Å  21.6201(3)  

/°  90  

/°  103.3720(10)  

/°  90  

V/Å3  6265.82(16)  

Z  4  

Z'  1  

Wavelength/Å  1.34143  

Radiation type  GaK  

min/°  2.393  

max/°  57.032  

Measured Refl.  112456  

Independent Refl.  12706  

Reflections with I > 
2(I)  

12554  

Rint  0.0477  

Parameters  874  

Restraints  0  

Largest Peak  0.386  

Deepest Hole  -0.529  

GooF  1.067  

wR2 (all data)  0.1088  

wR2  0.1082  

R1 (all data)  0.0428  

R1  0.0421  
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Electrochemistry 

[Fe(bpy)3](PF6)2 

 

Figure SIII.22. Cyclic voltammogram of 1.1 mM [Fe(bpy)3](PF6)2 in dry, Ar-saturated CH3CN with 0.1 M (NBu4)(PF6) as 
supporting electrolyte at room temperature. The scan rate was 0.1 V/s. 

 

Figure SIII.23. Oxidative waves of the cyclic voltammogram of 1.1 mM [Fe(bpy)3](PF6)2 in dry, Ar-saturated CH3CN 
with 0.1 M (NBu4)(PF6) as supporting electrolyte at room temperature with different scan rates. 
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Figure SIII.24. Randles-Ševčík plots for [Fe(bpy)3](PF6)2 based on the peak currents of the oxidative (top) and reductive 
(bottom) half waves of the cyclic voltammograms shown in Figure SIII.23. 
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Equation y = a + b*x

Plot C D

Weight No Weighting

Intercept 3.34973 ± 0. -0.04838 ± 0.

Slope 43.8892 ± 0. -42.05191 ± 0

Residual Sum of Sq 8.57307 1.87992

Pearson's r 0.9986 -0.99966

R-Square (COD) 0.99719 0.99933

Adj. R-Square 0.99684 0.99924
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[Fe(bpy)2(CN)2] 

 

Figure SIII.25. Differential pulse voltammogram of 1.3 mM [Fe(bpy)2(CN)2] in dry, Ar-saturated CH3CN with 0.1 M 
(NBu4)(PF6) as supporting electrolyte at room temperature. The step height was 5 mV, the pulse height was 100 mV, 
the pulse width was 100 ms and the step width was 50 ms. 

 

Figure SIII.26. Cyclic voltammogram of 1.3 mM [Fe(bpy)2(CN)2] in dry, Ar-saturated CH3CN with 0.1 M (NBu4)(PF6) as 
supporting electrolyte at room temperature. The scan rate was 0.1 V/s. 
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Figure SIII.27. Cyclic voltammograms of 1.3 mM [Fe(bpy)2(CN)2] with different scan rates in dry, Ar-saturated CH3CN 
with 0.1 M (NBu4)(PF6) as supporting electrolyte at room temperature. 

 

Figure SIII.28. Randles-Ševčík plots for [Fe(bpy)2(CN)2] based on the peak currents of the oxidation half-wave (top) 
and the first reduction (bottom) half-wave of the cyclic voltammograms shown in Figure SIII.27. 
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[Fe(bpy)2(BCF)2] 

 

Figure SIII.29. Cyclic voltammogram of 1.3 mM [Fe(bpy)2(BCF)2] in dry, Ar-saturated CH3CN with 0.1 M (NBu4)(PF6) as 
supporting electrolyte at room temperature. The scan rate was 0.1 V/s. 

 

Figure SIII.30. Cyclic voltammograms of 1.3 mM [Fe(bpy)2(BCF)2] with different scan rates in dry, Ar-saturated CH3CN 
with 0.1 M (NBu4)(PF6) as supporting electrolyte at room temperature. 
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Figure SIII.31. Randles-Ševčík plots for [Fe(bpy)2(BCF)2] based on the peak currents of the oxidative (top) and first 
reductive (bottom) half waves of the cyclic voltammograms shown in Figure SIII.30. 
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(PPN)2[Fe(bpy)(CN)4] 

 

Figure SIII.32. Differential pulse voltammogram of 0.9 mM (PPN)2[Fe(bpy)(CN)4] in dry, Ar-saturated CH3CN with 0.1 
M (NBu4)(PF6) as supporting electrolyte at room temperature. The step height was 5 mV, the pulse height was 100 
mV, the pulse width was 100 ms and the step width was 50 ms. 

 

Figure SIII.33. Cyclic voltammogram of 0.9 mM (PPN)2[Fe(bpy)(CN)4] in dry, Ar-saturated CH3CN with 0.1 M 
(NBu4)(PF6) as supporting electrolyte at room temperature. The scan rate was 0.1 V/s. 
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Figure SIII.34. Oxidative waves of the cyclic voltammogram of 0.9 mM (PPN)2[Fe(bpy)(CN)4] in dry, Ar-saturated 
CH3CN with 0.1 M (NBu4)(PF6) as supporting electrolyte at room temperature with different scan rates. 

 

Figure SIII.35. Randles-Ševčík plots for (PPN)2[Fe(bpy)(CN)4] based on the peak currents of the oxidative (top) and 
reductive (bottom) half waves of the cyclic voltammograms shown in Figure SIII.34. 

 

 

  

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4
E vs. Fc

+/0
 

20 A

 0.05 Vs
-1

 0.1 Vs
-1

 0.2 Vs
-1

 0.4 Vs
-1

 0.6 Vs
-1

 0.8 Vs
-1

 1.0 Vs
-1

 1.4 Vs
-1

 1.8 Vs
-1

 2.0 Vs
-1

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-35
-30
-25
-20
-15
-10

-5
0
5

10
15
20
25
30
35

i p
 /

 
A

v1/2 / (Vs-1)1/2

Equation y = a + b*x

Plot C D

Weight No Weighting

Intercept 1.59606 ± 0.2 -2.20716 ± 0.4

Slope 21.49587 ± 0. -21.39365 ± 0.

Residual Sum of Squ 1.13598 2.99836

Pearson's r 0.99922 -0.99793

R-Square (COD) 0.99845 0.99587

Adj. R-Square 0.99825 0.99536



Appendix 

259 

 

(PPN)2[Fe(bpy)(BCF)4] 

 

Figure SIII.36. Cyclic voltammogram of 1.0 mM (PPN)2[Fe(bpy)(BCF)4] in dry, Ar-saturated CH3CN with 0.1 M 
(NBu4)(PF6) as supporting electrolyte at room temperature. The scan rate was 0.1 V/s. 

 

Figure SIII.37. Oxidative waves of the cyclic voltammogram of 1.0 mM (PPN)2[Fe(bpy)(BCF)4] in dry, Ar-saturated 
CH3CN with 0.1 M (NBu4)(PF6) as supporting electrolyte at room temperature with different scan rates. 
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Figure SIII.38. Randles-Ševčík plots for (PPN)2[Fe(bpy)(BCF)4] based on the peak currents of the oxidative (top) and 
reductive (bottom) half waves of the cyclic voltammograms shown in Figure SIII.37. 
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Determination of Diffusion Coefficients 

The diffusion coefficients presented in Table 2 of the main paper were determined based 

on the Randles-Ševčík equation (eq.S1) 

 

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝑣𝐷0

𝑅𝑇
)
1/2

       (eq.S1) 

 

Where ip is the peak current, n is the number of transferred electrons (1 in all cases 

discussed here), F is the Faraday constant, A is the electrochemically active surface of the 

electrode (0.071 cm2, radius r=0.15 cm), C is the concentration of the respective analyte, 

v is the scan rate, D0 is the diffusion coefficient, R is the universal gas constant and T is the 

temperature. Plots of the square root of the scan rate vs the peak current were subjected 

to a linear fitting procedure to obtain the values for the diffusion coefficients (Figure 

SIII.22 - Figure SIII.38).[479] 
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Mössbauer Spectroscopy 

 

Figure SIII.39. Solid state zero-field 57Fe Mössbauer spectrum (circles) of [Fe(bpy)2(CN)2] at 80 K with simulated 
spectrum (red). 

 

Figure SIII.40. Solid state zero-field 57Fe Mössbauer spectrum (circles) of [Fe(bpy)2(BCF)2] at 80 K with simulated 
spectrum (red). 
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Figure SIII.41. Solid state zero-field 57Fe Mössbauer spectrum (circles) of (PPN)2[Fe(bpy)(CN)4] at 80 K with simulated 
spectrum (red). 

 

Figure SIII.42. Solid state zero-field 57Fe Mössbauer spectrum (circles) of (PPN)2[Fe(bpy)(BCF)4] at 80 K with simulated 
spectrum (red). 
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UV-Vis Absorption Spectroscopy 

 

Figure SIII.43. UV-Vis absorption spectrum of [Fe(bpy)3](PF6)2 in dry CH3CN at room temperature. 

 

Figure SIII.44. UV-Vis absorption spectra of [Fe(bpy)2(CN)2] (red) and [Fe(bpy)2(BCF)2] (green) in dry CH3CN at room 
temperature. 
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Figure SIII.45. UV-Vis absorption spectra of (PPN)2[Fe(bpy)(CN)4] (red) and (PPN)2[Fe(bpy)(BCF)4] (green) in dry CH3CN 
at room temperature. 
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Transient Absorption Spectroscopy 

 

Figure SIII.46. Transient absorption spectra recorded after different time delays, as well as the inverted absorption 
spectra (designated as (-)abs in the insets) of [Fe(bpy)2(CN)2]. All measurements were performed in dry, N2-saturated 
CH3CN at 296 K. Excitation occurred at 400 nm. 

 

Figure SIII.47. Measured kinetics at selected wavelengths (symbols) and the results of a global fit (solid lines) for 
[Fe(bpy)2(CN)2] in dry, N2-saturated CH3CN at 296 K after excitation at 400 nm. 
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(~100 fs) decay component, which was omitted in the plots as the contribution of the 

measurement artefacts to this component is ambiguous. The fitting results are presented 

in Table SIII.2. 

 

Figure SIII. 48. Decay associated spectra (DAS) returned from the global analysis of the transient absorption data of 
[Fe(bpy)2(CN)2] in N2-saturated CH3CN at 296 K after excitation at 400 nm. 

 

Figure SIII. 49. Decay associated spectra (DAS) returned from the global analysis of the transient absorption data of 
[Fe(bpy)2(BCF)2] in N2-saturated CH3CN at 296 K after excitation at 455 nm. 
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Figure SIII. 50. Decay associated spectra (DAS) returned from the global analysis of the transient absorption data of 

[Fe(bpy)(BCF)4]2 in N2-saturated CH3CN at 296 K after excitation at 455 nm. 

 

Table SIII.2. Results of the global fits of the transient absorption data of the key complexes of this study as well as 

the excited-state lifetime of [Fe(bpy)(CN)4]2.[226] Error bars covering 90% confidence interval are indicated. 

 1  2 

[Fe(bpy)2(CN)2] 23±1.6 ps 650±25 ps (MC) 

[Fe(bpy)2(BCF)2] <100 fs 67±2 ps (MC) 

[Fe(bpy)(CN)4]2 / 18 ps (MLCT)[226] 

[Fe(bpy)(BCF)4] 2 0.8±0.1 ps 28±3 ps (MC) 
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Photostability Measurements 

The photostability of the four compounds [Fe(bpy)2(CN)2], [Fe(bpy)2(BCF)2], 

(PPN)2[Fe(bpy)(CN)4] and (PPN)2[Fe(bpy)(BCF)4 was investigated by irradiating CH3CN 

solutions of the individual complexes with a 447 nm continuous wave (cw) laser, similar 

to a recently published procedure.[44] The temperature was kept constant at 20 °C and the 

absorbance was adjusted to roughly 0.1 at the excitation wavelength (447 nm), which 

ensured that the same amount of photons was absorbed in each measurement. The 

power output of the cw laser is 1.1 W. Taking the absorption of 0.1 into account, which 

leads to 21 % of the photons emitted by the cw-laser to be absorbed by the solution, the 

absolute number of absorbed photons in 1 hour was calculated and amounts to 2.85 

mmol/h (in the limit of constant absorbance at the excitation wavelength). UV-Vis spectra 

were recorded after different time intervals for all four complexes and the changes in 

absorbance upon irradiation are presented in Figure SIII.51 to Figure SIII.54. Using the 

Lambert-Beer law, the change in absorbance was converted to change in concentration. 

Tracking of the MLCT absorption bands of the complexes at their respective maximum 

(Table SIII.3) gave the data shown in Figure SIII.55 to Figure SIII.58. Both the cyanido as 

well as the isocyanoborato complexes exhibit two MLCT bands. In order to track the 

absorption at comparable wavelengths, the high-energy MLCT band was tracked in the 

cases of [Fe(bpy)2(CN)2] and (PPN)2[Fe(bpy)(CN)4] whereas the low-energy MLCT-band 

was tracked for [Fe(bpy)2(BCF)2] and (PPN)2[Fe(bpy)(BCF)4]. The data were subjected to a 

linear fitting procedure and from the slope of the fit, the change in concentration per hour 

was obtained. The volume of the cuvette was 4.28 mL, which allowed for the calculation 

of the absolute number of decomposed molecules per hour (Table SIII.3) from the change 

in concentration. Dividing the absolute number of decomposed complex molecules per 

hour by the number of absorbed photons per hour calculated above (2.85 mmol/h) gave 

the photodegradation quantum yield (Φdegr). 
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Table SIII.3. Values for the Determination of the Photodegradation Quantum Yield (Φdegr). 

 max, abs, 

MLCT 

/ nm 

Initial 

conc. / 

μM 

c 

/ mol ∙ h1 

# Decomposed 

molecules 

per hour / nmol h1 

degr 

/ % 

[Fe(bpy)2(CN)2] 389[a] 35 5.8 ∙ 107 2.5 8.8 ∙ 105 

[Fe(bpy)2(BCF)2] 482[b] 18 9.7 ∙ 108 0.42 1.5 ∙ 105 

(PPN)2[Fe(bpy)(CN)4] 428[a] 44 3.3 ∙ 105 141 4.9 ∙ 103 

(PPN)2[Fe(bpy)(BCF)4] 414[b] 69 3.3 ∙ 107 1.4 4.9 ∙ 105 

a High-energy MLCT band 

b Low-energy MLCT band  

Assuming that our photostability experiments occur in a regime, in which photostationary 

populations of the relevant electronically excited states are established, the following 

considerations become relevant. The photodegradation quantum yield (degr) can be 

expressed in the following relationship of rate constants (eq. SIII.2): 

Φ𝑝 =
𝑘𝑝

𝑘𝑛𝑟+𝑘𝑝+𝑘𝑟
= 𝑘𝑝       (eq. SIII.2) 

In equation SIII.2, kp stands for the rate constant associated with the photodegradation 

process, knr is the rate constant for nonradiative relaxation to the electronic ground state, 

and kr is the rate constant for radiative relaxation. Since all four investigated compounds 

are non-emissive, kr is negligible in comparison to knr and a value of 0 s-1 is therefore simply 

assumed in each case. Using equation SIII.2 and the degr values from Table SIII.3, one 

obtains the kp values in Table SIII.4 for the individual complexes. 

Table SIII.4. Photodegradation quantum yields (Φdegr), excited state lifetimes (),[a] and rate constants (kp) for 
photodegradation. 

 degr   / s kp / s-1 

[Fe(bpy)2(CN)2] 8.8 ∙ 107 65010-12 1.35103 

[Fe(bpy)2(BCF)2] 1.5 ∙ 107 6710-12 2.24103 

(PPN)2[Fe(bpy)(CN)4] 4.9 ∙ 105 1810-12 2.72106 

(PPN)2[Fe(bpy)(BCF)4] 4.9 ∙ 107 2810-12 1.75104 

a 2 values from Table SIII.2 

From the kp values in Table SIII.4 we learn that the photodegradation rate constants of 

[Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] differ only by a factor of 1.65, which is small in 

comparison to the experimental uncertainties. Consequently, it seems reasonable to 
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conclude that these two compounds photodegrade with roughly the same rate constants. 

The kp values for (PPN)2[Fe(bpy)(CN)4] and (PPN)2[Fe(bpy)(BCF)4] differ by a factor of 150.  

Importantly, under the exclusion of light, no degradation of the complexes could be 

observed. 

 

 

Figure SIII.51. UV-Vis spectra of [Fe(bpy)2(CN)2] in dry, N2-saturated CH3CN after irradiation with a 447 nm cw laser 
after different irradiation times (see inset). The temperature was kept constant at 20 °C. The asterisk marks stray 
light from the 447 nm cw-laser. 

 

Figure SIII.52. UV-Vis spectra of (PPN)2[Fe(bpy)(CN)4] in dry, N2-saturated CH3CN after irradiation with a 447 nm cw 
laser after different irradiation times (see inset). The temperature was kept constant at 20 °C. The asterisk marks 
stray light from the 447 nm cw-laser. 
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Figure SIII.53. UV-Vis spectra of [Fe(bpy)2(BCF)2] in dry, N2-saturated CH3CN after irradiation with a 447 nm cw laser 
after different irradiation times (see inset). The temperature was kept constant at 20 °C. The asterisk marks stray 
light from the 447 nm cw-laser. 

 

Figure SIII.54. UV-Vis spectra of (PPN)2[Fe(bpy)(BCF)4] in dry, N2-saturated CH3CN after irradiation with a 447 nm cw 
laser after different irradiation times (see inset). The temperature was kept constant at 20 °C. The asterisk marks 
stray light from the 447 nm cw-laser. 
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Figure SIII.55. Change in concentration (c) as a function of time of a [Fe(bpy)2(CN)2] solution in dry, N2-saturated 
CH3CN upon irradiation with a 447 nm cw-laser at 20 °C. 

 

Figure SIII.56. Change in concentration (c) as a function of time of a (PPN)2[Fe(bpy)(CN)4] solution in dry, N2-
saturated CH3CN upon irradiation with a 447 nm cw-laser at 20 °C. 
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Figure SIII.57. Change in concentration (c) as a function of time of a [Fe(bpy)2(BCF)2] solution in dry, N2-saturated 
CH3CN upon irradiation with a 447 nm cw-laser at 20 °C. 

 

Figure SIII.58. Change in concentration (c) as a function of time of a (PPN)2[Fe(bpy)(BCF)4] solution in dry, N2-
saturated CH3CN upon irradiation with a 447 nm cw-laser at 20 °C. 
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General Experimental Details 

Materials and Methods 

All chemicals for the synthesis of terph(S2)2 as well as 1,3,5-trimethoxybenzene and 

tetrakis(dimethylamino)ethylene (TDAE) for the photochemical reactions were obtained 

from commercial suppliers in high purity and were used without further purification. 

(nBu4N)(PF6) was purchased in electrochemical grade and dried for 48 h in vacuum at 

100 °C. 

1,4-Dibromo-2,5-dimethoxybenzene was synthesized according to a literature 

procedure.[477] 

Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. NMR 

spectra were recorded on Bruker Avance III instruments operating either at 400, 500 or 

600 MHz proton frequency. All chemical shifts are reported in δ values in ppm referred to 

protons of the residual non-perdeuterated solvent used or its carbon atoms, 

respectively.[487] To describe the signals and their coupling patterns, the following 

abbreviations are used: s (singlet), d (doublet), dd (doublet of doublets), ddd (doublet of 

doublets of doublets), dt (doublet of triplets), t (triplet), m (multiplet). All coupling 

constants J are stated in Hertz (Hz). 

Elemental analysis was performed by Ms. Sylvie Mittelheisser (University of Basel, 

Department of Chemistry) with a Vario Micro Cube instrument from Elementar. 

High resolution ESI-MS analysis was performed by Dr. Michael Pfeffer (University of Basel, 

Department of Chemistry) on a Bruker maXis 4G QTOF mass spectrometer coupled with a 

Thermo Fischer UPLC instrument. For all mass spectra, small quantities of a 0.1 M Ag(NO3) 

solution in CH3CN were added in order to detect the Ag+-adducts of the respective 

analytes. 

Electrochemical measurements were performed in a nitrogen-filled glovebox with dry 

solvents. All cyclic voltammetry (CV) measurements were conducted with a glassy carbon 

(GC) working electrode, a platinum wire counter electrode, a silver wire as pseudo 

reference electrode and 0.2 M (nBu4N)(PF6) as electrolyte. All data were referenced 

internally vs Fc+/0. All CV measurements were conducted with a Gamry Reference 600 

potentiostat. iR compensation was performed by the positive feedback method, which is 

implemented in the PHE200 software of Gamry.  

In the controlled-potential coulometry-experiments, the counter electrode was separated 

from the bulk solution by a sample holder with a porous glass frit. A 3 mm glassy carbon 

rod was used as working electrode, and a Pt spiral electrode as counter electrode. 
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Coulometry experiments for the determination of the number of transferred electrons 

were conducted in a nitrogen-filled glovebox with the Gamry Reference 600 potentiostat.  

Coulometry experiments for UV-Vis spectroscopy were performed in an Argon-filled 

glovebox. To apply and control the voltage, a Versastat3-200 potentiostat from Princeton 

Applied Research was used. The electrode setup was identical to that described above. 

All optical spectroscopic experiments were carried out at 293 K. Steady-state UV-Vis 

absorption spectra were recorded using a Cary 5000 spectrophotometer (Varian). 

Photochemical experiments were performed in sealed NMR tubes at room temperature. 

As light source, a Kessil LED lamp with 440 nm and a power output of 40 W was employed. 
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Synthesis 

2,2',3'',5'-tetramethoxy-1,1':4',1''-terphenyl (3) 

 

1,4-Dibromo-2,5-dimethoxybenzene[477] (6.12 g, 20.7 mmol, 1.0 eq.) and o-

methoxyphenylboronic acid (6.79 g, 44.7 mmol, 2.2 eq.) were dissolved in a mixture of 

toluene (180 mL) and ethanol (120 mL). Aq. Na2CO3 solution (1 M, 100 mL) was added and 

the suspension was degassed by bubbling N2 through it for 30 min. Pd(PPh3)4 (2.82 g, 

2.44 mmol, 0.12 eq.) was added and the mixture was heated to 90 °C for 16 h. The 

solution was allowed to cool to room temperature, the phases were separated and the 

aqueous phase was extracted with CH2Cl2 (3 × 50 mL). The combined organic phases were 

dried over anhydrous Na2SO4, filtered and the solvents were removed under reduced 

pressure. The crude product was purified by flash column chromatography (SiO2, 

pentane/EtOAc 6:1  1:1  CH2Cl2) and subsequent recrystallization from EtOAc (40 mL) 

to yield the product (6.26 g, 17.9 mmol, 88 %) as a yellow solid.  

1H-NMR (400 MHz, CDCl3): δ 7.39 – 7.33 (m, 4H), 7.08 – 7.00 (m, 4H), 6.93 (s, 2H), 3.84 (s, 

6H), 3.74 (s, 6H). 

13C-NMR (101 MHz, CDCl3): δ 157.2, 151.0, 131.8, 128.8, 127.9, 127.5, 120.5, 115.4, 111.3, 

56.7, 55.9. 
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[1,1':4',1''-terphenyl]-2,2',3'',5'-tetraol (4) 

 

3 (5.81 g, 16.6 mmol, 1.0 eq.) was dissolved in dry CH2Cl2 (95 mL). The mixture was cooled 

to 78 °C and BBr3 (7.03 mL, 73.0 mmol, 4.4 eq.) was added slowly. The cooling bath was 

removed and the solution was stirred at room temperature for 4h. Water (100 mL) was 

added at 0 °C and the resulting precipitate was filtered off and washed with water (3 × 

25 mL) and CH2Cl2 (3 × 25 mL) to yield the product (4.67 g, 15.9 mmol, 96 %) as a red solid. 

1H NMR (400 MHz, acetone-d6): δ 7.34 (dd, J = 7.6, 1.7 Hz, 2H), 7.25 (ddd, J = 8.1, 7.3, 1.7 

Hz, 2H), 7.06 – 6.98 (m, 4H), 6.96 (s, 2H). 

13C NMR (101 MHz, acetone-d6): δ 154.8, 148.2, 132.3, 129.7, 127.5, 126.8, 121.4, 120.0, 

117.6. 
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O,O',O'',O'''-([1,1':4',1''-terphenyl]-2,2',2'',5'-tetrayl)tetrakis (dimethylcarbamothioate) (5) 

 

4 (1.07 g, 3.64 mmol, 1.0 eq.) was dissolved in dry 1,4-dioxane (100 mL). 

Dimethylaminopyridine (224 mg, 1.84 mmol, 0.50 eq.), dimethylthiocarbamoyl chloride 

(2.71 g, 21.8 mmol, 6.0 eq.) and triethylamine (5.1 mL, 36.8 mmol, 10 eq.) were added 

and the mixture was heated to 100 °C for 46 h. The resulting precipitate was filtered off, 

washed with 1,4-dioxane (20 mL) and the filtrate was concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (SiO2, 

CH2Cl2/EtOAc 1:0  9:1) and subsequent recrystallization from EtOAc (70 mL) to yield the 

product (550 mg, 856 μmol, 24 %) as an off-white solid. 

1H NMR (400 MHz, CD2Cl2): δ 7.46 (dd, J = 7.6, 1.8 Hz, 2H), 7.39 (ddd, J = 8.1, 7.6, 1.8 Hz, 

2H), 7.26 (ddd, J = 7.6, 7.6, 1.2 Hz, 2H), 7.24 (s, 2H), 7.17 (dd, J = 8.1, 1.2 Hz, 2H), 3.30 (s, 

6H), 3.22 (s, 6H), 3.13 (s, 6H), 3.03 (s, 6H). 

13C NMR (101 MHz, CD2Cl2): δ 187.3, 187.2, 151.8, 148.8, 131.6, 131.3, 130.2, 128.9, 126.5, 

125.5, 124.9, 43.5, 43.3, 39.2, 38.7. 
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S,S',S'',S'''-([1,1':4',1''-terphenyl]-2,2',2'',5'-tetrayl) tetrakis(dimethylcarbamothioate) (6) 

 

5 (250 mg, 389 μmol, 1.0 eq.) was suspended in tetradecane (10 mL) in a 10 mL 

microwave tube. The mixture was heated to 260 °C in a heating block, upon which 

complete dissolution occurred. The resulting solution was stirred at 260 °C for 5 h. After 

allowing it to cool to room temperature, the crude mixture was loaded on silica and 

objected to flash column chromatography (SiO2, pentane/EtOAc 1:0 -> 1:4) to yield the 

product (198 mg, 308 μmol, 79 %) as a white solid. 

1H NMR (400 MHz, CDCl3): δ 7.68 – 7.60 (m, 2H), 7.55 – 7.50 (d, J = 4.3 Hz, 2H), 7.46 – 7.34 

(m, 6H), 2.94 (s, 12H), 2.87 – 2.83 (s, 12H). 

13C NMR (101 MHz, CDCl3) δ 166.8, 166.8, 165.8, 165.7, 144.9, 144.74, 144.71, 144.68, 

138.7, 138.6, 137.3, 137.2, 131.2, 131.1, 129.5, 129.5, 129.0, 128.9, 128.8, 128.7, 128.3, 

128.3, 37.1 (broad). 
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[1,1':4',1''-terphenyl]-bis[2,2',2'',5']-disulfide (terph(S2)2) 

 

 

 

 

6 (119 mg, 185 μmol, 1.0 eq.) was dissolved in THF (50 mL) and cooled to 0 °C. LiAlH4 

(1.0 M in THF, 2.2 mL, 2.2 mmol, 12 eq.) was added slowly before heating the reaction 

mixture to 80 °C for 6 h. THF (20 mL) was added, the solution was cooled to 0 °C and water 

(10 mL) was added. The pH was adjusted to 7 with aq. HCl solution (2.0 M, 2.0 mL) and 

the mixture was extracted with CH2Cl2 (3 × 25 mL). The combined organic phases were 

washed with water (50 mL) and brine (50 mL), dried over anhydrous Na2SO4, filtered and 

the solvents were removed under reduced pressure. The resulting off-white solid was 

redissolved in THF (30 mL) and I2 was added until no further color change was observed 

and the solution stayed brown. After stirring for 40 min., water (10 mL) and sodium 

ascorbate (50 mg) were added and the yellow solution was extracted with CH2Cl2 

(3 × 25 mL). The combined organic phases were washed with brine (50 mL), dried over 

anhydrous Na2SO4, filtered and the solvent was removed under reduced pressure. The 

crude product was purified by size-exclusion chromatography (BioRad, S-X3) to yield the 

product (37.4 mg, 105 μmol, 57 %) as a yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.83 (s, 2H, H3’), 7.73 (d, J = 7.7 Hz, 2H, H6), 7.53 (dd, J = 7.7, 

1.4 Hz, 2H, H3), 7.41 (ddd, J = 7.7, 7.6, 1.4 Hz, 2H, H5), 7.32 (ddd, J = 7.7, 7.6, 1.4 Hz, 2H, 

H4). 

13C NMR (151 MHz, CD2Cl2) δ 137.6 (C1'), 137.3 (C1), 136.8 (C2'), 136.3 (C2), 129.5 (C3), 

129.3 (C5), 129.0 (C4), 128.3 (C3' and C6). 

Elemental analysis calcd. for C18H10S4  1.35 C4H8O (THF)  0.5 H20: C: 60.98%, H: 4.77 %, N: 

0%. Found: C: 61.10%, H: 4.68%, N: 0%. 

ESI-HRMS (m/z): calcd. for [C36H20S8Ag]+ [2M+Ag]+ : 814.8376 ; found: 814.8388. 
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NMR Spectra of the Synthesized Compounds 

 

Figure SIV.1. 1H NMR spectrum of 3 in CDCl3 at 293 K. 

 

Figure SIV.2. 13C NMR spectrum of 3 in CDCl3 at 293 K. 
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Figure SIV.3. 1H NMR spectrum of 4 in acetone-d6 at 293 K. 

 

Figure SIV.4. 13C NMR spectrum of 4 in acetone-d6 at 293 K. 
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Figure SIV.5. 1H NMR spectrum of 5 in CD2Cl2 at 293 K. 

 

Figure SIV.6. 13C NMR spectrum of 5 in CD2Cl2 at 293 K. 
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Figure SIV.7. 1H NMR spectrum of 6 in CDCl3 at 293 K. 

 

Figure SIV.8. 13C NMR spectrum of 6 in CDCl3 at 293 K. 
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Figure SIV.9. 1H NMR spectrum of terph(S2)2 in CDCl3 at 293 K. The inset contains the aromatic region of the same 
NMR spectrum on an expanded x-axis. 

 

Figure SIV.10. 13C-NMR spectrum of terph(S2)2 in CD2Cl2 at 293 K. 
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Figure SIV.11. 1H-1H NOESY NMR spectrum of terph(S2)2 in CD2Cl2 at 298 K. 

 

Figure SIV.12. 1H-1H COSY NMR spectrum of terph(S2)2 in CD2Cl2 at 298 K. 
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Figure SIV.13. 1H-13C HMBC NMR spectrum of terph(S2)2 in CD2Cl2 at 298 K. 

 

Figure SIV.14. 1H-13C HSQC NMR spectrum of terph(S2)2 in CD2Cl2 at 298 K. 
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High-resolution ESI Mass Spectrum of terph(S2)2 

 

Figure SIV.15. Experimental high-resolution ESI mass spectrum of (C18H10S4)2 ∙ Ag+ (top) in comparison to the 
calculated spectrum (bottom). 
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Electrochemical Measurements 

 

Figure SIV.16. Cyclic voltammograms of 1.0 mM terph(S2)2 with different scan rates in dry, N2-saturated THF with 
0.2 M (nBu4N)(PF6) as supporting electrolyte at room temperature. 
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Controlled-Potential Coulometry 

Controlled-potential coulometry experiments were performed in a glovebox under N2 

atmosphere. A glassy carbon rod was employed as working electrode, a platinum wire 

served as counter electrode and a silver wire, which was separated from the analyte 

solution by a sample holder, was used as the pseudo reference electrode.  

For the first measurement (reduction 1 in Table SIV.1), a potential of 1.5 V vs the silver 

wire was applied to 3 mL of a 2.0 mM THF solution of terph(S2)2. The measurement was 

stopped after the current decreased to 5 % of the initial value (t5% = 108 min). By 

employing eq. 1, the number of transferred electrons (z) was calculated. 

𝑧 =
𝑄

𝑛∙𝐹
           (eq. 1) 

In equation S1, Q is the transferred charge in units of Coulomb, n is the amount of 

substance in solution (5.93 mol) and F is Faraday’s constant. 

Subsequently, the applied voltage was decreased to 2.0 V vs the silver wire (reduction 2 

in Table SIV.1), and the same procedure as for reduction 1 was repeated. 

Table SIV.1. Experimental parameters and obtained values from the controlled-potential coulometry. 

 reduction 1 reduction 2 

E vs Ag-wire 1.5 V 2.0 V 

t5% / min. 108 140 

Charge / C 1.2 1.2 

transferred electrons 2 2 
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Spectroelectrochemistry 

For the spectroelectrochemistry measurements presented in Figure 4 of the manuscript, 

terph(S2)2 (180 μg) and (nBu4N)(PF6) (774 mg) were dissolved in dry, degassed THF (10 mL) 

in an argon-filled glovebox. The resulting solution was distributed equally into 3 vials. The 

first solution was electrolyzed at a potential between the two reductive waves using the 

electrode setup described on the previous page, leading to the formation of terph(S2)2
2. 

The second solution was electrolyzed at a potential more negative than the second 

reduction wave, leading to the formation of the fourfold-reduced terph(S2)2
4. In both 

measurements, the electrolysis was stopped after the current decreased to 5 % of the 

respective initial value. After the electrolysis, the solutions were transferred into quartz 

cuvettes, sealed with rubber septa and UV-Vis spectra were recorded outside of the 

glovebox. The third solution served as a reference.  
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Digital Simulations of the CV Data 

CV data covering only the first as well as both the first and the second reduction waves of 

terph(S2)2 were simulated with the parameters given in Table 7.1.1 of the main paper 

using the model in Scheme SIV.1. The diffusion coefficient for all species was set to 6.3 × 

10–6 cm2 s–1. kc is the rate constant for a chemical process as described in the main paper. 

 

Scheme SIV.1. Model for the simulation of the four successive reductions (n = 1 – 4) of terph(S2)2. 

 

Figure SIV.17. Cyclic voltammograms of 1.0 mM terph(S2)2 recorded in a potential window from 2.2 to 0.0 V in dry, 
N2-saturated THF at rt in the presence of 0.2 M (nBu4N)(PF6) as supporting electrolyte. Black lines: experimental data; 
red dashed lines: simulations with the parameters for the first two electron transfer events (n=1 and n=2) presented 
in Table 7.1.1 in the manuscript.  
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Figure SIV.18. Cyclic voltammograms of 1.0 mM terph(S2)2 recorded in a potential window from 2.8 to 0.0 V in dry, 
N2-saturated THF at rt in the presence of 0.2 M (nBu4N)(PF6) as supporting electrolyte with different scan rates. Black 
lines: experimental data; red dashed lines: simulations with the parameter values (n=1 to n=4) presented in Table 
7.1.1 in the main paper. 
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Photochemical Synthesis Procedures 

Procedure 1: terph(S)(S2) 

 

 

 

 

Terph(S2)2 (0.7 mg, 2.0 mol) and tetrakis(dimethylamino)ethylene (2.3 l, 10 mol, 5 eq.) 

were dissolved in dry and degassed C6D6 (0.6 mL) under inert atmosphere in an Argon-

filled glovebox. The solution was transferred to an NMR tube, which was sealed with a 

septum and irradiated with a Kessil LED lamp (440 nm) outside the glovebox at room 

temperature for 24 hours. 

1H-NMR spectra were recorded after different time intervals and are displayed in Figure 

SIV.19. 

Subsequently, the reaction mixture was exposed to air and the solvent was removed 

under reduced pressure. The residue was redissolved in CD2Cl2 and NMR spectra of the 

resulting solution were recorded and are shown in Figure 7.1.5 in the main paper, Figure 

SIV.20 (1H NMR) and Figure SIV.21 (1H-1H NOESY NMR). Even though the product was not 

purified, 2D-NMR spectroscopy allowed the assignment of all protons. Furthermore, a 

high-resolution mass spectrum was recorded and is displayed in Figure SIV.29. 

1H NMR (500 MHz, CD2Cl2) δ 8.33 (s, 1H, H6'), 8.21 (s, 1H, H3'), 8.20 – 8.14 (m, 1H, H6), 

7.96 – 7.88 (m, 1H, H3), 7.84 (dd, J = 7.8, 1.4 Hz, 1H, H6''), 7.58 (dd, J = 7.7, 1.4 Hz, 1H, 

H3''), 7.55 – 7.50 (m, 2H, H4, H5), 7.46 (td, J = 7.6, 1.4 Hz, 1H, H5''), 7.34 (td, J = 7.5, 1.4 

Hz, 1H, H4''). 

ESI-HRMS (m/z): calcd. for [C36H20S6Ag]+ [2M+Ag]+ : 752.8935 ; found: 752.8934. 
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Procedure 2: terph(S)(S)2 

Terph(S2)2 (0.7 mg, 2.0 μmol) and tetrakis (dimethylamino)ethylene (TDAE, 6.9 μl, 30 

μmol, 15 eq.) were dissolved in dry and degassed C6D6 (0.6 mL) under an inert atmosphere 

in an Argon-filled glovebox. The solution was transferred to an NMR tube, which was 

sealed with a septum and irradiated with a Kessil LED lamp (440 nm) outside the glovebox 

at room temperature for 43 hours. 

A 1H-NMR spectrum was recorded after a reaction time of 43 hours, and is displayed in 

Figure SIV.22b. 

Subsequently, the reaction mixture was exposed to air and the solvent was removed 

under reduced pressure. The residue was redissolved in C6D6 and a 1H-NMR spectrum of 

the resulting solution was recorded and is shown in Figure SIV.22c. Due to the air-sensitive 

nature of terph(S)(S)2, this spectrum shows the signals of its two-electron oxidized 

disulfide form terph(S)(S2). 

Procedure 3: terph(S)(SBu)2 

Terph(S2)2 (0.7 mg, 2.0 μmol), 1,3,5-trimethoxybenzene (0.7 mg, 4.2 μmol) and tetrakis 

(dimethylamino)ethylene (6.9 μl, 30 μmol, 15 eq.) were dissolved in dry and degassed 

C6D6 (0.6 mL) under an inert atmosphere in an Argon-filled glovebox. The solution was 

transferred to an NMR tube, which was sealed with a septum and irradiated with a Kessil 

LED lamp (440 nm) outside the glovebox at room temperature for 45 hours. 1H NMR 

spectra were recorded after different time intervals and are displayed in Figure SIV.23. 

Subsequently, 1-bromobutane (1.4 μl, 13.0 μmol, 7 eq., degassed by three freeze-pump-

thaw cycles) was added and the mixture was heated to 40 °C for 28 hours. This gave the 
1H NMR spectrum shown in Figure SIV.24c, where integration of the singlet at 8.19 ppm 

gave an NMR-yield of 62 % for terph(S)(SBu)2 with respect to the internal standard 1,3,5-

trimethoxybenzene. 

The reaction mixture was exposed to air and the solvent was removed under reduced 

pressure. The residue was purified by preparative TLC (SiO2, pentane/EtOAc 10:1) to 

obtain the NMR spectra shown in Figure 5d in the main paper, Figure SIV.25 (1H) and 

Figure SIV.26 (1H-1H NOESY) as well as the HRMS spectrum shown in Figure SIV.30. 

ESI-HRMS (m/z): calcd. for [C26H28S3Ag]+ [M+Ag]+ : 543.0399 ; found: 543.0394. 
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Yields of the Different Photoreduction Products 

Following procedure 3, 1H-NMR spectra of the reaction mixture were recorded after 

different time intervals and a selection of representative spectra including the assignment 

of the individual resonances to the different reaction products as well as the starting 

material are displayed in Figure SIV.23. For Figure 7.1.6 in the main paper, the 1H NMR 

resonances (singlets) of the 3' or 6' protons of the different observed species were 

integrated and normalized with respect to the internal standard 1,3,5-

trimethoxybenzene.  

Table SIV.2. Yields of the different photoreduction products in the reaction mixture after different time intervals, 
prepared following procedure 3. The chemical shifts in the first row indicate the 1H resonances, which were integrated 
for the determination of the yields of the respective species. Yields are reported with respect to the internal standard 
1,3,5-trimethoxybenzene. 

 terph(S2)2 

= 7.41 ppm 

terph(S)(S2)2 

= 7.92 ppm 

terph(S)(S)2 

= 8.47 ppm 

0 h 100 % 0 % 0 % 

3 h 51 % 26 % 0 % 

6 h 30 % 52 % 0 % 

9 h 6 % 68 % 4 % 

12 h 0 % 58 % 16 % 

24 h 0 % 14 % 44 % 

30 h 0 % 10 % 56 % 

35 h 0 % 4 % 60 % 

45 h 0 % 1 % 62 % 
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NMR Spectra Photochemical Reductions 

 

Figure SIV.19. Photochemical reduction of terph(S2)2 with 5 eq. TDAE in argon-saturated C6D6 upon blue light 
irradiation applying the conditions described in procedure 1. Shown are the 1H NMR spectra before the irradiation 
(top spectrum) and after different irradiation times (other spectra). 
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Figure SIV.20. 1H NMR spectrum of terph(S)(S2) in CD2Cl2 at 293 K obtained by photochemical reduction of terph(S2)2 
with 5 eq. TDAE applying the conditions described in procedure 1. The inset contains the aromatic region of the same 
NMR spectrum on an expanded x-axis. 

 

Figure SIV.21. 1H-1H NOESY NMR spectrum of terph(S)(S2) in CD2Cl2 at 293 K obtained by photochemical reduction of 
terph(S2)2 with 5 eq. TDAE applying the conditions described in procedure 1. The inset contains the aromatic region 
of the same NMR spectrum on expanded axes. 
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Figure SIV.22. Aromatic regions of the 1H NMR spectra of terph(S)(S)2 (a), terph(S)(S)2 (b) and terph(S)(S)2 (c) in dry, 
deaerated C6D6 at 293 K. The respective compounds were obtained by photochemical reduction of terph(S2)2 with 
TDAE upon blue light irradiation applying the conditions described in procedure 1 (a) or procedure 2 (b and c). 

 

Figure SIV.23. Photochemical reduction of terph(S2)2 with 15 eq. TDAE in argon-saturated C6D6 upon blue light 
irradiation applying the conditions described in procedure 3. Shown are the 1H NMR spectra before the irradiation 
(top spectrum) and after different irradiation times (other spectra). 
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Figure SIV.24. Aromatic regions of the 1H NMR spectra of terph(S)(S)2 (a), terph(S)(S)2 (b) and terph(S)(SBu)2 (c) in 
dry, deaerated C6D6 at 293 K. The respective compounds were obtained by photochemical reduction of terph(S2)2 
with TDAE upon blue light irradiation applying the conditions described in procedure 1 (a) or procedure 3 (b and c).  

 

Figure SIV.25. 1H NMR spectrum of terph(S)(SBu)2 in CD2Cl2 at 293 K. The inset contains the aromatic region of the 
same NMR spectrum on an expanded x-axis. 
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Figure SIV.26. 1H-1H NOESY NMR spectrum of terph(S)(SBu)2 in CD2Cl2 at 293 K. 

 

Figure SIV.27. Aromatic region of the 1H NMR spectra of terph(S2)2 in dry, deaerated C6D6 at 293 K in the presence of 
15 eq. TDAE after being stored in the dark for the times indicated in the individual spectra. This series of spectra 
demonstrates that no significant reaction occurs without light irradiation. 
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Figure SIV.28. Aromatic region of the 1H NMR spectra of terph(S2)2 in dry, deaerated C6D6 at 293 K in the absence of 
TDAE after blue light irradiation for the times indicated in the individual spectra. This series of spectra shows that 
TDAE is indispensable for the light-driven reduction reaction. 
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High-resolution ESI Mass Spectra of the Photoreduction 
Products 

 

Figure SIV.29. Experimental high-resolution ESI mass spectrum of (C18H10S3)2 ∙ Ag+ (top) in comparison to the 
calculated spectrum (bottom). 

 

Figure SIV.30. Experimental high-resolution ESI mass spectrum of C26H28S3 ∙ Ag+ (top) in comparison to the calculated 
spectrum (bottom). 
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