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Abstract 
Exploiting the ability of visible light to enable new chemical transformations has emerged as 

an important method in chemistry in recent years since it provides a more sustainable and 

mild alternative to many thermal processes.[1–3]  

To expand the scope of traditional photocatalysis, combining the light-dependent cycle with 

a second, co-catalytic cycle has proven to be extremely valuable.[4,5] Among the many 

synergistic strategies, merging photocatalysis with transition metal catalysis has gained 

particular interest since the activation of the organometallic catalyst via energy or electron 

transfer enables completely new reactivities.[6] In this thesis, two different approaches for the 

merger of photocatalysis with metal hydride chemistry are investigated in order to enable new 

light-dependent reactions. 

In the first project (Chapter 3), the two catalytic reactivities are merged within one single-

component dual photocatalyst. The investigated iridium hydrides are photoactive[7,8] and can 

therefore take over the function of the chromophore as well as the metal hydride. While the 

photohydride[9,10] or photoacid[11] behavior of iridium hydrides has been reported previously, 

Chapter 3 focuses on their ability to activate olefins via photoinduced hydrogen atom transfer 

(photo-HAT). The key to this new reactivity is the weak IrII-H bond (ca. 44 kcal . mol-1),[12] which 

is formed upon reductive quenching of the triplet-excited Ir(III) hydride in presence of 

triethylamine. The typical HAT reactivity was observed for a series of 12 different substrates 

and the radical mechanism was further supported with a radical clock experiment.  

The second project (Chapter 4) provides mechanistic insight into the bimolecular processes 

that are at play when transition metal hydride chemistry is merged with photocatalysis in the 

context of nucleotide co-factor regeneration. For this purpose, four water-soluble variants of 

(fac)-[Ir(ppy)3] (ppyH = 2-phenylpyridine) were developed and characterized by steady-state 

and time-resolved spectroscopy as well as by cyclic voltammetry. Their excited-state reactivity 

was exploited for the photochemical regeneration of 1-benzyl-1,4-dihydronicotinamide  

(1,4-BNAH), a commonly employed nucleotide co-factor mimic. The bimolecular processes 

that govern this light-dependent transformation were analyzed based on the correlation 

between the efficiency of the reaction and the excited-state properties of the sensitizers. 

More mechanistic insight was gained by luminescence-quenching experiments and transient 

absorption spectroscopy.  

All in all, this thesis demonstrates how the synergy between photocatalysis and transition 

metal hydride chemistry can be utilized to enable new light-dependent reactivities and 

furthermore provides an insight into the bimolecular processes that govern the interplay 

between the two reactivities.  
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1 Perspective 
Two of the most crucial problems society is currently facing are climate change and a growing 

energy demand.[13] Both problems are closely interlinked with fossil fuels, which to date still 

provide around 80% of the world’s energy.[14] However, there are major problems associated 

with fossil fuels: Due to their finite and non-renewable nature, fossil fuels will at some point 

in the future no longer be readily accessible. In addition, the combustion of fossil fuels is 

accompanied by the formation of gases such as CO2, SO2 and NOx; all of which are responsible 

for anthropogenic climate change.[15–17] Thus, an environmentally friendly and renewable 

alternative energy source is highly desirable.  

Within one hour, the sun provides more energy to the earth than humankind consumes within 

a year.[16,18,19] Furthermore, this energy is non-polluting and in principle readily available. It is 

already possible to convert solar energy into electricity (solar cells) and thermal energy (solar 

heating). However, both strategies are based on secondary conversion of solar energy, which 

limits the efficiency of these devices.[18,20] Direct conversion of solar energy into chemical 

energy is thus highly desirable. With natural photosynthesis, nature provides a blueprint for 

this process. A substantial amount of research has been performed trying to mimic this natural 

system.[16,21,22] In this context, nucleotide co-factor regeneration has proven to be particularly 

important since it manages to combine a photocatalytic system with an enzymatic dark 

reaction, in analogy to natural photosynthesis.[23–25] Other important research fields in terms 

of solar energy conversion include water splitting[26,27] and CO2 reduction.[28,29] 

Using light as an energy input has not only gained a broad interest regarding solar energy 

conversion, but more recently, photocatalysis has emerged as an important new strategy in 

synthetic organic chemistry. Exploiting the excited-state reactivity of photocatalysts enables 

new chemical transformations, which would not be possible in the absence of light.[1,2,4] 

Photocatalysis provides a sustainable and mild alternative to traditional thermal methods, 

enabling reactions with high selectivities and a broad functional group tolerance. Especially in 

the field of radical chemistry, photocatalysis has gained a lot of attention since it allows the 

formation of open-shell intermediates under mild reaction conditions and without the need 

for radical initiators.[1,19,30]  

To expand the scope of traditional photocatalysis, combining the light-dependent reaction 

with a second co-catalytic cycle has proven to be particularly useful.[3–5] Among the various 

co-catalytic methods, combining photocatalysis with transition metal catalysis has gained 

specific relevance, since it allows new reactivities of organometallic species by activating them 

either via energy or electron transfer processes.[6,31,32] In this field, merging photocatalysis 

with transition metal hydride reactions is particularly interesting since transition metal 

hydride chemistry is extremely diverse due to the different possible cleavage modes of the 

metal─hydrogen bond.[33–36] 
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In the first project (Chapter 3), the ability of iridium hydrides to function both as the 

photocatalyst and as a hydrogen atom transfer catalyst is exploited to achieve a photoinduced 

hydrogen atom transfer (photo-HAT) from the metal center to unactivated olefins. This is 

relevant in the context of photocatalysis since the vast majority of photocatalytic 

transformations have been dominated by photoinduced electron transfer (PET) processes and 

as such are strongly dependent on the redox properties of both the photoredox catalyst and 

the substrate.[1–3,37–40] Photo-HAT is a promising alternative to PET reactions since it allows the 

activation of substrates regardless of their redox properties.[41,42] In analogy to PET with 

traditional photoredox catalysts, photo-HAT can in principle take place from either the excited 

state or on the ground-state potential surface. Despite its potential, photo-HAT is still 

underexplored in organic synthesis and the key step in the few examples of photo-HAT 

reactivity always involves hydrogen atom abstraction from an organic substrate by a 

photoexcited state.[43–47] Hence, this thesis complements these studies, as the contrary 

reaction, i.e., an overall photo-HAT from a metal complex to a closed-shell organic substrate 

resulting in the formation of a new C-H bond, is reported.  

Transition metal hydrides have a long-standing tradition as redox mediators in the (photo-) 

catalytic regeneration of nucleotide co-factors.[23,48,49] But even though various examples 

showcase photocatalytic 1,4-NADH formation by combining a photocatalyst with rhodium 

hydride chemistry,[50–52] the knowledge about the interplay between the two catalytic cycles 

is still limited. In the second project (Chapter 4) new insights into the photophysical 

mechanisms governing the visible-light driven formation of the rhodium hydride intermediate 

are gained. The basis of these studies is a set of newly developed water-soluble iridium 

sensitizers, whose excited-state properties can be used to disentangle the underlying reaction 

mechanisms.  
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2 Theoretical Background 

2.1 Main Principles for Photocatalysis 

2.1.1 The Excited State 

Photocatalysis exploits the difference in reactivity of a photocatalyst in its ground state 

compared to its excited state.[1,2,4] Upon photoexcitation of the photocatalyst, different 

radiative and non-radiative transitions are involved in the formation and the deactivation of 

an excited state. These processes can be summarized in a simplified Jablonski diagram (Figure 

1). [53–55]  

 
Figure 1: Jablonski diagram depicting absorptions and radiative transitions (solid arrows) as well as non-radiative transitions 
(dashed arrows) responsible for the formation and the deactivation of an excited state. The involved transitions include 

absorption (h), fluorescence (kf), phosphorescence (kp), internal conversion (IC), intersystem crossing (ISC), vibrational 
relaxation (vr) and non-radiative relaxation (knr).[53–55]  

Upon absorption of a photon (h), an electron is excited from the ground state of the molecule 

(S0) to a singlet-excited state (S1 or S2) in a spin-allowed transition. According to Kasha’s rule, 

luminescence occurs only from the lowest excited state of a certain multiplicity.[55] Hence, 

when the molecule is promoted into a higher excited state of a given multiplicity (e.g. S2), it 

undergoes rapid non-radiative decay via vibrational relaxation (vr,  

kvr ≈ 1012-1013 s-1)[55] and internal conversion (IC, kIC ≈ 106-1012 s-1)[55] to the lowest singlet-

excited state (S1).[53–55] From the S1-state, the electron can either deactivate to the ground 

state (S0) via radiative (fluorescence, kf) or non-radiative (knr) decay, or it can populate the 
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lowest triplet-excited state (T1) via intersystem crossing (ISC). This non-radiative process is 

spin-forbidden; however, in the presence of heavy atoms (such as iridium), intersystem 

crossing is facilitated due to their strong spin-orbit coupling.[56] From the T1 state, again 

radiative (phosphorescence, kp) and non-radiative (knr) deactivation to the ground state is 

possible. Since these processes are spin-forbidden, phosphorescence and non-radiative decay 

from the triplet-excited state are substantially slower compared to fluorescence and non-

radiative decay from the singlet-excited state.[53–55] As an example, the rate constant of 

phosphorescence (kp) is typically in the range of 103 to 106 s-1,[55] while radiative decay via 

fluorescence is significantly faster (kf ≈ 107-109 s-1).[55]  

2.1.2 Mechanisms in Photocatalysis 

If the lifetime of the formed excited state is sufficiently long (τ > 1 ns), the excited molecule is 

able to encounter a second molecule in solution in a diffusion-controlled process.[53] For cases 

in which the substrate and the photocatalyst preorganize in solution, even shorter lifetimes 

can be sufficient for successful photocatalysis.[57,58] Typically, photocatalytic reactions are 

based on electron transfer or energy transfer pathways.[1,2,53,59] Less frequently, photoexcited 

states are able to engage in photoinduced hydrogen atom transfer (photo-HAT) reactions.[60]  

Photoinduced Electron Transfer 

Photoinduced electron transfer (PET) processes in photocatalysis exploit that the formed 

photoexcited states are both more reducing (higher HOMO) and more oxidizing (lower LUMO) 

compared to the ground state (Figure 2).[2] 

 

Figure 2: Upon excitation with visible light, photoredox catalysts are both stronger oxidants and stronger reductants 
compared to their ground state. The relevant processes are exemplified for d6 metal complexes commonly employed in 
photoredox catalysis such as [Ru(bpy)3]2+ and (fac)-[Ir(ppy)3].[1,2] Reproduced from Ref. [1].  

The energy difference by which oxidation or reduction is facilitated in the excited state 

corresponds to the HOMO-LUMO gap of the photocatalyst. Thus, the excited-state redox 

potentials (E*
ox or E*

red)  of photoredox catalysts can be estimated from the ground-state redox 
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potentials (E0
ox or E0

red) and the HOMO-LUMO gap (E00) of the photocatalyst with the 

simplified Rehm-Weller equation (eq. 1 and 2), where e is the elementary charge.[61]  

E*ox = E0
ox ─ E00 / e                                 (1) 

E*red = E0
red + E00 / e                                 (2) 

In photocatalysis, two different pathways are usually distinguished for PET processes: after 

excitation with visible light, the excited photocatalyst (*PC) can either transfer an electron to 

the substrate or an electron acceptor (A) in an oxidative quenching pathway (Figure 3, left), 

or it can accept an electron from the substrate or a sacrificial electron donor (D) in a reductive 

quenching pathway (Figure 3, right). In both cases, the ground state (PC) needs to be 

regenerated in a second electron transfer step involving either the substrate or a sacrificial 

electron donor or acceptor, respectively.[2,3,38] 

 
Figure 3: Photoinduced electron transfer processes proceed via oxidative (left) or reductive (right) quenching pathways of 
the photoexcited state of a photocatalyst (PC). A = (sacrificial) electron acceptor; D = (sacrificial) electron donor.  

Depending on the overall change of redox state of the substrate, the photoredox reactions 

can be denoted as net oxidative, net reductive, and net redox neutral.[2,3,38] Photocatalytic 

processes that are based on PET are limited by the redox properties of the photocatalyst as 

well as the substrate. Recent research is eager to enable thermodynamically challenging 

electron transfer reactions for example by the development of new or modified 

photocatalysts with properties better suited for the respective reaction.[62–64] Alternative 

strategies such as two-photon processes[65–68] or merging photocatalysis with 

electrocatalysis[69–71] have been proven to be promising strategies to extend the intrinsic 

energetic limitation one visible photon can provide to the photocatalyst in a classical single 

photon photocatalytic cycle with sacrificial reagents. Alternatively, instead of modulating the 

photocatalyst and its mechanism, the redox properties of the substrate can be tuned; either 

by hydrogen bonding in proton-coupled electron transfer (PCET) reactions,[39,72,73] utilizing 

Lewis acid catalysis,[74,75] or by binding of the substrate to the active site of an enzyme.[76–78]  
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Triplet-Triplet Energy Transfer 

A different approach commonly employed in photocatalysis is based on triplet-triplet energy 

transfer (ttEnT). In this bimolecular process, the triplet-excited state energy of the 

photosensitizer is transferred to an acceptor (e.g., the substrate), resulting in the triplet-

excited acceptor and the photocatalyst in its ground state (Figure 4).[59] Photocatalytic ttEnT 

processes proceed via a Dexter energy transfer mechanism, where two electrons are 

simultaneously exchanged in the ground state and the excited state, respectively (Figure 4, 

right). Importantly, this mechanism enables the generation of excited states which would 

hardly or not at all be accessible by direct irradiation due to spin-selection rules. Hence, ttEnT 

is an important concept in photocatalysis since it allows access to the triplet-excited states of 

many organic substrates. These states, which are very hard to access via direct irradiation, are 

of great interest due to their versatile reactivities such as in cyclizations[79] or isomerization 

reactions.[80] More recently, ttEnT was applied for the sensitization of organometallic reaction 

intermediates.[32,81] In ttEnT processes, the oxidation states of the sensitizer and the acceptor 

do not change and are thus independent of the redox properties of the photocatalyst and the 

substrate. Instead, the triplet energy (ET) of the substrate and the photosensitizer governs 

whether energy transfer is feasible.[3,59]  

 

Figure 4: Triplet-triplet energy transfer (ttEnT) processes in photocatalytic reactions (left) are based on a Dexter energy 
transfer mechanism (right).[59] PC = photocatalyst; A = energy acceptor.  

Photoinduced Hydrogen Atom Transfer 

Photoinduced hydrogen atom transfer (photo-HAT) is a third, but vastly underexplored 

reaction mechanism that enables light-induced chemical transformations.[4,41] While the 

combination of HAT catalysis with photoredox catalysis is well established in terms of 

synergistic photocatalysis,[82–84] photo-HAT processes that directly involve the photocatalyst 

as hydrogen atom transfer (HAT) reagent are rare.[42,46,47,85]  

To this date, photo-HAT is based on the ability of certain photoexcited states (PC*) to abstract 

hydrogen atoms from an organic molecule (D-H in Figure 5).[43,45,60] H-atom abstraction from 

PC-H• by a radical intermediate (A•) regenerates the photocatalyst ground state (PC). Unlike 

electron and triplet-triplet energy transfer processes, which depend on the redox properties 

or the triplet energies of the photocatalyst and the substrate, the feasibility of a photo-HAT is 

governed by the bond strength of the cleaved D-H bond (i.e., the bond dissociation free energy 
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(BDFE) of the substrate) and the bond strength of the newly formed bond (BDFE(PC-H•) in the 

catalytic cycle depicted in Figure 5).[4,41]  

 

Figure 5: Photocatalytic processes based on photoinduced hydrogen atom transfer (photo-HAT) are to date largely limited to 
the ability of certain photoexcited states to abstract hydrogen atoms from the substrate.[41] PC = photocatalyst; D-H = closed-
shell hydrogen atom donor; A• = open-shell hydrogen atom acceptor.   

HAT reactivity is related to proton-coupled electron transfer (PCET), as HAT can be regarded 

as the concerted transfer of a proton and an electron from one donor to one acceptor.[86,87] 

Various examples are known for excited-state PCET reactivities; however, the observed PCET 

is usually limited to polar bonds (such as N-H or O-H) that are able to engage in hydrogen 

bonding and involves electron and proton transfer from different sites or even different 

molecules rather than from the same site such as in HAT reactions.[87–91]  

2.1.3 Photophysics and Photocatalysis of Cyclometalated Ir(III) Catalysts 

Due to their impressive photophysical properties, Ir(III) metal complexes have not only gained 

broad attention as photocatalysts in electron and energy transfer processes,[31,92–94] but are 

also applied in OLEDs,[95,96] water-splitting reactions,[97,98] as well as in bioimaging and 

biosensing and for photodynamic therapy.[99–102] Like the archetypal photoredox catalyst 

[Ru(bpy)3]2+ (bpy = 2,2’-bipyridine), Ir(III) complexes belong to the vast family of photoactive 

d6 metal complexes. While these complexes, derived from precious metals such as Ru(II) and 

Ir(III), are well-established,[56,103,104] more recent work has focused on developing photoactive 

d6-metal complexes that are more earth-abundant based on Mo(0),[62,105] Cr(0),[106] W(0),[107–

109] and Fe(II).[110,111]  

Compared to the Ru(II) diimine complexes, most cyclometalated Ir(III) complexes have longer 

excited-state lifetimes τ0 (1.9 µs for (fac)-[Ir(ppy)]3 vs 0.9 µs for [Ru(bpy)3]2+)[112,113] and higher 

luminescence quantum yields Φ (0.38 for (fac)-[Ir(ppy)]3 vs 0.06 for [Ru(bpy)3]2+).[113,114] 

Additional important characteristics of the photoactive Ir(III) complexes are their spectral 

tunability over the entire visible range of the electromagnetic spectrum and their high 

photostability.[56,112,114] (fac)-[Ir(ppy)3] (ppyH = 2-phenylpyridine, referred to as Irppy3 

hereafter) is the most prominent representative among the vast variety of homoleptic and 
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heteroleptic Ir(III) complexes (Figure 6, left).[114–116] While both geometric isomers are 

synthetically accessible, the (fac)-isomer is commonly employed in photocatalysis due to its 

more favorable photophysical properties.[112]  

The relevant photophysical characteristics of Irppy3 are summarized in the Latimer diagram in 

Figure 6. The homoleptic Ir(III) complex is a strong photoreductant, as evidenced by its 

strongly negative excited-state oxidation potential (E*ox = ─1.73 V vs SCE).[61] The excited-state 

reduction potential is only slightly positive (E*red = +0.31 V vs SCE),[61] which makes Irppy3 a 

less potent photooxidant compared to [Ru(bpy)3]2+ (E*red = +0.73 V vs SCE).[61] Since the 

triplet-excited state cannot be efficiently quenched by many commonly used organic electron 

donors,[117] most photoredox reactions involving Irppy3 are based on oxidative rather than 

reductive quenching.[92]  

 

Figure 6: Structure and Latimer-diagram of Irppy3 (ppyH = 2-phenylpyridine). Data was obtained for CH3CN and all potentials 
are given in V vs SCE.[61,114] 

The photophysical properties of Irppy3 are well-investigated,[112,118] and DFT calculations 

suggest that the HOMO is delocalized over the Ir-dπ and phenyl-π orbitals, while the LUMO is 

mostly centered on the heteroaromatic ring.[119] This knowledge can be used to tune the 

HOMO-LUMO gap E00 of Ir(III) complexes. In general, E00 is increased when either the HOMO 

is stabilized and/or the LUMO is destabilized resulting in a blue-shift of the emission and 

absorption (Figure 7A). In contrast, a smaller E00 and thus a red-shift in emission is obtained 

when the HOMO is destabilized and/or the LUMO is stabilized (Figure 7B). 

 

Figure 7: The HOMO-LUMO gap E00 of photocatalysts can be tuned by adjusting the HOMO and the LUMO levels of the 
complexes. 

In homoleptic cyclometalated Ir(III) complexes, the energy level of the HOMO can be modified 

by varying the substituents on the phenyl ring, while the energy level of the LUMO is 
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influenced by substituents on the heteroaromatic ring.[56] Thus, a common strategy to obtain 

Irppy3 derivatives with a high triplet energy is to attach electron-withdrawing substituents 

such as fluorine or a CF3 group to the phenyl-ring of 2-phenylpyridine.[112,120] Less frequently, 

electron-donating groups are introduced on the pyridine-ring of 2-phenylpyridine.[120]  

Recently, a water-soluble variant of Irppy3 was developed in the Wenger group. This 

photocatalyst can be applied for merging photocatalysis with enzyme catalysis,[121] 

sensitization of demanding photoreductions using hydrated electrons,[65] or triplet-triplet 

upconversion,[122] all in the green solvent water. A luminescence quantum yield of 0.73 and a 

triplet lifetime of 1.6 µs in aqueous solutions as well as a high photostability and an excited-

state oxidation potential of ─1.89 V vs SCE make this complex well suited as a water-soluble 

analog of Irppy3.[65,122] 

2.1.4 Synergistic Photocatalysis 

To expand the scope of traditional photocatalysis, new concepts, which merge photocatalysis 

with a second, non-photochemical synthetic strategy, have been developed. This so-called 

dual catalysis enables new chemical transformations, which would not be possible when using 

only one of the catalytic systems (Figure 8).[4,5] When merging the two catalytic cycles, two 

basic concepts have been found to be particularly relevant: i) co-catalysis can allow to activate 

substrates, which would not be accessible by traditional photocatalysis (Figure 8B) and  

ii) photocatalysis can generate reactive reaction intermediates, which can react onwards in a 

second, light-independent catalytic cycle (or vice versa, Figure 8C). As such, combining 

photocatalysis with a second catalytic cycle allows to access new, unknown reactivities. 

Furthermore, synergistic photocatalysis broadens the scope of substrates that are accessible 

by traditional photocatalysis and enhances the control over the selectivity of a light-

dependent reaction.[4,5]  

Typical co-catalytic strategies include Lewis-acid catalysis,[40,74,75,123,124] Brønsted-acid 

catalysis,[39,72,125–128] and redox mediation.[129,130] Also, combining photocatalysis with 

organocatalysis, especially with enamine/imine catalysis,[131–133] and HAT catalysis[82–84] has 

been found to enable new chemical transformations. Merging photocatalysis with transition 

metal catalysis further broadens the reaction scope since the resulting organometallic 

transformations are significantly different from radical chemistry, which typically dominates 

traditional photocatalysis.[6,31,32,134] Furthermore, photocatalysis can assist organometallic 

transformations since it can either change the oxidation state of the transition metal catalyst 

via electron transfer or activate the catalytic intermediate via energy transfer.[6] Merging 

photocatalysis with enzyme catalysis has gained a lot of attention since it is not only 

interesting for enabling new reactivities but also in the context of artificial 

photosynthesis.[24,25,135,136] Especially the photochemical regeneration of nucleotide co-factors 

was found to be of particular interest.[23,137,138] While in the above-mentioned dual catalytic 

strategies the light-dependent reaction is mostly based on electron or energy transfer 
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processes, more recently also photo-HAT catalysis was successfully implemented in synergistic 

catalysis.[139,140]  

 

Figure 8: A) Combining photocatalysis with a second co-catalytic cycle enables new chemical transformations. Commonly 
employed strategies include B) the activation of a substrate for photocatalysis with co-catalysis or C) the formation of new 
reactive intermediates with photocatalysis that can be transformed in a second, light-independent catalytic cycle.[5] 

A special case of merging photocatalysis arises when the photoactive compound is able to 

perform both the first and the second catalytic reaction (Figure 9). Even though single-

component dual catalysis would result in a simplification of multi-component systems, 

catalysts that combine two or more functionalities are still rare.[141]  

 

Figure 9: Combining photocatalysis with a second reactivity can either be achieved with two distinct catalytic cycles (A) or it 
can involve a single-component dual photocatalyst which is able to perform both reactivities (B).  
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Among the few examples of single-component dual photocatalysts, the copper intermediate 

which is formed in photoinduced Ullmann coupling reactions serves both as a chromophore 

and transition metal catalyst.[142–145] Only recently, the ability of certain photoactive 

compounds to engage consecutively in electro- and photocatalysis was exploited for synthetic 

photoelectrochemistry[69–71] and for solar energy conversion.[146,147] Bifunctional catalysts, in 

which a chromophore is covalently linked to an organocatalyst or a hydrogen bonding 

functional group, were successfully employed in enantioselective photocatalysis.[148–152] In the 

context of solar energy conversion, single-component dual photocatalysts found applications 

in dihydrogen production and CO2 reduction.[141,153,154]  
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2.2 Transition Metal Hydrides 
Transition metal hydrides have found broad applications in organometallic catalysis[155–161] 

and for the formation of renewable chemical fuels such as H2
[162–164] and carbon-based 

fuels.[28,29,165–167] The versatility of metal hydride chemistry arises from the three different 

elementary pathways of metal─hydrogen bond cleavage (Figure 10). Depending on how the 

metal─hydrogen bond is cleaved, the metal hydride can either serve as a proton source,[11,168] 

a hydride source,[10,29,34] or as a HAT reagent.[155–157,169] Each pathway can be described with a 

specific thermodynamic parameter, i.e., the pKa value for proton transfer reactions, the 

hydricity ∆G°H-  for hydride transfer reactions and the BDFE for HAT pathways. The reactivity 

of one particular metal hydride is thereby not limited to only one specific cleavage mode, but 

can in some cases even exhibit all three reactivities.[170] Since homolytic bond cleavage of the 

metal─hydrogen bond is particularly relevant in this thesis, it will be discussed in further detail 

in the next subsection.  

 
Figure 10: Different reactivities of transition metal hydrides with different coordinating ligands L. Reproduced from Ref. [34].  

Homolytic Bond Cleavage of Metal Hydrides 

In thermal organometallic chemistry, HAT reactions from transition metal hydrides to organic 

substrates have enabled various chemical transformations such as hydrogenations,[171] 

isomerizations,[172,173] and cyclizations.[157,174,175] As mentioned previously, the feasibility of a 

HAT depends on the BDFE of the employed transition metal hydride.[86] Historically, transition 

metal─hydrogen bond strengths were often characterized with bond dissociation enthalpies 

(BDEs) rather than free energies. For cases in which there are no significant entropic effects, 

the BDFE and BDE values can be interconverted. Depending on the solvent, the BDE value of 

a given transition metal hydride is ca. 4-5 kcal . mol-1 higher than the BDFE of the M─H bond.[86] 

Typical BDFEs of transition metal hydrides are in the range of 55 to 70 kcal . mol-1.[176]  
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2.3 Thesis Outline  
The aim of this thesis is to gain further understanding of light-dependent reactions that merge 

photocatalysis with transition metal hydride chemistry in order to broaden the scope of 

traditional photocatalysis. 

The first project (Chapter 3) investigates the photo-HAT reactivity of iridium hydrides upon 

irradiation with visible light (Figure 11). The employed d6 transition metal hydride acts as a 

single-component dual photocatalyst, as it functions both as the chromophore in the light-

dependent step (pink trace in Figure 11) and as the HAT catalyst in the light-independent step 

(green trace in Figure 11). The newly observed overall photo-HAT reactivity, where a hydrogen 

atom is transferred from an iridium hydride to an unactivated olefin, is investigated by 

studying the structure-reactivity relationship of various olefins as well as with radical clock 

and H/D isotope labeling experiments. 

 
Figure 11: Overall photo-HAT from iridium hydrides to unactivated olefins upon irradiation with visible light. 

In the second project (Chapter 4), merging photocatalysis with transition metal hydride 

chemistry is exploited for nucleotide co-factor regeneration in the context of artificial 

photosynthesis (Figure 12). Since this requires photocatalysts which can be used under 

physiological conditions, a series of new water-soluble Ir(III) sensitizers is developed, 

characterized and studied. The interaction between the photocatalyst and the transition 

metal hydride is investigated based on the different excited-state reactivities of the 

synthesized sensitizers and the observed reactivity regarding nucleotide co-factor mimic 

regeneration. Further insight into the interplay between the two catalysts is gained from 

luminescence-quenching experiments and transient absorption spectroscopy.  

 
Figure 12: The combination of photocatalysis with rhodium hydride chemistry enables the photochemical regeneration of 1-
benzyl-1,4-dihydronicotinamide (1,4-BNAH).  
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3 Photoinduced Hydrogen Atom Transfer 
from an Iridium Complex to Unactivated 
Olefins 

3.1 Chapter Outline 
Photoinduced bimolecular processes between a photocatalyst and a substrate are the basis 

for the many photocatalytic transformations that emerged in recent years.[1–3] To date, most 

photocatalytic reactions are governed by electron transfer; however, these processes are 

limited by the redox properties of both the substrate and the photocatalyst.[2,38] Photo-HAT 

provides a promising alternative to PET reactions since its reactivity depends on the bond 

strength of the involved species rather than their redox properties.[41] Nevertheless, photo-

HAT has only gained limited attention as a possible activation mode in photocatalysis and the 

respective examples are based on the ability of certain photoexcited states to abstract 

hydrogen atoms from a substrate.[42,43,177] Hence, this Chapter provides the missing link for 

photocatalysis based on photo-HAT, as it shows the contrary reactivity, i.e., an overall photo-

HAT from the metal complex to the closed-shell organic substrate resulting in the formation 

of a new C-H bond.  

 
Figure 13: Upon irradiation with visible light, iridium hydrides are able to transfer hydrogen atoms to unactivated olefins.  

More precisely, the investigated system takes advantage of the very low BDFE of the iridium(II) 

hydride (ca. 44 kcal . mol-1),[12] which is formed upon reductive quenching of the respective 

triplet-excited iridium(III) hydride in presence of triethylamine. In a second, light-independent 

step, this very weak IrII-H bond is cleaved and a hydrogen atom is transferred from the metal 

complex to the unactivated olefin. The investigated olefins are difficult to activate by 

traditional PET reactions due to their very negative reduction potential (Ered < ─2.7 V vs SCE). 

Hence, the overall photo-HAT provides an important alternative to circumvent the 

thermodynamic limitations of PET reactions. 
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In presence of 50 mM olefin substrate, hydrogenation of the substrate was found to be the 

primary reaction pathway for aromatic olefins, whereas hydrogen atom abstraction from the 

radical intermediate was only observed in minor amounts. Structure/reactivity relationships 

with 12 substrates revealed the typical HAT reactivity, which was further supported by a 

radical clock experiment. Isolation of the iridium hydride intermediate and experiments with 

a deuterated substrate allowed to gain further insight into the reaction mechanism.  

 

This Chapter contains a peer-reviewed article, which has been published in Chemical Science 

(Chem. Sci. 2020, 11, 8582-8594) and an outlook into possible future research. The supporting 

information that belongs to this article can be found in Chapter 6.1.  
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3.2 Published Article 
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3.3 Outlook  
After a suitable system has been established for the photoinduced hydrogenation of 

unactivated olefins, future research could focus on exploring new reactivities of this 

mechanism, in analogy to thermal metal hydride catalyzed hydrogen atom transfer 

(MHAT).[155,156] However, with the current experimental conditions, secondary HAT to the 

radical intermediate is fast due to elevated (local) concentrations of the involved H-atom 

donors (i.e., the oxidation products of TEA and the iridium hydride). It would therefore be 

interesting to develop variants of the system that circumvent this secondary HAT, for example 

by finding a suitable e--donor/H+-donor combination (e.g. 1,4-BNAH/TsOH)[141] that manages 

to form and recycle the iridium hydride but without being able to donate a H-atom. With this 

deviation, other metal hydride reactions such as cycloisomerization,[178] or the reductive 

coupling of olefins[179] could be tested (Figure 14A). The two mentioned reactions are 

particularly interesting, since they could take advantage of the different observed reactivities 

of aromatic and aliphatic olefins in the investigated photo-HAT. Future research could 

furthermore focus on testing different iridium hydride precursors since the reductive cleavage 

of the iridium(III) chloride bond was found to be slow.  

 
Figure 14: Possible future research of the photo-HAT could focus on A) expanding the scope of the investigated reaction or 
B) the development of new photoactive metal hydrides.  

Moreover, future research could be focusing on expanding the photo-HAT reactivity to other 

transition metal hydrides. Considering that possible future catalysts need to be able to 

perform the role of the photocatalyst and as well as being able to transfer H-atoms to the 

substrate only upon excitation with visible light, two main criteria need to be met: i) the 

transition metal hydrides need to be photoactive and their excited-state lifetime needs to be 

long enough to engage in electron transfer processes and ii) the BDFE of the transition metal 

hydride in the ground state needs to be high enough, so that no or only slow thermal HAT 

occurs. Since transition metal hydrides with sufficiently long excited-state lifetimes for 

bimolecular processes are rare, further research could focus on the development of new metal 

hydride catalysts (Figure 14B).  

For example, the introduction of a π-accepting ligand to common transition metal hydrides 

might enable MLCT states that are sufficiently long-lived for bimolecular processes. Given that 
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many first row transition metal hydrides such as Co-H, Fe-H, Cr-H and Mn-H are known to be 

efficient H-atom donors in the ground state,[156,180] future projects should focus on second and 

third row transition metal hydrides because they tend to have higher ground state BDFEs. 

Also, it could be tested whether some of the already known photoactive transition metal 

hydrides such as [Os(phen)2(CO)(H)]+[181] are able to engage in photo-HAT processes.  
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4 Water-Soluble Iridium Photosensitizers 
for the Photochemical Regeneration of 
Nucleotide Co-Factor Mimics 

4.1 Introduction 
Photobiocatalysis, i.e. the coupling of a photocatalytic with an enzymatic reaction, has 

emerged as a powerful method to achieve selective, mild, and environmentally friendly 

chemical transformations that complement nature’s and a chemist’s toolbox.[23–25,135,182] 

Natural photosynthesis is the blueprint for this coupling of a light-dependent reaction 

with an enzymatic dark reaction. In this natural process, excitation of the photosystem 

with visible light in presence of water as an electron donor leads to the formation of 

energy rich molecules such as the nucleotide co-factor NADPH, which is ultimately  

re-oxidized in the enzymatic dark reaction.[22] Hence, the efficient photochemical 

regeneration of nucleotide co-factors arose as an important concept in mimicking natural 

photosynthesis (Figure 15).[23,24,135]  

 
Figure 15: The photochemical regeneration of nucleotide co-factors such as 1,4-NADH is an attractive strategy to mimic 
natural photosynthesis since it allows to couple the light-dependent reaction (left) with an enzymatic dark reaction 
(right).[24,25,135]  

Due to its importance as a co-factor in biotransformations, the reduction of NAD(P)+ to 

1,4-NAD(P)H using easily accessible reductants has been extensively studied in recent 

years. The advantage of such a system is that it allows to perform enzymatic redox 

reactions without the need for a stoichiometric co-factor.[23,183,184] Various strategies have 

been investigated to achieve efficient reduction of NAD(P)+ or nucleotide co-factor mimics 

including chemical,[185,186] enzymatic,[187–190] electrochemical,[191,192] and photochemical 

methods.[23,184] The photochemical nucleotide co-factor regeneration is particularly 

interesting, not only due to its analogy to natural photosynthesis, but also because light 

provides a cheap, abundant, and environmentally friendly energy source.[23,184] While a 

few concepts allow the photochemical reduction of NAD(P)+ or nucleotide co-factor 

mimics with a single-component dual photocatalyst,[193–195] merging the photocatalytic 
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cycle with a second, redox-mediating cycle is the more common strategy for efficient  

co-factor regeneration. The role of the two distinct catalytic cycles in the regeneration of 

1,4-NAD(P)H will be introduced in further detail in the following sections.  

4.1.1 The Redox Mediator 

For further applications in photobiocatalysis, the regeneration of 1,4-NADH from NAD+ 

must be regiospecific since 1,4-NADH is the only isomer that can serve as a co-factor in 

enzymatic dark reactions. However, reduction based on single electron transfer (SET) 

events (i.e., when using photocatalytic or electrochemical regeneration methods) is often 

unselective because it involves the formation of a radical intermediate, which is prone to 

dimerization (Figure 16).[196] Also, reduction in presence of a hydride source such as NaBH4 

is often unselective and leads to a mixture of 1,2-, 1,4-, and 1,6-NADH isomers.[196]  

 
Figure 16: The reduction of NAD+ based on single electron transfer events (SET) suffers from selectivity problems such 
as the formation of NAD-dimers (bottom) and enzymatically inactive regioisomers (top).  

Unspecific and unselective direct reduction of NAD+ can be prevented by using a so-called 

redox mediator, which aims to transfer the electrons to the substrate in a more controlled 

manner. Thereby, the electron mediator needs to meet two requirements:  

i) concerted transfer of two electrons to prevent the formation of NAD-radicals and 

undesired side-reactions (Figure 16) and ii) regioselective generation of 1,4-NADH.[23] To 

this date, the most widely employed electron mediator to catalyze co-factor regeneration 

is [Cp*Rh(bpy)(H)]+ (Cp* = pentamethylcyclopentadienyl, bpy = 2,2’-bipyridyl) due to its 

high robustness and selectivity. This Rh(III) hydride is formed in situ from 

[Cp*Rh(bpy)(H2O)]2+ in a 2e-/1H+ reduction either in a concerted step in presence of a 

hydride donor such as formate or via a [Cp*Rh(bpy)]0 intermediate.[49,197,198] Initial studies 

by the groups of Steckhan and Fish suggest that the regiospecific hydride transfer must 

occur upon coordination of the substrate to the rhodium metal center and involves a six-

membered concerted transition state and an η5- to η3- ring slip of the cyclopentadiene 

ligand (Figure 17, left).[49,198–200] More recent studies by the groups of Miller, Gray, and 

Blakemore propose that a (Cp*H)Rh(I) intermediate is formed upon reductive elimination 
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of the Rh(III) hydride.[201,202] Hence, in this pathway the pentamethylcyclopentadienyl 

ligand is no longer innocent since hydride transfer occurs from the ligand to NAD+ (Figure 

17, right).[201] For conciseness, only the transient [Cp*Rh(bpy)(H)]+ intermediate will be 

considered in the rest of this Chapter.  

 
Figure 17 Proposed reaction mechanisms for the regiospecific formation of 1,4-NADH including either a η5- to η3- ring 
slip (left) or a (Cp*H)Rh(I) intermediate (right).[198–202] See text for details.  

In chemical and electrochemical approaches, various redox mediator analogs were 

synthesized to investigate the influence of different metals and ligand modifications on 

the nucleotide co-factor regeneration efficiency.[185,191,203–205] In photochemical 

regeneration systems, these studies are less common and are mainly focusing on 

optimizing the interaction between the redox mediator and the photocatalyst by 

Coulombic attraction.[50]  

4.1.2 Photochemical NADH-Regeneration 

Some of the main challenges for the efficient photochemical regeneration of 1,4-NADH 

include the development of new photocatalysts with a high photostability and their 

applicability under physiological conditions.[23,24] Various efforts have been made towards 

the development of such photosystems, including both heterogeneous[206,207] and 

homogeneous photocatalysts (Figure 18).[51,52,208,209]  
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Figure 18: Selected examples of photocatalysts employed for the photochemical regeneration of 1,4-NADH.  

The first report of visible-light driven 1,4-NADH regeneration dates back to 1983, when 

Wienkamp and Steckhan reported the regioselective reduction of NAD+ using [Ru(bpy)3]2+ 

as a photosensitizer and [Rh(bpy)3]3+ as a redox mediator (Figure 18A).[210] More recent 

examples of photochemical NADH regeneration often rely on [Cp*Rh(bpy)(H)]+ as the 

redox mediator due to its high robustness and regioselectivity.[23,198] For example, in 

combination with modified graphene-based materials[211,212] or semiconductors such as 

W2Fe4Ta2O17 and Cd-based nanocrystals,[206,207] the Rh(III) catalyst was able to reduce 

NAD+ in a regioselective manner (Figure 18B). However, when using semiconductors as 

photocatalysts, the observed turnover frequency (TOF) for 1,4-NADH regeneration was 

rather low (0.12 to 0.55 h-1).[31,32] In homogeneous photocatalysis, Zn-porphyrins were 

found to enable photoreduction of NAD+ in combination with the commonly used Rh(III) 

catalyst. Mechanistically, the formation of the Rh(III) hydride intermediate was attributed 

to a charge transfer from the photocatalyst to the redox mediator, which is bound to the 

Zn-porphyrin via non-covalent interaction. Despite these favorable interactions, the 

observed TOF of the photosensitizer was rather low (0.46 h-1).[213] With a related, 

chlorophyll-like tin-dihydroporphyrin sensitizer, more efficient 1,4-NADH regeneration 

(TOF > 20 h-1) was observed using only long-wavelength visible light (λex > 610 nm) as an 

irradiation source (Figure 18B).[52] Interestingly, in this system a tin(IV) chlorin-phlorin 

anion intermediate is formed upon two-electron reduction of the tin(IV) chlorin 

photosensitizer. The formed anion serves as the primary hydride source involved in the 

photoreduction of NAD+. Whether the hydride transfer from the formed intermediate to 

the Rh(III) precursor is a concerted step or is based on 2e- reduction and subsequent 

protonation was not fully elucidated by the authors.[52] Xanthene dyes such as eosin Y 
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have proven to be extremely potent photocatalysts for the photochemical regeneration 

of 1,4-NADH, reaching TOFs up to 1690 h-1 (Figure 18C).[51,208] The authors attribute the 

extremely high efficiency of xanthene dyes to their ability to coordinate to the Rh(III) 

metal center, thus enabling efficient intramolecular electron transfer within the 

photosensitizer-mediator dyad.[51,208] Inspired by these findings, Rau and co-workers 

investigated a hetero-binuclear dyad in which the photosensitizer is covalently linked to 

the Rh(III) catalyst, again showing efficient nucleotide co-factor regeneration.[214] These 

studies therefore manifest the initial finding that the interaction between the 

photosensitizer and the redox mediator is crucial for the efficient photochemical 

reduction of NAD+. However, even though photochemical nucleotide co-factor 

regeneration has proven to be important for various biomimetic transformations in 

combination with redox enzymes[23,24,135,183] or through its integration into platforms for 

artificial photosynthesis,[215,216] photophysical studies that examine the interaction 

between the two key components in more detail are still rare.[217,218]  
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4.2 Chapter Outline 
The second project aimed to develop a new photocatalytic system to regenerate  

1,4-NAD(P)H and to investigate the underlying photophysical processes. Possible future 

applications in combination with redox enzymes require that the photocatalyst can be 

employed under physiologically relevant conditions. However, even though substantial 

progress has been made regarding photocatalysis in the green solvent water,[121,219–222] 

the number of photosensitizers that can be applied in aqueous solutions[135] is still limited 

compared to organic solvents.[3,116] Hence, the first part of the project aimed at developing 

new water-soluble photosensitizers that should enable photocatalytic transformations in 

aqueous solutions (i.e., in photobiocatalysis). In collaboration with Prof. Dr. Xingwei Guo, 

two different strategies were pursued to obtain water-soluble variants of Irppy3, a potent, 

well investigated photoreductant in organic solutions (Figure 19).[112]  

 
Figure 19: Catalyst design for the synthesis of novel water-soluble Ir sensitizers derived from Irppy3. See text for 
details. 

In both cases, sulfonate groups were installed at the cyclometalated ligands to make the 

Ir complexes water-soluble. A first version of a homoleptic sulfonated Ir complex was 

obtained by three-fold sulfonation of the lipophilic parent complex (Figure 19, Irsppy left). 

Two additional trianionic variants of Irsppy (IrFsppy and IrdFsppy), which only differed 

from Irsppy regarding the number of fluorine-substituents on the phenylpyridine ligand, 

were synthesized. The introduction of the additional fluorine atoms intended to tune the 

HOMO-LUMO gap of the water-soluble photosensitizers, in analogy to the effect that has 

been found for the parent neutral complexes.[112]  

Apart from these three homoleptic Ir complexes, a monoanionic variant (Ir(sCH2ppy)ppy2) 

was developed. In this complex, a CH2-group was installed between the sulfonate group 

and the phenylpyridine ligand to electronically decouple the slightly electron-withdrawing 

sulfonate group from the rest of the ligand. The spectroscopic and electrochemical 

properties of all four Ir sensitizers were investigated by steady-state and time-resolved 

spectroscopy as well as cyclic voltammetry.  

The second part of the project aimed to employ the newly developed Ir sensitizers for the 

photochemical regeneration of 1,4-NADH (Figure 20). To prevent direct reduction of NAD+ 

by single electron transfer from the excited state of the Ir sensitizers, Rh catalysts, which 
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function as hydride mediators and enable the regioselective formation of 1,4-NADH, were 

employed.[223,224] Previous studies suggest that the 2e-/H+ reduction, which is required for 

the formation of [Cp*Rh(bpy)(H)]+ from [Cp*Rh(bpy)(H2O)]2+, occurs in an electron 

transfer process from the photocatalyst to the redox mediator upon excitation with visible 

light and in presence of a sacrificial electron donor.[23,208]  

 
Figure 20: Simplified photocatalytic cycle for the investigated photochemical regeneration of 1,4-NADH. For simplicity, 
Irsppy and [Cp*Rh(bpy)(H2O)]2+ are depicted as selected examples for the employed Ir sensitizers and Rh catalysts.  

Since efficient formation of 1,4-NADH strongly depends on the interplay of the individual 

components in the catalytic cycle, the influence of different Ir sensitizers (with different 

triplet energies and excited-state oxidation potentials) and Rh catalysts on the 

regeneration of the nucleotide co-factor was tested. The photochemical reaction was 

monitored by UV-Vis and 1H-NMR-spectroscopy, and luminescence-quenching and 

transient absorption experiments were performed to gain further insight into the reaction 

mechanism. 

 

The supporting information that belongs to this research is provided in Chapter 6.2.  
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4.3 Results and Discussion 

4.3.1 Synthesis of the Iridium Photosensitizers 

Two different strategies were pursued for the synthesis of the different Ir sensitizers. The 

synthesis of the trianionic Irsppy derivatives was based on direct sulfonation of the 

respective Irppy3 derivatives (Figure 21, strategy A), following a procedure that had 

previously been developed by Prof. Dr. Xingwei Guo.[121] Since a vast variety of homoleptic 

Irppy3 analogs are known in the literature,[56] this strategy allows the synthesis of a broad 

range of water-soluble Ir sensitizers. However, this approach is limited to the synthesis of 

trianionic complexes, since achieving selective one- or two-fold sulfonation of the parent 

neutral complexes is difficult. To circumvent this selectivity issue, the synthesis of 

Ir(sCH2ppy)ppy2 involved the complexation with ligand sCH2ppy, in which the sulfonate 

group had already been installed prior to complexation (Figure 21, strategy B). This 

approach allows the selective formation of a monoanionic complex; however, it requires 

a linear four-step synthesis of the ligand (see below), rendering this strategy less modular.  

 
Figure 21: Different strategies for the synthesis of the Ir sensitizers: The trianionic Irsppy derivatives are synthesized via 
direct sulfonation of the corresponding Irppy3 derivatives (strategy A), while the synthesis of the monoanionic complex 
Ir(sCH2ppy)ppy2 is based on the complexation with a previously sulfonated ligand (strategy B). 

In order to obtain the different trianionic, homoleptic Ir complexes (Irsppy, IrFsppy, and 

IrdFsppy), the respective neutral Irppy3 analogs were first synthesized (Scheme 1). For 

this purpose, the two fluorinated phenylpyridine ligands were synthesized in a Suzuki-

reaction from 2-bromopyridine (1) and the respective fluorinated phenylboronic acid (2). 

The different Irppy3 derivatives were obtained in a microwave-assisted complexation 

reaction,[225] starting from IrCl3·H2O as an iridium source. This method is a superior 

alternative to the commonly used, purely thermal synthesis of Irppy3,[112] which requires 

high reaction temperatures (> 200 °C) to obtain the thermodynamic product Irppy3. In the 
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last step, the desired water-soluble Ir complexes were obtained by direct three-fold 

sulfonation of the parent neutral complexes. Sulfonation in para-position to the 

cyclometalated bond was achieved using bis(trifluoroacetyl)sulfate as a sulfonation 

agent,[121] which was prepared in situ from trifluoroacetic anhydride (TFAA) and sulfuric 

acid.[226] Hydrolysis of the mixed anhydrides in intermediate 3 with sat. aq. NaHCO3 

solution afforded the different Irsppy derivatives in moderate to high yields (55-88%).  

 
Scheme 1: Synthesis of the different Irsppy derivatives: a) for FppyH: Pd(PPh3)4, aq. Na2CO3 (1 M), THF, 140 °C, 3 h, 37%; 
for dFppyH: Pd(PPh3)4, aq. Na2CO3 (1 M), THF, microwave, 140 °C, 3 h, 62%; b) IrCl3.H2O, ethylene glycol, microwave, 
200 °C, 30 min, Irppy3 = 78%, IrFppy3 = 72%, IrdFppy3 = 67%; c) H2SO4, TFAA, CH2Cl2, 0 °C → rt, overnight; d) sat. aq. 
NaHCO3, Irsppy = 88%, IrFsppy = 69%, IrdFsppy = 55% (yields given for steps c-d).  

As mentioned above, Ir(sCH2ppy)ppy2 was synthesized based on complexation with a 

previously sulfonated ligand (sCH2ppy, Scheme 2). The ligand synthesis started with a 

Suzuki coupling[227] of 2-bromopyridine (1) and (4-formylphenyl)boronic acid (4) affording 

4-(pyridine-2-yl)benzaldehyde (5) in quantitative yield. The reduction of aldehyde 5 to the 

corresponding alcohol 6 with NaBH4 and subsequent conversion to the bromide with 

PBr3
[228] yielded 2-(4-(bromomethyl)-phenyl)pyridine (7) in moderate yield (40% over two 

steps). Substitution of the bromide with SO3
2- (from sodium sulfite) afforded sCH2ppy in 

27% yield over four steps. Ir(sCH2ppy)ppy2 was obtained from the reaction of 

[Ir(ppy)2Cl]2
[112] and the previously synthesized sCH2ppy. AgOTf was added to enhance 

chloride abstraction, affording Ir(sCH2ppy)ppy2 in 28% isolated yield.  
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Scheme 2: Synthesis of Ir(sCH2ppy)ppy2: a) K2CO3, Pd(PPh3)4, 1,4-dioxane/H2O 3:1, 100 °C, overnight, quant.; 
b) NaBH4, EtOH, rt, 2 h, 97%; c) PBr3, CH2Cl2, 0 °C → rt, 7 h, 41%; d) Na2SO3, H2O/acetone 1:2, 80 °C, 40 h, 
69%; e) IrCl3.H2O, 2-ethoxyethanol/H2O 3:1, 105 °C, 62 h, 73%; f) AgOTf, 2-ethoxyethanol, 135 °C, overnight, 
28%.  

4.3.2 Characterization of the Iridium Photosensitizers 

The first goal of this project was to obtain a series of water-soluble Ir-based complexes to 

sensitize challenging photochemical transformations in aqueous solutions. After the 

successful synthesis of the three new Ir sensitizers, their spectroscopic and 

electrochemical properties were investigated in collaboration with Björn Pfund and  

Dr. Christoph Kerzig[122] and compared to their neutral analog Irppy3
[112,114] as well as the 

previously characterized Irsppy.[121] Concerning future applications in photocatalysis, key 

requirements of the newly developed water-soluble Ir sensitizers are i) a sufficiently long 

triplet lifetime to enable bimolecular reactions and ii) either a high triplet energy to 

sensitize molecules via energy transfer or a strongly negative excited-state oxidation 

potential *Eox (i.e., strong reducing power) to enable efficient electron transfer reactions.  

The UV-Vis and emission spectra of the different sulfonated Ir sensitizers are depicted in 

Figure 22. All sensitizers exhibit two absorption bands between 220 nm and 280 nm that 

can be attributed to π → π* transitions, in analogy to the reported Irppy3.[112,118]
 While 
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the absorption band at 240 nm is similar for all four complexes, the absorption band at 

ca. 280 nm is blue-shifted when going from Ir(sCH2ppy)ppy2 (285 nm) to IrdFsppy 

(267 nm). In addition to the π → π* absorption bands, all Ir sensitizers feature a broad 

MLCT band ranging from ca. 300 nm to 450 nm. This absorption band is blue-shifted upon 

increasing the number of fluorine substituents on the ligands, with λmax, ranging from 

375 nm for Ir(sCH2ppy)ppy2 to 330 nm for IrdFsppy (Table 1). For all four Ir sensitizers, 

significant absorption at the wavelength relevant for the photochemical regeneration of 

1,4-BNAH (455 nm) was observed. However, the extinction coefficients at 455 nm vary 

from 1910 M-1 cm-1 for Ir(sCH2ppy)ppy2 to 230 M-1 cm-1 for IrdFsppy (Table 1). This lower 

absorbance of the fluorinated Ir sensitizers might influence their performance in further 

applications as possible photosensitizers.  

 
Figure 22: Absorption (solid lines) and normalized luminescence (dashed lines, obtained upon excitation at 400 nm) 
spectra of the different Ir sensitizers (2.0.10-5 M) obtained in aq. NaOH solution (50 mM) at room temperature.  

All four Ir sensitizers are intensely luminescent. In analogy to the absorption bands, the 

maxima of the emission bands are blue-shifted upon increasing fluorination (λmax is 

540 nm for Ir(sCH2ppy)ppy2 vs 484 nm for IrdFsppy). This hypsochromic shift (upon 

increasing fluorination) has been previously observed for the parent neutral Irppy3 

derivatives.[112] This effect arises due to the electron-withdrawing effect of the fluorine 

substituents, resulting in the stabilization of the metal- and phenyl-based HOMO 

compared to the LUMO.[229] This strategy is often exploited for tuning the emission color 

of luminescent complexes.[56]  

The increased stabilization of the HOMO with increasingly electron-withdrawing ligands 

is directly reflected in the triplet energies (ET) of the investigated complexes. ET values 

were estimated from the blue-edge of the emission band (λ10%), where the emission 

intensity accounts for 10% of the maximal emission intensity (λmax). While Ir(sCH2ppy)ppy2 

has an estimated triplet energy of 2.50 eV, which is identical to its neutral analog Irppy3, 

the triplet energy of Irsppy is increased to 2.65 eV (Table 1). A further increase in ET is 

observed upon fluorination of the ppy ligands (2.76 eV for IrFsppy, 2.81 eV for IrdFsppy).  



Water-Soluble Iridium Photosensitizers for the Photochemical Regeneration of Nucleotide 
Co-Factor Mimics 

44 
 

The luminescence quantum yields Φ of the three newly synthesized Ir sensitizers were 

determined with respect to Irsppy.[121] The resulting quantum yields of IrdFsppy (0.84) 

and IrFsppy (0.91) are slightly higher in comparison to Irsppy (0.73), while the quantum 

yield of Ir(sCH2ppy)ppy2 is significantly lower (0.13). 

The triplet lifetimes τ0 of the different Ir sensitizers were determined based on 

luminescence-decay kinetics. The obtained triplet-excited state lifetimes of the sensitizers 

vary from ca. 1600 ns to 2200 ns (Table 1) and are thus sufficiently long to enable 

bimolecular reactions. IrFsppy (2165 ns) and IrdFsppy (2110 ns) possess slightly longer 

triplet lifetimes compared to Irsppy (1625 ns) and Ir(sCH2ppy)ppy2 (1560 ns). This 

increased lifetime might be beneficial for further applications in photocatalysis.  

Cyclic voltammograms of the different Ir sensitizers show one reversible oxidation wave 

for all four Ir sensitizers, with ground-state oxidation potentials E0
ox ranging from +0.56 V 

vs SCE for Ir(sCH2ppy)ppy2 to +1.05 V vs SCE for IrdFsppy (Table 1). A shift to more positive 

ground-state oxidation potentials is observed with increasingly electron-withdrawing 

ligand substitution (Figure 23), reflecting the reduced electron density on the metal 

center. Hence, the predominant metal-based HOMO of the Ir sensitizers is stabilized upon 

increasing fluorination of the ligands. This observation is in agreement with the previously 

observed blue-shift of the emission band. 

The excited-state oxidation potential E*ox was estimated from the ground-state oxidation 

potential E0
ox and the triplet energy ET of the different sensitizers according to the 

simplified Rehm-Weller equation (eq. 3), with e being the elementary charge.  

E*ox = E0
ox ─ ET / e                                 (3) 

Ir(sCH2ppy)ppy2 was found to be slightly more reducing (E*ox = ─1.94 V vs SCE) than the 

previously characterized Irsppy (E*ox = ─1.89 V vs SCE). In contrast, the excited states of 

IrFsppy (E*ox = ─1.85 V vs SCE) and IrdFsppy (E*ox = ─1.76 V vs SCE) are slightly less 

reducing.  

 
Figure 23: Cyclic voltammograms of 1.0 mM Ir(sCH2ppy)ppy2 (grey trace), 1.0 mM Irsppy (pink trace), 1.0 mM IrFsppy 
(turquoise trace) and 1.0 mM IrdFsppy (blue trace) obtained in aq. phosphate buffer (0.1 M, pH 7) with a scan rate of 
0.1 V/s. 
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The spectroscopic and electrochemical properties of the different Ir sensitizers are 

summarized in Table 1. All four Ir sensitizers have sufficiently long excited-state lifetimes 

(1.6 ─ 2.2 µs) for efficient bimolecular reactions. In analogy to their parent neutral 

complexes,[112] all sulfonated Ir sensitizers were found to be strong photoreductants with 

excited-state oxidation potentials ranging from ─1.74 V vs SCE to ─1.94 V vs SCE. 

Introduction of fluorine substituents on the phenyl-moiety of the ligand resulted in an 

increase in triplet energy. This effect is a consequence of the stabilization of the HOMO, 

which is mainly localized on the metal and the phenyl moieties. Thus, the newly developed 

water-soluble sensitizers can both be used as strong photoreductants or as energy 

transfer catalysts for future applications in sustainable photocatalysis in aqueous 

solutions.  

Table 1: Summary of spectroscopic and electrochemical properties of the different Ir sensitizers relevant for this study.  

 

 Absorptiona Emissiona Electrochemistry 

 
λmax

c  

/ nm 

ε455 nm
d

 

/ M-1 cm-1 

λmax
e  

/ nm 

τ0
f  

/ ns 

Φg  ET
h  

/ eV 

E0
ox i 

/ V vs SCE 

E*ox 
j
   

/ V vs SCE 

Irppy3
b[112,114] 375 2800 510 1900 0.38 2.50 +0.77 ─1.73 

Ir(sCH2ppy)ppy2 374 1910 540 1560 0.13 2.50 +0.56  ─1.94  

Irsppy[121] 360 890 522 1625 0.73 2.65 +0.76  ─1.89  

IrFsppy 338 500 496 2165 0.91 2.76 +0.91  ─1.85  

IrdFsppy  330 230 484 2110 0.84 2.81 +1.05  ─1.76  
a All spectroscopic data were obtained in deaerated aq. NaOH solutions (50 mM) at room temperature.  
b Spectroscopic and electrochemical data for Irppy3 in acetonitrile and at room temperate. Data was obtained from  
   the literature.  
c Maxima of the MLCT absorption band of the different Ir sensitizers obtained in aq. NaOH solution (50 mM).  
d Extinction coefficients of the Ir sensitizers at the wavelength relevant for the photochemical regeneration of 1,4-BNAH. 
e Maxima of the 3MLCT emission band obtained after excitation of the Ir sensitizers at 400 nm in aq. NaOH solution    
  (50 mM) at room temperature.  
f Natural lifetimes of the triplet-excited Ir sensitizers determined based on luminescence decay kinetics measured in aq.  
  NaOH solution (50 mM). Luminescence-decay was detected at 510 nm upon excitation at 420 nm.  
g Luminescence quantum yields of the 3MLCT emission determined at 400 nm with respect to Irsppy[121] as a reference.  
h Energy of the emissive triplet state estimated from the short-wavelength edge (λ10%) of the luminescence spectrum.  
i  Ground-state oxidation potential of the Ir sensitizers determined by cyclic voltammetry in aq. phosphate buffer (0.1 M,  
  pH 7) at a scan rate of 0.1 V/s.  
j Excited-state oxidation potential of the Ir sensitizers estimated from the ground-state oxidation potential Eox

0 and the  
  triplet energy ET of the Ir sensitizers based on E*ox = E0

ox ─ ET/e.  
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4.3.3 Photochemical Regeneration of 1,4-BNAH 

After the different Ir sensitizers had been synthesized and characterized, we attempted 

to use the newly developed water-soluble Ir sensitizers for the photochemical 

regeneration of 1,4-NADH. Moreover, three different Rh catalysts were synthesized and 

investigated for the photochemical formation of the nucleotide co-factor. The three 

catalysts differed regarding their N,N’-chelate ligand and are known to enable the 

regioselective reduction of NAD+ in presence of the chemical reductant formate.[185] For 

our initial studies we focused on the photochemical formation of 1-benzyl-1,4-

dihydronicotinamide (1,4-BNAH), a commonly used model system for 1,4-

NADH.[190,196,230,231] In analogy to NAD+, 1-benzyl-3-carbamoylpyridin-1-ium chloride 

(BNACl) possesses a pyridinium core structure; however, it differs from the nucleotide co-

factor in its N-substituent (Figure 24 on the right).  

A simplified picture of the investigated catalytic cycle for the photochemical formation of 

1,4-BNAH is depicted in Figure 24. After excitation of the Ir sensitizer with visible light, the 

Rh(III) aqua complex ([Cp*Rh(bpy)(H2O)]2+), which is formed upon ligand exchange from 

the Rh(III) chloro species in aqueous solutions,[217] is transformed into the corresponding 

Rh(III) hydride ([Cp*Rh(bpy)(H)]+) upon two-fold reduction in the presence of a proton 

source.[197] Regioselective hydride transfer from the Rh(III) hydride to BNA+ is known to 

afford 1,4-BNAH as the major regioisomer.[199]  

 
Figure 24: Simplified catalytic cycle for the photochemical regeneration of 1,4-BNAH. For simplicity, Irsppy and 
[Cp*Rh(bpy)(H2O)]2+ are depicted as representative examples for the different catalysts. See text for details.  
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UV-Vis Experiments 

The investigation of the new photosystem for the photochemical formation of 1,4-BNAH 

started with UV-Vis spectrometric monitoring of the reaction progress. This method 

exploits the different absorption characteristics of the substrate and the product. While 

both BNACl and 1,4-BNAH show an absorption band below 300 nm, 1,4-BNAH has a 

second absorption feature ranging from ca. 320 nm to 420 nm (Figure 25, inset). Hence, 

the photochemical formation of 1,4-BNAH can be monitored based on this characteristic 

absorption band with a maximum at 358 nm.  

In an initial experiment, Irsppy was tested as a photosensitizer in combination with 

[Cp*Rh(bpy)Cl]Cl as a Rh precursor. The sacrificial electron donor, TEOA, was used in large 

excess to prevent re-oxidation of 1,4-BNAH to BNA+. To further diminish re-oxidation to 

BNA+, a 455 nm collimated LED was chosen as an irradiation source, because all 

investigated Ir sensitizers show sufficient absorption at 455 nm (Table 1), while 1,4-BNAH 

does not absorb at this wavelength. After irradiation of the reaction mixture at 455 nm, 

significant formation of 1,4-BNAH was observed already after 30 minutes as indicated by 

the characteristic absorption band arising at 358 nm (Figure 25, main plot). Based on the 

extinction coefficient of 1,4-BNAH (ε358 = 5070 M-1 cm-1, see SI section S3.3 for details) the 

yield of 1,4-BNAH was determined to be 46% after an irradiation time of 150 minutes.  

 
Figure 25: UV-Vis spectra of the visible-light driven 1,4-BNAH regeneration: The main plot shows the change in 
absorbance after irradiation of a reaction mixture consisting of BNACl (1.0 mM), Irsppy (10 µM), [Cp*Rh(bpy)Cl]Cl 
(0.1 mM), and TEOA (0.5 M) in deaerated phosphate buffer (0.1 M, pH 7) at 455 nm at different time points. The inset 
shows the calibrated absorption spectra of BNACl (orange trace) and 1,4-BNAH (green trace) in deaerated phosphate 
buffer (0.1 M, pH 7).  

When the reaction was performed in the dark, no conversion of BNACl was observed, 

confirming that the formation of 1,4-BNAH is a light-dependent reaction (Table 2). In the 

absence of a photosensitizer, only minor amounts (3.5%) of BNACl were converted to  

1,4-BNAH, confirming that sensitization via Ir sensitizer is indeed needed for efficient 

photochemical formation of 1,4-BNAH. 
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Table 2: Control reactions for the photochemical regeneration of 1,4-BNAH.  

 
entrya Ir photosensitizer Rh precursor Yield of 1,4-BNAHb / % 

1 Irsppy [Cp*Rh(bpy)Cl]Cl 46 

2c Irsppy [Cp*Rh(bpy)Cl]Cl 0 

3 - [Cp*Rh(bpy)Cl]Cl 3.5d 
a A reaction mixture containing BNACl (1.0 mM), Irsppy (0 or 10 µM), [Cp*Rh(bpy)Cl]Cl (0.1 mM), and TEOA (0.1 M) in  
  deaerated aq. phosphate buffer (0.1 M, pH 7) was irradiated at 455 nm for 150 min. 
b Yield of 1,4-BNAH formation was determined based on the characteristic absorption band arising at 358 nm (ε358 =  
  5070 M-1 cm-1).  
c The reaction mixture was kept in the dark.  
d Determined after 160 min.  

Since hydride transfer via a Rh catalyst is crucial for the regioselective formation of  

1,4-BNAH, two additional Rh precursors were tested for the photochemical reduction of 

BNA+. Previous chemical,[185] electrochemical[191,203] and photochemical regeneration 

systems[50] suggest that the chelating ligand influences both the selectivity and the 

reactivity of the Rh catalyst. In both experiments, Irsppy was used as a photosensitizer 

and the reaction progress was monitored by UV-Vis spectrometry. When using 

[Cp*Rh(phen)Cl]Cl (phen = 1,10-phenanthroline) instead of [Cp*Rh(bpy)Cl]Cl, a slightly 

lower yield of 1,4-BNAH was observed (42% vs 46%, Figure 26). This is in agreement with 

the literature, where the catalytic activity of the Rh catalyst was found to decrease in the 

order bpy > phen in the transfer hydrogenation of NAD+ in the presence of formate as a 

hydride source.[185]  

 
Figure 26: Visible-light driven 1,4-BNAH regeneration: The different yields were determined by monitoring the 
formation of 1,4-BNAH (characteristic absorption band at λmax = 358 nm) by UV-Vis spectroscopy. Irradiation of a 
mixture consisting of BNACl (1.0 mM), Irsppy (10 µM), Rh derivative (0.1 mM), and TEOA (0.5 M) in deaerated aq. 
phosphate buffer (0.1 M, pH 7) at 455 nm. 
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When using [Cp*Rh(TfEn)Cl] (TfEn = N-(2-aminoethyl)-4-(trifluoromethyl)benzene-

sulfonamide) as a catalyst, the formation of a new absorption band was less pronounced, 

and the newly formed absorption band was broader compared to the previously studied 

systems (see SI Figure S4). This different behavior suggests that additional isomers other 

than the 1,4-dihydropyridine or the BNA-dimers might have been formed upon 

photochemical reduction of BNA+. Since discrimination between the different 

regioisomers and the BNA-dimers by UV-Vis spectroscopy is difficult,[196] further analysis 

by 1H-NMR spectroscopy is needed to gain further insight into the reaction progress (see 

below). Since [Cp*Rh(bpy)Cl]Cl performed best out of all three Rh precursors, it was used 

as a Rh catalyst in all subsequent experiments.  

Next, the influence of the different photosensitizers on the photochemical reduction of 

BNA+ was tested. For all three tested Ir sensitizers, formation of 1,4-BNAH was observed 

when irradiating the reaction mixture at 455 nm (Figure 27). An increase in 1,4-BNAH 

formation was observed in the order Irsppy < IrFsppy < IrdFsppy (from 46% for Irsppy to 

64% for IrdFsppy, Table S1). This finding is in conflict with an electron transfer from the Ir 

sensitizer to the Rh catalyst since Irsppy has the most negative excited-state oxidation 

potential (E*ox = ─1.89 V vs SCE, Table 1) and thus would be expected to give the highest 

yield of 1,4-BNAH out of the three employed Ir sensitizers. Considering that IrdFsppy 

possesses the lowest extinction coefficient at 455 nm (ε455 = 232 M-1 cm-1, Table 1), the 

different reactivities would be even more pronounced when using solutions with equal 

absorption properties of the Ir sensitizers. Since the formation of 1,4-BNAH seems not to 

be governed by the electron transfer rate as was proposed in previous studies,[50,51] 

further mechanistic investigations are needed to analyze this finding in detail (see section 

4.3.4).  

 
Figure 27: Visible-light driven 1,4-BNAH regeneration: The different yields were determined by monitoring the 
formation of 1,4-BNAH (characteristic absorption band at λmax = 358 nm) by UV-Vis spectroscopy. Irradiation of a 
mixture consisting of BNACl (1.0 mM), photocatalyst (10 µM), [Cp*Rh(bpy)Cl]Cl (0.1 mM), and TEOA (0.5 M) in aq. 
deaerated phosphate buffer (0.1 M, pH 7) at 455 nm. 
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The efficiency of the newly developed Ir sensitizers was also compared to the well-known 

photosensitizer [Ru(bpy)3]2+ and all three Ir sensitizers were found to outperform 

[Ru(bpy)3]2+ in the photochemical formation of 1,4-BNAH (Figure 27). When comparing 

the initial turnover frequencies (i.e, the amount of catalytic cycles the sensitizer performs 

within the first 30 minutes of irradiation), IrdFsspy was found to outcompete [Ru(bpy)3]2+ 

by almost one order of magnitude (the initial TOF was 146 h-1 for IrdFsppy and 16 h-1 for 

[Ru(bpy)3]2+, see SI Table S1). The higher conversion of the sulfonated Ir sensitizers 

compared to [Ru(bpy)3]2+ is not surprising since the investigated Ir sensitizers are both 

more reducing and have a higher triplet energy compared to [Ru(bpy)3]2+, making them 

more efficient catalysts for the photoreduction of BNA+. Furthermore, the attractive 

Coulombic interactions between the trianionic photosensitizers and the dicationic Rh(III) 

aqua complex ([Cp*Rh(bpy)(H2O)]2+) might enable a faster quenching of the Ir excited 

state. These attractive interactions between the photosensitizer and the Rh catalyst are 

known to be beneficial for the efficient regeneration of nucleotide co-factors.[23,51] In 

contrast, repulsive Coulombic interactions between the Ru sensitizer and the Rh catalyst 

diminish efficient formation of 1,4-BNAH.[50]  

When IrdFsppy was used as a photosensitizer, a maximal yield of 1,4-BNAH formation was 

observed after an irradiation time of 120 minutes (Figure 27). After that time, a slight 

decrease of the characteristic absorption band at 358 nm was observed. This finding can 

be attributed to the limited stability of 1,4-BNAH in water since its natural analog  

1,4-NADH is known to decompose under neutral and acidic conditions at ambient 

temperatures.[232] Also, 1,4-BNAH is known to be a potent sacrificial electron donor 

itself,[117] so that re-oxidation to BNA+ by quenching of the excited photosensitizer is 

plausible. Since the development of this photosystem aims at further applications in 

photobiocatalysis, in which the nucleotide co-factor would be readily consumed in the 

enzymatic dark reaction, no further optimization of the reaction conditions to increase 

the stability of 1,4-BNAH was performed at this stage of the project.  

 

NMR Experiments 

The analysis of the regioselective reduction of BNA+ to 1,4-BNAH based exclusively on  

UV-Vis spectrometry is problematic since the other regioisomers and NAD dimers, which 

are formed upon single electron reduction of NAD+, have similar absorption 

characteristics as the desired 1,4-regioisomer.[196] Thus, an NMR-experiment was 

designed to confirm the regioselectivity of the photocatalytic reaction. A solution 

containing BNACl (10 mM), the Rh catalyst (1.0 mM), the Ir sensitizer (0.1 mM), and TEOA 

(1.0 M) was irradiated at 455 nm for 6 hours. To limit deuterium incorporation,[200] a 1:1 

mixture of CD3CN and non-deuterated phosphate buffer (0.1 M, pH 7) was used as a 

solvent. When irradiating the reaction mixture at 455 nm, the characteristic peaks of 
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BNACl decreased, while the formation of new peaks was observed that can be attributed 

to 1,4-BNAH (Figure 28).  

 
Figure 28: 1H-NMR spectra of the visible-light driven 1,4-BNAH regeneration obtained after irradiation of a reaction 
mixture consisting of BNACl (10 mM), Irsppy (0.1 mM), [Cp*Rh(bpy)Cl]Cl (1.0 mM), and TEOA (1.0 M) in a 1:1 mixture 
of deaerated phosphate buffer (0.1 M, pH 7) and CD3CN at 455 nm at different time points. The characteristic signals of 
BNA+ (orange background) disappear, while formation of 1,4-BNAH (green background) is observable. 

When using Irsppy as a sensitizer and [Cp*Rh(bpy)(H)]+ as a hydride mediator, 1,4-BNAH 

was found to be the only regioisomer being formed in 82% yield after 6 hours. Also, when 

using one of the fluorinated Ir sensitizers as a photocatalyst or [Cp*Rh(phen)(H)]+ as a 

hydride mediator, a comparable yield of 1,4-BNAH was observed (between 82% and 86%, 

see SI Table S2). When the Rh(III) precursor was changed to [Cp*Rh(TfEn)Cl], formation 

of 1,4-BNAH was observed only in minor amounts (6%). The absence of newly formed 

signals suggests that an insoluble product is formed instead. This finding indicates that 

Irsppy fails to sensitize the Rh catalyst and direct SET from Irsppy to BNA+ takes place 

instead, leading to the formation of insoluble NAD-dimers.[233] Furthermore, it 

demonstrates that UV-Vis experiments alone are not sufficient to monitor regiospecific 

reduction of BNA+ due to the similar absorption characteristics of the different possible 

isomers and side products.[196]  

4.3.4 Mechanistic Studies 

After the photochemical formation of 1,4-BNAH was confirmed by 1H-NMR-spectroscopy, 

further mechanistic studies were performed to obtain an insight into the reaction 

mechanism. Since the interplay between the photosensitizer and the Rh catalyst is known 

to be crucial for efficient BNA+ reduction,[50,208] mechanistic studies focused on gaining 

further insight into this specific interaction. Three different mechanisms are, in theory, 
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possible for the photochemical regeneration of 1,4-BNAH (Figure 29A-C): i) the triplet-

excited state of the Ir sensitizers is reductively quenched by TEOA, ii) the triplet-excited 

state of the Ir sensitizers is oxidatively quenched by the Rh-catalyst or iii) a ttEnT 

mechanism is at play and the Ir sensitizer does only interact with the Rh catalyst and not 

with the sacrificial donor, as was previously proposed in Figure 20. 

Even though the exact excited-state reduction potentials of the Ir sensitizers are 

unknown, reductive quenching of their excited state by TEOA seems thermodynamically 

unlikely considering that electron transfer from TEOA (E0
ox = +0.76 V vs SCE)[217] to the 

neutral analog Irppy3 (E*red = +0.31 V vs SCE)[61] is endergonic (ΔGET,1 = +0.45 eV). Indeed, 

when quenching experiments were performed with the different Ir sensitizers in presence 

of TEOA (Figure 29D), reductive excited-state quenching with TEOA was found to be 

inefficient (η up to 4.9% with IrdFsppy, Table 3). In contrast, efficient quenching of the 

triplet-excited Ir sensitizers with [Cp*Rh(bpy)Cl]Cl was observed (η up to 83% with 

IrdFsppy, Figure 29E). This implies that reductive quenching of the triplet-excited state of 

the Ir complexes with TEOA only plays a minor role in the reaction mechanism (Figure 

29A), whereas excited-state quenching with [Cp*Rh(bpy)Cl]Cl represents the primary 

reaction pathway (Figure 29B or C). 

When probing the photochemical formation of 1,4-BNAH with the different Ir sensitizers, 

it was found that the yields of 1,4-BNAH formation decrease in the order IrdFsppy > 

IrFsppy > Irsppy (Figure 27). This finding conflicts with an electron transfer from the 

triplet-excited state of the Ir sensitizer to the Rh catalyst (Figure 29B), as the excited-state 

oxidation potential is shifted to less negative potentials (less reducing) when going from 

Irsppy to IrdFsppy (Table 1). Thus, the driving force of the electron transfer from the 

respective Ir complex to BNA+ is highest for Irsppy (ΔGET,3 = ─1.15 eV, see SI section S4.1) 

and a more efficient formation of 1,4-BNAH would be expected when using Irsppy.  

One possible explanation for this counterintuitive finding is that the re-reduction of 

IrdFsppy+ is more favored (ΔGET,4 = ─0.29 eV, see SI section S4.1) than re-reduction of 

Irsppy+ (ΔGET,4 ≈ 0 eV). The more efficient regeneration of the ground state is beneficial 

for the turnover frequency of the catalyst and might be the reason for the higher yield of 

1,4-BNAH when using IrdFsppy as a catalyst.  

A different explanation for the observed reactivities can be found when comparing the 

triplet energies of the employed Ir sensitizers. The observed reactivities of the Ir 

sensitizers in the photochemical formation of 1,4-BNAH correlate with the triplet energies 

of the Ir sensitizers (Table 1). Thus, it seems plausible that the photochemical formation 

of 1,4-BNAH proceeds via energy transfer from the excited state of the Ir sensitizer to the 

Rh catalyst (Figure 29C). The exact triplet energy of [Cp*Rh(bpy)(H2O)]2+ is unknown; 

however, the triplet energy of a related complex ([Rh(NH3)6]3+) is 2.51 eV,[234] suggesting 

that triplet-triplet energy transfer from the three investigated Ir sensitizers to the Rh 

catalyst is feasible.  
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Figure 29: Three types of interactions between the Ir sensitizer and the Rh catalyst are theoretically possible (A-C). For 
simplicity the Ir catalysts are abbreviated as Ir and [Cp*Rh(bpy)(H2O)]2+ (abbreviated as Rhbpy2+) is depicted as 
representative example for the different Rh catalysts. See text for details. D, E) Time-resolved luminescence-quenching 
experiments of IrdFsppy (30 µM) at varying concentrations of D) TEOA or E) [Cp*Rh(bpy)Cl]Cl. Measurements were 
performed using the TCSPC technique in deaerated Tris-buffer (0.1 M, pH 8.8) at 20 °C. Excitation occurred at 405 nm 
and the luminescence was detected at 500 nm. All decays were normalized to 1.0 at t = 0. F) Stern-Volmer plots obtained 
from kinetic emission measurements for Irsppy (pink data points), IrFsppy (turquoise data points) and IrdFsppy (blue 
data points).  

To further differentiate between the two mechanisms, the Stern-Volmer constants Ksv and 

the quenching rate constants kq were determined for all three sensitizers in presence of 

different concentrations of [Cp*Rh(bpy)Cl]+ (Figure 29C). Excited-state quenching was 

found to be fast, with rate constants close to the diffusion limit (Table 3, kdiff = 6.5.109  

M-1 s-1 at 20 °C in water[235]). The quenching rate was found to increase in the order 

Irsppy < IrFsppy < IrdFsppy, which correlates with the triplet energies of the Ir sensitizers 
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but opposes the trend observed for the excited-state oxidation potentials (Table 1). Thus, 

the quenching experiments suggest that excited-state quenching of the Ir sensitizers 

proceeds via energy transfer from the Ir sensitizer to the Rh catalyst rather than via 

electron transfer.  
Table 3: Stern-Volmer constants (KSV), quenching rate constants (kq), and quenching efficiencies (η) obtained from 
quenching experiments with the different Ir sensitizers. 

 KSV
a,b / M-1 kq

 a,b / 109 M-1 s-1 η ([Cp*Rh(bpy)Cl]Cl)a,c / % η (TEOA)a / % 

Irsppy 2960 2.9  61 n.d. 

IrFsppy 6900 3.3 77 0.6 

IrdFsppy 9040 4.4 83 4.9 
a  Determined by time-resolved luminescence spectroscopy using the TCSPC technique with solutions containing the Ir  
   sensitizers (30 µM) and either [Cp*Rh(bpy)Cl]Cl (0 mM to 50 mM) or TEOA (0 M to 0.5 M) in deaerated Tris-buffer  
   (0.1 M, pH 8.8) at 20 °C.  
b Determined from Stern-Volmer analysis for the quenching of the excited Ir sensitizer with [Cp*Rh(bpy)Cl]Cl. KSV is  
   obtained from the linear fit when plotting τ0/τ against different concentrations of [Cp*Rh(bpy)Cl]Cl. The quenching  
   rate constant kq is defined as kq = KSV/τ0.  
c The quenching efficiency η was determined based on η=(τ0-τ)/τ0. The quenching efficiency of [Cp*Rh(bpy)Cl]Cl) was  
   determined for a solution containing 0.5 mM [Cp*Rh(bpy)Cl]Cl and η (TEOA) was determined for a solution containing  
   0.5 M TEOA. 

To further confirm this hypothesis, time-gated transient absorption spectra of a solution 

containing Irsppy (100 µM) and [Cp*Rh(bpy)Cl]Cl (2.0 mM) were recorded (Figure 28A). 

At this Rh concentration, efficient quenching (90%) of the triplet-excited state of Irsppy is 

expected. If an electron-transfer mechanism were at play, one would expect to see a 

broad, featureless absorption signal with a maximum at 600 nm, arising from the Irsppy+ 

cation (Figure 30C). However, only depletion of the negative signal at around 510 nm, 

which can be attributed to 3Irsppy emission (Figure 30B),[65] was observed. The absence 

of the absorption feature at 600 nm therefore points towards a triplet-triplet energy 

transfer mechanism. Since the triplet-excited Rh catalyst has a low extinction coefficient 

and is lacking any characteristic spectroscopic signature,[217] the absence of a newly 

formed signal is in good agreement with excited-state quenching via energy transfer. The 

transient absorption spectra that were obtained of the two fluorinated Ir sensitizers 

(100 µM) in presence of [Cp*Rh(bpy)Cl]Cl (1.0 mM) also lack of a new characteristic 

absorption signal (SI section S4.2), indicating that the same reaction mechanism is 

operating for all three Ir sensitizers.  
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Figure 30: A) Transient absorption spectra of a solution containing Irsppy (100 µM) and [Cp*Rh(bpy)Cl]Cl (2.0 mM) in 
deaerated phosphate buffer (0.1 M, pH 7). The spectra were measured at different time delays after excitation at 
420 nm (7 mJ) and were time-integrated over 50 ns. B) Transient absorption spectrum of a solution containing Irsppy 
(22 µM) in deaerated NaOH solution (50 mM) depicting the characteristic spectroscopic signature of 3Irsppy. The 
spectrum was measured immediately after excitation at 420 nm (14 mJ pulses) and was time-integrated over 100 ns. C) 
Spectroelectrochemical UV-Vis difference spectrum upon complete oxidation of Irsppy (400 µM in deaerated water) to 
Irsppy+ when applying a potential of +0.95 V vs SCE. The reference spectra (B and C) were obtained from Björn Pfund 
and Dr. Christoph Kerzig.[65,122]  

Hence, the mechanistic studies imply that for cases in which the triplet energy of the 

photosensitizer is high enough to sensitize the Rh catalyst, the photochemical 1,4-BNAH 

regeneration does not necessarily proceed via electron transfer from the sensitizer to the 

Rh catalyst, as was observed for various previous systems,[50,208] but rather involves a 

triplet-triplet energy transfer. This allows us to propose a first tentative reaction 

mechanism for BNA+ reduction using the newly developed Ir sensitizers as photocatalysts 

(Figure 31). Upon excitation with visible light, the triplet-excited Ir sensitizer undergoes 

triplet-triplet energy transfer to [Cp*Rh(bpy)(H2O)]2+, which is readily formed from the 

corresponding chloro precursor in aqueous solutions.[185,224] Reductive quenching of 
3[Cp*Rh(bpy)(H2O)]2+ with TEOA gives the Rh(II) aqua species ([Cp*Rh(bpy)(H2O)]+). 

Subsequent disproportionation and protonation results in the formation of the Rh(III) 

hydride.[197] The formed [Cp*Rh(bpy)(H)]+ enables the regioselective formation of  

1,4-BNAH via a hydride transfer, in analogy to the mechanisms that were proposed by the 

groups of Fish and Miller.[48,236]  
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Figure 31: Proposed reaction mechanism. Energy transfer from the excited Ir sensitizer to [Cp*Rh(bpy)(H2O)]2+ gives 
3[Cp*Rh(bpy)(H2O)]2+, which is reductively quenched by TEOA to afford [Cp*Rh(bpy)(H2O)]+. From [Cp*Rh(bpy)(H2O)]+, 
disproportionation, protonation and regioselective reduction of BNA+ occurs in analogy to what has been reported 
previously.[48,197] For simplicity, Irsppy and [Cp*Rh(bpy)(H2O)]2+ are depicted as selected examples for the employed Ir 
sensitizers and Rh catalysts. 
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4.4 Conclusion and Outlook  
A set of newly developed, water-soluble Ir sensitizers set the basis for mechanistic 

investigations of photochemical nucleotide co-factor mimic regeneration. The four 

synthesized Ir complexes are derived from the archetypal photocatalyst Irppy3 and 

solubility in aqueous solutions was achieved through the introduction of sulfonate groups 

at the ligand periphery. All sensitizers have luminescence quantum yields in the range of 

0.13 to 0.91 and triplet-excited state lifetimes that are sufficiently long to enable 

bimolecular reactions (1.6 to 2.2 µs, Table 1). Furthermore, these favorable properties are 

accompanied by very negative excited-state oxidation potentials (E*ox < ─1.76 V vs SCE) 

and high triplet energies (ET > 2.50 eV, Table 1), allowing applications such as challenging 

photoreductions[65,121] and triplet-triplet energy transfer[122] in the green solvent water. 

The introduction of fluorine substituents on the phenylpyridine ligands of the Ir sensitizers 

offered a straightforward approach to modulate the triplet energy of the sensitizers.  

In combination with [Cp*Rh(bpy)Cl]Cl, all three trianionic Ir sensitizers were able to 

efficiently sensitize the photochemical regeneration of the nucleotide co-factor mimic 

1,4-BNAH, with yields ranging from 46% to 64% (Figure 27). The investigated reaction was 

monitored by UV-Vis spectroscopy and regioselective formation of 1,4-BNAH was 

confirmed by 1H-NMR spectroscopy. The yield of 1,4-BNAH formation correlates with the 

triplet energies of the Ir sensitizers rather than with their excited-state oxidation 

potentials. In terms of initial turnover frequencies, the most potent Ir sensitizer for the 

photochemical regeneration of 1,4-BNAH, IrdFsppy, outcompetes the archetypal 

[Ru(bpy)3]2+ by almost one order of magnitude (146 h-1 vs 16 h-1, section S3.2).  

Luminescence-quenching experiments and transient absorption measurements were 

performed to gain further insight into the bimolecular processes involved in 

photochemical 1,4-BNAH formation. The triplet-excited state of all three Ir sensitizers is 

efficiently quenched by [Cp*Rh(bpy)Cl]Cl (η ranging from 61 to 83%, Table 3), whereas 

the inefficient quenching by TEOA suggests that reductive quenching of the excited state 

by the sacrificial donor is only a minor pathway. The quenching rate constant kq increases 

in the order Irsppy < IrFsppy < IrdFsppy (Table 3). The fact that the excited-state 

quenching rate increases with increasing triplet energy of the sensitizer but does not 

correlate with its excited-state oxidation potential points towards a triplet-triplet energy 

transfer. This hypothesis is further supported by the absence of the characteristic 

spectroscopic signature of Irsppy+, which would be expected in an electron transfer 

pathway. Hence, both the observed reactivities of the photosensitizer in the 

photochemical regeneration of 1,4-BNAH and the different mechanistic studies are 

indicative of energy transfer from the Ir sensitizer to the Rh catalyst. This finding is 

important since previously studied systems are governed by electron rather than energy 

transfer.[50,208] Hence, this study underpins that photophysical investigation of the 

reaction mechanisms that determine the interaction between the photosensitizer and the 
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transition metal aqua complex are important for the optimization of a given 

photochemical system. In the context of photochemical 1,4-BNAH regeneration with an 

organometallic redox mediator, the triplet energy of the photosensitizer needs to be 

considered for future catalyst design. While the Ir sensitizers that were developed in the 

context of this thesis focus on increasing the triplet energy of the sensitizers via 

stabilization of the HOMO, destabilizing the LUMO of the Ir sensitizer or a combination of 

the two strategies could be exploited for further modulation of the triplet energy in the 

future (Figure 32).  

 
Figure 32: Future studies on water-soluble Ir sensitizers could focus on destabilizing the LUMO by introducing electron-
donating groups (EDG) on the pyridine-ring, rather than stabilizing the HOMO with electron-withdrawing substituents 
on the phenyl-ring.  

While the data presented in this thesis is in agreement with an energy transfer from the 

Ir sensitizer to the Rh catalyst, very recent experiments which were performed during the 

finalization of this thesis do not completely fit into this picture. Hence, further in-depth 

analysis of the reaction mechanism is required to fully elucidate the bimolecular processes 

governing the interaction between the two catalysts. For example, monitoring 

downstream reaction products has helped to elucidate reaction mechanisms when the 

product of the photocatalytic key-step is only short-lived.[237] Since the spectroscopic 

signature of both [Cp*Rh(bpy)]0 and [Cp*Rh(bpy)(H)]+ is known,[197,217] detection of these 

reaction products by transient absorption spectroscopy after the addition of TEOA seems 

feasible. However, since this process is irreversible under the experimental conditions, 

precise optimization of the experimental set-up is required.  

Further insight into the reaction mechanism could be gained by investigating 

Ir(sCH2ppy)ppy2 as a sensitizer for the photochemical regeneration of 1,4-BNAH. Since 

the triplet energy of the monoanionic sensitizer (2.50 eV) is in the range of the expected 

triplet energy of the Rh catalyst (ET of a comparable Rh catalyst ([Rh(NH3)6]3+) is 

2.51 eV),[234] triplet-triplet energy transfer between the two species is approximately 

thermoneutral and thus thermodynamically less favored compared to triplet-triplet 

energy transfer with the trianionic Ir sensitizers. Moreover, Ir(sCH2ppy)ppy2 has the most 

negative excited-state oxidation potential (E*ox = ─1.94 V vs SCE), implying that electron 

transfer from the Ir sensitizer to the Rh catalyst is strongly exergonic (ΔGET,3 = ─1.20 eV, 
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see SI section S4.1). Hence, examining the photochemical formation of 1,4-BNAH with 

Ir(sCH2ppy)ppy2 might provide new insights into the reaction mechanism.  

Furthermore, after thorough investigation of the reaction mechanism, future research 

could focus on merging the newly developed photocatalytic system with an enzymatic 

dark reaction. In a preliminary experiment with glutamate dehydrogenase (GDH), 

regeneration of 1,4-NADH was observed; however, no formation of the reaction product 

could be detected. Since mutual deactivation of the Rh catalyst and/or the Ir sensitizer 

and the enzyme is known,[121,183] further optimization of the reaction conditions is 

required. In previous studies, compartmentalization of the different reaction partners has 

helped to overcome such deactivation processes.[121,183]  
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5 General Summary  
In this thesis, two different concepts of how transition metal hydride chemistry can be 

merged with photocatalysis were investigated to explore new light-induced reactivities 

and to gain insight into the bimolecular processes that govern the synergy between the 

two catalytic processes.  

In the first project, [Cp*Ir(phen)(H)]+ was investigated as a photocatalyst that catalyzes 

the overall photo-HAT to unactivated olefins. In this approach, both the light-dependent 

reductive quenching step and the light-independent HAT step are performed by the same 

catalyst, the iridium hydride. The overall photo-HAT therefore represents one of the rare 

examples of single-component dual photocatalysis (Figure 33). The key for this new 

reactivity is the formation of a very weak IrII-H bond in [Ir-H]0, thereby enabling the HAT 

to unactivated olefins and ultimately resulting in the formation of a new C-H bond.  

 
Figure 33: A) The ability of iridium hydrides to function both as the photocatalyst and as a hydrogen atom transfer 
catalyst is exploited in the investigation of a photo-HAT from a metal complex to unactivated olefins. B) Both the 
conversion of the olefin substrate and the H:R chemoselectivity of reaction correlate with the stability of the respective 
radical intermediate, in line with a photo-HAT mechanism. C) The exclusive formation of the ring-opened product in a 
radical clock experiment underpins that the reaction proceeds via a radical mechanism.  

A simplified mechanism of the investigated photoinduced hydrogenation of olefins is 

depicted in Figure 33A. Due to the limited stability of the iridium hydride, the 

corresponding Ir(III) chloride was employed as a catalyst precursor. Upon irradiation with 

visible light, reductive dissociation of the chloro ligand in presence of triethylamine and 

rapid protonation of the IrI species lead to the formation of the Ir(III) hydride, in analogy 

to a previously studied related Rh-based system.[218] The viability of this intermediate was 

validated by the absence of a lag phase when directly using the Ir(III) hydride as a catalyst 
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in comparison to the time-delayed product formation when using Ir(III) chloride as 

catalyst precursor.  

The weak IrII-H bond, which is formed upon reductive quenching of the triplet-excited 

Ir(III) hydride in presence of triethylamine (kq = 6.8.108 M-1 . s-1), is vital for this new photo-

HAT reactivity. While neither the triplet-excited [Cp*Ir(phen)(H)]+ (E0’(IV/III*) ≈ ─1.3 V vs 

SCE)[12] nor [Cp*Ir(phen)(H)]0 (E0’(III/II) ≈ ─1.4 V vs SCE)[12] are reducing enough to activate 

the investigated olefins (Ered < ─2.7 V vs SCE)[238] via a photoinduced electron transfer 

pathway, the very low IrII-H BDFE enables a primary HAT (1° HAT in Figure 33A) to the 

olefin substrate.  

The formed radical intermediates can then either react onwards in a secondary HAT to 

give the hydrogenation product H, or a hydrogen atom can be abstracted from the radical 

intermediate, leading to the rearranged product R. Structure-reactivity relationships of 12 

investigated olefins support the typical HAT reactivity (Figure 33B): the conversion of the 

olefin substrate is dependent on the nature of the substituent R1 and decreases in the 

order Ph > CO2Me > Me > H. This correlation between the conversion of the olefin 

substrate and the stability of the formed radical intermediate is in agreement with 

thermal HAT reactivities.[180] Furthermore, the decrease in H:R chemoselectivity from ca. 

15:1 to 2:1 when using an aliphatic (R1 = Me) instead of an aromatic (R1 = Ph) olefin is in 

line with a radical mechanism. The observed change in chemoselectivity is based on the 

weaker Cα-H bond in the aliphatic radical intermediate and hence hydrogen atom 

abstraction can compete with secondary HAT. The susceptibility of the reaction towards 

an additional substituent at the terminal carbon atom of the olefin substrate corroborates 

that the reaction proceeds via photo-HAT.[180] Further substantiation for a photo-HAT 

mechanism was gained with a radical clock experiment, in which the ring-opened product 

is formed exclusively, consistent with a radical mechanism (Figure 33C).  

The reversibility of the initial HAT was investigated with a deuterated substrate and 

suggests that secondary HAT outcompetes hydrogen atom abstraction from the radical 

intermediate. The high chemoselectivity towards the hydrogenation product can 

presumably be attributed to an elevated (local) concentration of the H-atom donors  

(i.e., the oxidation products of TEA and the iridium hydride). Furthermore, continuous 

hydrogenation of the rearranged product and the addition of excess phenanthroline 

increase the observed chemoselectivity towards the hydrogenation product.  

While HAT from transition metal hydrides (with BDFEs exceeding 50 kcal . mol-1) to olefins 

is well investigated in thermal chemistry,[155,156,169] this study provides the first example of 

a light-induced HAT from the metal complex to unactivated olefins. Since photo-HATs 

proceed independent of the redox properties of the substrate and the photocatalyst, this 

newly investigated overall photo-HAT provides an important new approach for the 

activation of organic substrates that are difficult to access via the traditional 

photoinduced electron transfer pathway. 
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The second project investigated the photochemical formation of the nucleotide co-factor 

mimic 1,4-BNAH by merging photocatalysis with rhodium hydride chemistry (Figure 34). 

A special focus was set on probing the bimolecular processes that are at play when the 

two catalytic cycles are combined. 

   
Figure 34: A) Combining photocatalysis with rhodium hydride chemistry enables the photochemical regeneration of 1,4-
BNAH. B) Both the yield of 1,4-BNAH formation and the quenching rate constant kq of the luminescence-quenching 
experiments with different concentrations of [Cp*Rh(bpy)Cl]Cl correlate with the triplet energy of the sensitizers and 
not with their excited-state oxidation potential.  

Four new water-soluble analogs of Irppy3 set the basis for this study. Next to the 

monoanionic Ir(sCH2ppy)ppy2, three trianionic variants of Irppy3, which only differed in 

the number of fluorine substituents on the phenylpyridine ligands, were synthesized. The 

introduction of additional fluorine atoms aimed at tuning the HOMO-LUMO gap of the Ir 

sensitizers by stabilizing the HOMO of the investigated complexes. All four sensitizers have 

a sufficiently long triplet-excited state lifetime (ca. 1.6 to 2.2 µs) for bimolecular reactions 

and the luminescence quantum yields varies between 0.13 and 0.91. Furthermore, the 

new Ir sensitizers have highly reducing excited states (E*ox < ─1.76 V vs SCE) as well as high 

triplet energies (ET > 2.50 eV). The usefulness of these newly developed water-soluble Ir 

sensitizers as potent photosensitizers in aqueous solutions has been proven by various 

applications in the Wenger group. Examples include the synergistic photo- and enzyme 

catalysis,[121] challenging photoreductions via formation of hydrated electrons,[65] and 

blue-to-UV upconversion in water.[122]  
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The three anionic Ir sensitizers were used to catalyze the photochemical regeneration of 

1,4-BNAH in combination with different Rh catalysts. The reaction progress was 

monitored by UV-Vis spectroscopy and the regioselective formation of the nucleotide co-

factor was confirmed by 1H-NMR spectroscopy. The yield of 1,4-BNAH was found to 

increase in the order Irsppy < IrFsppy < IrdFsppy and the most efficient photocatalyst, 

IrdFsppy, outcompeted the conventional [Ru(bpy)3]2+ by almost one order of magnitude 

in terms of initial turnover frequency (146 h-1 vs 16 h-1). Interestingly, the yield of  

1,4-BNAH formation correlates with the triplet energy of the Ir sensitizers rather than 

their excited-state oxidation potential. This suggests that the interaction between the two 

catalysts is dictated by a triplet-triplet energy transfer rather than an electron transfer 

process, contrary to the findings of previously investigated systems.[50,208] This finding is 

further substantiated by luminescence-quenching experiments, as the quenching rate 

constant in presence of different concentrations of [Cp*Rh(bpy)Cl]Cl increases in the 

order Irsppy < IrFsppy < IrdFsppy. Furthermore, the absence of the characteristic 

spectroscopic signature of Irsppy+ in transient absorption spectroscopy points towards an 

energy transfer rather than an electron transfer mechanism.  

In summary, this thesis provides new insights into the synergism of photocatalysis with 

transition metal hydride chemistry and demonstrates that the combination of the two 

reactivities is an important concept to expand the scope of traditional photocatalysis. 

Furthermore, the findings of this thesis set the basis for future studies on photo-HAT 

reactivities and the developed water-soluble Ir sensitizers have emerged as valuable 

photocatalysts for applications in aqueous solutions. 
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S1 Equipment and Methods 

General 

Unless stated otherwise, all air- or moisture-sensitive syntheses were performed under 

inert conditions (N2 atmosphere). Dry solvents were used as received and if necessary 

were degassed using the freeze, pump, thaw method. Dry diethyl ether, tetrahydrofuran 

(THF) and dichloromethane (DCM) were obtained from a commercial solvent purification 

system by Innovative Technology. Commercially available chemicals were purchased from 

ABCR, Acros Organics, Fluorochem, or Sigma-Aldrich and used as received.  

Chromatography 

Column chromatography was performed with silica gel from Silicycle (silica flash, 40-63 

µm, (230-400 mesh ASTM) for flash column chromatography). Thin layer chromatography 

(TLC) was performed with pre-coated aluminium sheets (precoated with silica 60, from 

Merck, layer thickness of 0.25 mm), coated with fluorescence indicator F254. Visualization 

of the compounds occurred either under UV light (using either the 254 nm or 365 nm 

output of a UV lamp) or using a KMnO4-stain.  

NMR spectroscopy 

NMR spectra were measured on a Bruker Avance III operating at 400 MHz or 500 MHz 

proton frequencies. All chemical shifts are reported in  values in ppm and were 

referenced to the signals of the residual non-perdeuterated solvent used.[239] The 

deuterated solvents for NMR-spectroscopy were obtained from Cambridge Isotope 

Laboratories. All coupling constants J are given in Hertz (Hz) and the following 

abbreviations are used to describe their coupling patterns: s (singlet), br s (broad singlet), 

d (doublet), t (triplet), q (quartet), pent. (quintet), sext. (sextet), m (multiplet), dd (doublet 

of doublets), dq (doublet of quartets), tq (triplet of quartets), ddd (doublet of doublets of 

doublets).    

GC-MS spectrometry 

GC-MS spectrometry was performed using a GC-MS-QP2010 SE gas chromatograph 

system with a ZB-5HT inferno column (30 m x 0.25 mm x 0.25 mm) that was operated at 

a 1 mL/min He flow rate (split = 20:1). The different analytes were separated using the 

methods summarized in Table S1. The retention times (tR) of the substrates and products 

are reported in minutes in the experimental sections S2 and S3.  

The mass system consisted of a Shimadzu mass detector (EI, 70 eV). The quotients of mass 

to charge (m/z) are given and the relative intensities related to the basis peak (I=100) are 

reported in brackets.   
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Table S1. Different methods for analysis by GC-MS spectrometry.  

 Oven Temperature Program 

Method A 100 °C, 35 °C/min, 200 °C, 100 °C/min, 350 °C 

Method B 100 °C, 30 °C/min, 200 °C, 5 °C/min, 230 °C, 100 °C/min, 350 °C 

 

Steady-state absorption spectroscopy 

Optical absorption spectroscopy was measured on a Cary 5000 UV-Vis-NIR instrument 

from Varian.  

Time-resolved luminescence spectroscopy 

Time-resolved luminescence spectroscopy was performed on a LP920-KS instrument from 

Edinburgh Instruments. Excitation occurred at 455 nm using a Quantel Brilliant b laser 

combined with an optical parametric oscillator (OPO) from Opotek as excitation source. 

The laser pulse duration was ~10 ns and the pulse frequency was 10 Hz. Kinetics at single 

detection wavelengths were recorded using a photomultiplier tube.  

Transient absorption spectroscopy 

Transient absorption spectroscopy was performed on a LP920-KS instrument from 

Edinburgh Instruments. Excitation of the complexes occurred at 445 nm using a 

frequency-tripled Nd:YAG laser (Quantel Brilliant, ca. 10 ns pulse width) equipped with an 

OPO from Opotek and the typical pulse energy was ca 9 mJ. A beam expander (GBE02-A 

from Thorlabs) was used to improve the excitation homogeneity in the detection volume. 

The transient absorption spectra were detected with an iCCD camera from Andor.  

Set-up for photocatalysis 

Photoirradiation was performed using a home-built photoreactor (Fig. S1). The setup 

consists of LED strips (470 nm) that are arranged around the outside of a glass beaker. The 

photoreactor is divided into 8 compartments, each corresponding to an irradiation power 

of ca. 7.5 W. The beaker is filled with water and incorporates copper tubing through which 

water is flowed. The tubes are connected to an external thermostat, enabling a steady 

temperature throughout the irradiation process. For all experiments, the water 

temperature was adjusted to 50 °C and the reactions were performed in NMR tubes that 

were irradiated in individual compartments.  

For the UV-Vis irradiation experiment, continuous-wave photo-irradiation of the sample 

occurred at room temperature using a 455 nm (~1000 mW power output) collimated LED 

purchased from ThorLabs.   
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Figure S1. Home-built photoreactor (λ = 470 nm), connected to an external thermostat (left). Different compartments 
of the photoreactor (viewed from the top), each corresponding to an irradiation power of ca. 7.5 W (right).  
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S2 Experimental Procedures 

S2.1 Catalyst Syntheses 

 
Scheme S1. Synthesis of different iridium complexes: a) C5Me5H, MeOH, reflux, 2 days, 80%; b) phen, MeOH, rt, 
overnight, 70%; c) aq. formic acid (3 M, pH 5), rt, 5 h, then KPF6, 84%. 

 [Cp*IrCl2]2 

 
The synthesis of [Cp*IrCl2]2 was adapted from a previously published protocol.[240] 

Iridium(III) chloride hydrate (501 mg, 1.58 mmol, 2.0 eq.) was dissolved in dry MeOH 

(10 mL) and pentamethyl-cyclopentadiene (0.40 mL, 2.55 mmol, 3.2 eq.) was added 

dropwise. The reaction mixture was heated at reflux for 2 days. The resulting suspension 

was cooled to 0 °C. The formed orange-red precipitate was collected by filtration and 

washed with cold methanol to afford [Cp*IrCl2]2 (506 mg, 635 μmol, 80%) as an orange 

solid. Analytical data matches the literature.[240] 

C20H30Ir2Cl4 (797 g/mol):  
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 1.59 (s, 30H).  
13C-{1H}-NMR (126 MHz, 298 K, CDCl3, δ/ppm): 86.4, 9.5.  

 

[Cp*Ir(phen)Cl]Cl 

 
The synthesis of [Cp*Ir(phen)Cl]Cl was adapted from a previously published protocol.[241] 

A round-bottomed flask was charged with [Cp*IrCl2]2 (200 mg, 251 μmol, 1.0 eq.), 1,10-

phenanthroline (92.0 mg, 511 μmol, 2.0 eq.) and dry methanol (20 mL). After the reaction 

mixture was stirred at room temperature overnight, the solvent was evaporated under 

reduced pressure. The residue was redissolved in DCM and added dropwise to diethyl 

ether. The formed yellow precipitate was collected by filtration and washed with diethyl 

ether to afford [Cp*Ir(phen)Cl]Cl (203 mg, 351 μmol, 70%) as a yellow solid. Analytical 

data matches the literature.[242]   
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C22H23N2IrCl2 (579 g/mol):  
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): δ 9.41 (d, J = 5.2 Hz, 2H), 8.76 (d, J = 8.2 Hz, 2H), 

8.32 (dd, J = 8.2 Hz, J = 5.2 Hz, 2H), 8.17 (s, 2H), 1.85 (s, 15H). 
13C-{1H}-NMR (126 MHz, 298 K, CDCl3, δ/ppm): 151.8, 146.6, 139.4, 131.2, 128.4, 128.1, 

89.6, 9.2.  

 

[Cp*Ir(phen)(H)](PF6)  

 
The synthesis of [Cp*Ir(phen)(H)](PF6) was adapted from a previously published 

protocol.[12] The entire synthesis was performed in the dark and under argon atmosphere. 

[Cp*Ir(phen)Cl]Cl (100 mg, 172 µmol, 1.0 eq.) was dissolved in aq. formic acid solution 

(3 M, 5.7 mL, adjusted to pH 5 by addition of grounded KOH pellets) and the reaction 

mixture was stirred at room temperature in the dark for 5 hours. The resulting orange 

solution was filtered over Celite and [Cp*Ir(phen)(H)](PF6) was precipitated from the 

filtrate through the addition of KPF6 (283 mg, 1.54 mmol, 9.0 eq.). The resulting yellow 

suspension was filtered over Celite and the formed yellow precipitate was washed with 

previously degassed water (3 mL) and diethyl ether (3 mL). The residue was eluted with 

previously degassed MeCN (5 mL) and the filtrate was concentrated under reduced 

pressure. [Cp*Ir(phen)(H)](PF6) (95.0 mg, 146 µmol, 84%) was obtained as a yellow solid. 

Analytical data is in agreement with the literature data obtained for 

[Cp*Ir(phen)(H)](BF4).
[242] 

C22H24N2IrPF6 (654 g/mol):  
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 9.22 (dd, J = 5.4 Hz, 1.2 Hz, 2H), 8.64 (dd, J = 

8.2 Hz, 1.2 Hz, 2H), 8.15 (s, 2H), 7.96 (dd, J = 8.2 Hz, 5.4 Hz, 2H), 1.90 (s, 15H), -11.46 (s, 

1H). 

 

[Cp*Ir(phen)]0 

 
A reference spectrum of [Cp*Ir(phen)]0 was obtained after deprotonation of 

[Cp*Ir(phen)(H)](PF6) (3.2 mg, 4.9 µmol, 1.0 eq.) dissolved in CD3CN (0.5 mL) in presence 

of KOtBu (700 µg, 6.25 µmol, 1.3eq.).  
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1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 9.04 (d, J = 6.5 Hz, 2H), 7.48 (s, 2H), 7.37 (d, J = 

6.9 Hz, 2H), 6.73 (t, J = 6.7 Hz, 2H), 1.99 (s, 15H). 

 

S2.2 Substrate Syntheses 

S2.2.1 Synthesis of Allylic Ethers 
Table S2. Synthesis of different allylic ether substrates (1-SM, 7-SM, 10-SM and 11-SM):  

 

Allylic 

alcohol 
R1 Conditions  

Yield  

/ % 

Allylic 

ether 
R2 Conditions 

Yield  

/ % 

6-SM 

 

conditions 

A  

with Et2O 

91 1-SM Me 
conditions 

B 
93 

MesOH 

 

conditions 

A  

with THF 

69 7-SM Bn conditions C 69 

CyOH 
 

conditions 

A  

with 

toluene/THF 

27 10-SM Bn conditions C 81 

 Me -a - a 11-SM Bn conditions C 89 

a 2-Methylprop-2-en-1-ol was obtained from commercial sources.  

 

2-Phenylprop-2-en-1-ol (6-SM) 

 
Propargyl alcohol (1.07 g, 19.1 mmol, 1.0 eq.) and CuI (1.66 g, 8.72 mmol, 0.5 eq.) were 

suspended in dry diethyl ether (25 mL) and the resulting suspension was cooled to −78 °C 
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with an acetone/dry ice bath. Phenylmagnesium bromide (3.0 M in diethyl ether, 18.0 mL, 

54.0 mmol, 2.8 eq.) was added dropwise and the reaction was stirred at −78 °C for 15 

minutes. The reaction mixture was then allowed to reach room temperature and was 

stirred at this temperature overnight. After cooling to 0 °C, the reaction was quenched 

with sat. aq. NH4Cl solution (40 mL), the layers were separated, and the aqueous layer 

was extracted with diethyl ether (3 x 40 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography (SiO2, diethyl ether/pentane 1:5) 

to afford 2-phenylprop-2-en-1-ol (6-SM, 2.34 g, 17.4 mmol, 91%) as a light-yellow liquid. 

Analytical data matches the literature.[243] 

C9H10O (134 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.48-7.43 (m, 2H), 7.39-7.28 (m, 3H), 5.48 

(pseudo-q, J = 0.9 Hz, 1H), 5.36 (pseudo-q, J = 1.3 Hz, 1H), 4.55 (s, 2H), 1.75 (br s, 1H).   
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 147.4, 138.6, 128.6, 128.1, 126.2, 112.7, 

65.2. 

 

2-Mesitylprop-2-en-1-ol (MesOH) 

 
Propargyl alcohol (2.00 g, 35.7 mmol, 1.0 eq.) and CuI (3.40 g, 17.8 mmol, 0.5 eq.) were 

suspended in dry THF (50 mL) and the resulting suspension was cooled to −78 °C with an 

acetone/dry ice bath.   Mesitylmagnesium bromide [freshly prepared from 

mesitylbromide (16.5 mL, 108 mmol, 3.0 eq.) and magnesium (3.90 g, 161 mmol, 4.5 eq.) 

in dry THF (107 mL)] was added dropwise and the reaction was stirred at −78 °C for 15 

minutes. The reaction mixture was then allowed to reach room temperature and was 

stirred at this temperature overnight. After cooling to 0 °C, the reaction was quenched 

with sat. aq. NH4Cl solution (40 mL), the layers were separated, and the aqueous layer 

was extracted with diethyl ether (3 x 40 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The crude 

product was purified by gradient flash column chromatography (SiO2, diethyl 

ether/pentane 1:5 then diethyl ether/pentane 1:3) to afford 2-mesitylprop-2-en-1-ol 

(MesOH, 4.37 g, 24.8 mmol, 69%) as a yellowish liquid. Analytical data matches the 

literature.[244]  

C12H16O (176 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 6.86 (s, 2H), 5.51 (pseudo-q, J = 2.1 Hz, 1H), 4.84 

(pseudo-q, J = 1.8 Hz, 1H), 4.02 (dt, J = 6.1 Hz, 1.9 Hz, 2H), 3.06 (t, J = 6.1 Hz, 1H), 2.23 (s, 

3H), 2.17 (s, 6H).  
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13C-{1H}-NMR (101 MHz, 298 K, CD3CN, δ/ppm): 150.3, 137.7, 137.3, 136.4, 128.8, 112.0, 

64.9, 21.0, 19.8.  

 

2-Cyclohexylprop-2-en-1-ol (CyOH) 

 
Propargyl alcohol (990 mg, 17.7 mmol, 1.0 eq.) and CuI (1.70 g, 8.93 mmol, 0.5 eq.) were 

suspended in dry toluene (24 mL) and the resulting suspension was cooled to −78 °C with 

an acetone/dry ice bath.  Cyclohexylmagnesium bromide (1.3 M in toluene/THF (1:1 v:v), 

40 mL, 52.0 mmol, 2.9 eq.) was added dropwise and the reaction was stirred at −78 °C for 

15 minutes. The reaction mixture was then allowed to reach room temperature and was 

stirred at this temperature overnight. After cooling to 0 °C, the reaction was quenched 

with sat. aq. NH4Cl solution (40 mL), the layers were separated, and the aqueous layer 

was extracted with diethyl ether (3 x 40 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The crude 

product was purified by gradient flash column chromatography (SiO2, diethyl 

ether/pentane 1:10 then diethyl ether/pentane 1:1) to afford 2-cyclohexylprop-2-en-1-ol 

(CyOH, 672 mg, 4.79 mmol, 27%) as a yellowish liquid. Analytical data matches the 

literature.[243,245]  

C9H16O (140 g/mol):  
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 4.94 (pseudo-q, J = 1.7 Hz, 1H), 4.81-4.79 (m, 

1H), 3.98 (dt, J = 5.9 Hz, 1.5 Hz, 2H), 2.76-2.71 (m, 1H), 1.94-1.87 (m, 1H), 1.79-1.72 (m, 

4H), 1.70-1.62 (m, 1H), 1.36-1.15 (m, 5H).   
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 155.9, 106.5, 64.3, 41.6, 32.9, 27.1, 26.7. 

 

(3-Methoxyprop-1-en-2-yl)benzene (1-SM) 

 
Sodium hydride (95%, 856 mg, 21.4 mmol, 1.2 eq.) was suspended in dry THF (35 mL) and 

iodomethane (1.6 mL, 25.7 mmol, 1.5 eq.) was added dropwise. After the suspension was 

heated to 45 °C, 2-phenylprop-2-en-1-ol (6-SM, 2.34 g, 17.4 mmol, 1.0 eq.) was added and 

the reaction mixture was stirred at 45 °C overnight. The crude mixture was cooled to 0 °C 

and was then quenched with water (25 mL). The layers were separated, and the aqueous 

layer was extracted with diethyl ether (3 x 50 mL). The combined organic layers were 

dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 

The crude product was purified by flash column chromatography (SiO2, pentane/ethyl 

acetate 30:1) to afford (3-methoxyprop-1-en-2-yl)benzene (1-SM, 2.41 g, 16.3 mmol, 

93%) as a colorless liquid. Analytical data matches the literature.[246]  

C10H12O (148 g/mol): 
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1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.52-7.46 (m, 2H), 7.39-7.27 (m, 3H), 5.52 (s, 

1H), 5.31 (pseudo-q, J = 1.3 Hz, 1H), 4.31 (s, 2H), 3.30 (s, 3H). 
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 145.7, 139.8, 129.3, 128.7, 127.0, 114.8, 

75.0, 58.0.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.62 min.  

GC-MS (EI, 70 eV) m/z (%): 147 (15), 133 (6), 118 (100), 103 (49), 91 (15), 77 (34), 63 (6).  

 

2-(3-(Benzyloxy)prop-1-en-2-yl)-1,3,5-trimethylbenzene (7-SM) 

 
Sodium hydride (60%, dispersed in mineral oil, 500 mg, 12.5 mmol, 1.1 eq.) was 

suspended in dry THF (15 mL) and the resulting suspension was cooled to 0 °C. 2-

Mesitylprop-2-en-1-ol (MesOH, 2.01 g, 11.4 mmol, 1.0 eq.) dissolved in dry THF (5 mL) was 

added dropwise and the reaction mixture was stirred at this temperature for 30 minutes. 

At 0 °C, benzyl bromide (1.5 mL, 12.5 mmol, 1.1 eq.) was added and the reaction mixture 

was stirred at room temperature for 1.5 hours. The reaction was quenched with water 

(50 mL), the layers were separated, and the aqueous layer was extracted with diethyl 

ether (3 x 100 mL). The combined organic layers were dried over anhydrous sodium 

sulfate, filtered and concentrated under reduced pressure. The crude product was 

purified by gradient flash column chromatography (SiO2, neat pentane then 

pentane/diethyl ether 30:1) to afford 2-(3-(benzyloxy)prop-1-en-2-yl)-1,3,5-

trimethylbenzene (7-SM, 2.10 g, 7.88 mmol, 69%) as a colorless liquid.  

C19H22O (266 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.39-7.32 (m, 4H), 7.31-7.26 (m, 1H), 6.86 (s, 

2H), 5.57 (pseudo-q, J = 1.8 Hz, 1H), 4.92-4.90 (m, 1H), 4.57 (s, 2H), 4.06 (t, J = 1.5 Hz, 2H), 

2.23 (s, 3H), 2.17 (s, 6H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 146.8, 139.7, 137.5, 137.4, 136.5, 129.3, 

128.9, 128.4, 128.4, 114.3, 73.2, 73.1, 21.0, 19.9. 

GC (achiral phase, 62.7 kPa He, method A): tR = 5.96 min.  

GC-MS (EI, 70 eV) m/z (%): 266 (4, M+), 235 (9), 175 (16), 160 (100), 157 (54), 145 (69), 

129 (35), 120 (27), 115 (22), 105 (21), 91 (75), 77 (11), 65 (16).  
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(((2-Cyclohexylallyl)oxy)methyl)benzene (10-SM) 

 
Sodium hydride (60%, dispersed in mineral oil, 420 mg, 10.5 mmol, 1.1 eq.) was 

suspended in dry THF (15 mL) and the resulting suspension was cooled to 0 °C. 2-

Cyclohexylprop-2-en-1-ol (CyOH, 1.33 g, 9.48 mmol, 1.0 eq.) dissolved in dry THF (2.5 mL) 

was added dropwise. The reaction mixture was stirred at this temperature for 30 minutes. 

At 0 °C, benzyl bromide (1.25 mL, 10.4 mmol, 1.1 eq.) was added and the reaction mixture 

was stirred at room temperature for 5 days. At 0 °C, the reaction was quenched with water 

(50 mL), the layers were separated, and the aqueous layer was extracted with diethyl 

ether (3 x 100 mL). The combined organic layers were dried over anhydrous sodium 

sulfate, filtered and concentrated under reduced pressure. The crude product was 

purified by gradient flash column chromatography (SiO2, neat pentane then 

pentane/diethyl ether 10:1) to afford (((cyclohexylallyl)oxy)methyl)benzene (10-SM, 

1.77 g, 7.68 mmol, 81%) as a colorless liquid.  

C16H22O (230 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.39-7.32 (m, 4H), 7.31-7.26 (m, 1H), 5.00 

(pseudo-q, J = 1.6 Hz, 1H), 4.91-4.89 (m, 1H), 4.46 (s, 2H), 3.99 (s, 2H), 2.03-1.95 (m, 1H), 

1.82-1.73 (m, 4H), 1.71-1.64 (m, 1H), 1.35-1.12 (m, 5H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 152.9, 139.9, 129.3, 128.6, 128.4, 109.9, 

73.1, 72.6, 42.1, 33.1, 27.5, 27.1.  

GC (achiral phase, 62.7 kPa He, method B): tR = 8.43 min.  

GC-MS (EI, 70 eV) m/z (%): 124 (29), 104 (8), 91 (100), 67 (22), 79 (19), 55 (14).  

 

((2-Methylallyloxy)methyl)benzene (11-SM) 

 
Sodium hydride (60%, dispersed in mineral oil, 1.22 g, 30.5 mmol, 1.1 eq.) was suspended 

in dry THF (50 mL) and the resulting suspension was cooled to 0 °C. 2-Methylprop-2-en-1-

ol (1.96 g, 27.2 mmol, 1.0 eq.) was added and the reaction mixture was stirred at this 

temperature for 1 hour. At 0 °C, benzyl bromide (3.6 mL, 30.3 mmol, 1.1 eq.) was added 

dropwise and the reaction was stirred at room temperature for 4 hours. The reaction was 

quenched with water (50 mL), the layers were separated, and the aqueous layer was 

extracted with diethyl ether (3 x 100 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The crude 

product was purified by gradient flash column chromatography (SiO2, neat pentane then 

pentane/diethyl ether 30:1) to afford ((2-methylallyloxy)methyl)benzene (11-SM, 3.92 g, 

24.2 mmol, 89%) as a colorless liquid. Analytical data matches the literature.[247]  

C11H14O (162 g/mol):  
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1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.38-7.27 (m, 5H), 5.01 (s, 1H), 4.93 (s, 1H), 4.50 

(s, 2H), 3.94 (s, 2H), 1.78 (s, 3H). 
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 142.4, 138.6, 128.5, 127.8, 127.7, 112.5, 

74.3, 72.0, 19.7. 

GC (achiral phase, 62.7 kPa He, method A): tR = 3.85 min.  

GC-MS (EI, 70 eV) m/z (%): 118 (9), 107 (44), 91 (100), 79 (12), 65 (17), 55 (6).  

 

S2.2.2 Synthesis of Terminal Olefins 
         Table S3. Synthesis of terminal olefins (2-SM to 5-SM) in a Wittig reaction.  

 

Terminal Olefin                        R1 Yield / % 

2-SM 

 

86 

3-SM 

 

92 

4-SM 

 

92 

5-SM 

 

68 

 

General procedure A: Wittig reaction for the synthesis of terminal olefins 

Methyltriphenylphosphonium bromide (3.0 eq.) was suspended in dry THF (5 mL per 

mmol ketone) under a nitrogen atmosphere. At 0 °C, potassium tert-butoxide (3.0 eq.) 

was added and the resulting yellow suspension was stirred at this temperature for 30 

minutes. The desired ketone (1.0 eq.) was added at 0 °C and the reaction mixture was 

stirred at room temperature overnight. The reaction was quenched with water (5 mL per 

mmol ketone), the layers were separated, and the aqueous layer was extracted with 

diethyl ether (3 x 10 mL per mmol ketone). The combined organic layers were dried over 
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anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography. 

 

But-1-en-2-ylbenzene (2-SM) 

 
According to general procedure A, methyltriphenylphosphonium bromide (16.1 g, 

45.0 mmol, 3.0 eq.) and potassium tert-butoxide (5.10 g, 45.5 mmol, 3.0 eq.) in dry THF 

(75 mL) were stirred at 0 °C for 30 minutes. After the addition of 1-phenyl-propan-1-one 

(2.00 g, 15.0 mmol, 1.0 eq.), the reaction was stirred at room temperature overnight. The 

crude product was purified by flash column chromatography (SiO2, pentane/ethyl acetate 

10:1) to afford but-1-en-2-ylbenzene (2-SM, 1.70 g, 12.9 mmol, 86%) as a colorless liquid. 

Analytical data matches the literature.[248]  

C10H12 (132 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.44-7.39 (m, 2H), 7.35-7.30 (m, 2H), 7.28-

7.23 (m, 1H), 5.27 (s, 1H), 5.06 (pseudo-q, J = 1.5 Hz, 1H), 2.52 (q, J = 7.4 Hz, 2H), 1.11 (t, 

J = 7.4 Hz, 3H). 
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 150.2, 141.7, 128.4, 127.4, 126.2, 111.1, 

28.2, 13.1. 

GC (achiral phase, 62.7 kPa He, method A): tR = 3.03 min. 

GC-MS (EI, 70 eV) m/z (%): 132 (82, M+), 117 (100), 103 (43), 91 (29), 77 (30), 65 (10), 51 

(21).    

 

1-(But-1-en-2-yl)-4-methoxybenzene (3-SM) 

 
According to general procedure A, methyltriphenylphosphonium bromide (16.1 g, 

45.0 mmol, 3.0 eq.) and potassium tert-butoxide (5.10 g, 45.5 mmol, 3.0 eq.) in dry THF 

(75 mL) were stirred at 0 °C for 2 h. After the addition of 1-(4-methoxyphenyl)propan-1-

one (2.46 g, 15.0 mmol, 1.0 eq.), the reaction was stirred at room temperature overnight. 

The crude product was purified by flash column chromatography (SiO2, pentane/ethyl 

acetate 10:1) to afford 1-(but-1-en-2-yl)-4-methoxybenzene  

(3-SM, 2.24 g, 13.8 mmol, 92%) as a colorless liquid. Analytical data matches the 

literature.[249] 

C11H14O (162 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.42-7.37 (m, 2H), 6.92-6.86 (m, 2H), 5.22 (s, 

1H), 4.99 (pseudo-q, J = 1.4 Hz, 1H), 3.79 (s, 3H), 2.50 (q, J = 7.4 Hz, 2H), 1.07 (t, J = 7.4 Hz, 

3H).  
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13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 160.2, 150.4, 134.4, 128.0, 1114.6, 109.8, 

55.9, 28.6, 13.5.  

GC (achiral phase, 62.7 kPa He, method A): tR = 4.21 min. 

GC-MS (EI, 70 eV) m/z (%): 162 (100, M+), 147 (64), 133 (88), 103 (16), 91 (37), 77 (22), 63 

(12).   

 

1-(But-1-en-2-yl)-4-chlorobenzene (4-SM) 

 
According to general procedure A, methyltriphenylphosphonium bromide (16.1 g, 

45.0 mmol, 3.0 eq.) and potassium tert-butoxide (5.10 g, 45.5 mmol, 3.0 eq.) in dry THF 

(75 mL) were stirred at 0 °C for 30 minutes. After the addition of 1-(4-

chlorophenyl)propan-1-one (2.54 g, 15.1 mmol, 1.0 eq.), the reaction was stirred at room 

temperature overnight. The crude product was purified by flash column chromatography 

(SiO2, pentane/ethyl acetate 10:1) to afford 1-(but-1-en-2-yl)-4-chlorobenzene (4-SM, 

2.32 g, 13.9 mmol, 92%) as a colorless liquid. Analytical data matches the literature.[249]   

C10H11Cl (167 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.48-7.39 (m, 2H), 7.39-7.30 (m, 2H), 5.31 (s, 

1H), 5.12-5.10 (m, 1H), 2.50 (q, J = 7.4 Hz, 2H), 1.06 (t, J = 7.4 Hz, 3H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 150.0, 140.9, 133.6, 129.3, 128.5, 112.2, 

28.5, 13.3.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.93 min. 

GC-MS (EI, 70 eV) m/z (%): 166 (88, M+), 151 (46), 131 (100), 115 (65), 102 (40), 91 (28), 

75 (26), 63 (13).  

 

1-(But-1-en-2-yl)-3-chlorobenzene (5-SM) 

 
According to general procedure A, methyltriphenylphosphonium bromide (16.1 g, 

45.0 mmol, 3.0 eq.) and potassium tert-butoxide (5.10 g, 45.5 mmol, 3.0 eq.) in dry THF 

(75 mL) were stirred at 0 °C for 2 h. After the addition of 1-(3-chlorophenyl)propan-1-one 

(2.53 g, 15.0 mmol, 1.0 eq.), the reaction was stirred at room temperature overnight. The 

crude product was purified by flash column chromatography (SiO2, pentane/ethyl acetate 

10:1) to afford 1-(but-1-en-2-yl)-3-chlorobenzene (5-SM, 10.2 mmol, 1.70 g, 68%) as a 

colorless liquid. Analytical data matches the literature.[249]   

C10H11Cl (167 g/mol): 
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1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.46 (s, 1H), 7.40-7.19 (m, 3H), 5.33 (s, 1H), 5.13 

(s, 1H), 2.50 (q, J = 7.4 Hz, 2H), 1.07 (t, J = 7.4 Hz, 3H). 
13C-{1H}-NMR (126 MHz, 298 K, CDCl3, δ/ppm): 150.0, 144.4, 134.8, 130.9, 128.2, 126.9, 

125.5, 112.9, 28.5, 13.2.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.89 min. 

GC-MS (EI, 70 eV) m/z (%): 166 (72, M+), 151 (23), 131 (100), 115 (57), 91 (36), 75 (22), 63 

(12).  

S2.2.3 Synthesis of 9-SM 

 

Scheme S2. Synthesis of 9-SM: a) (CH2O)n, DABCO, dioxane/H2O (1:1 v:v), rt, 4.5 h, quant.; b) PBr3, Et2O, rt, 3 h, 97%; c) 
benzyl alcohol, DABCO, THF, 70 °C, overnight, 78%.  

 

Methyl 2-(hydroxymethyl)acrylate (COOMe-OH) 

 

 

The synthesis of methyl 2-(hydroxymethyl)acrylate (COOMe-OH) was adapted from a 

previously published protocol.[250] Paraformaldehyde (10.2 g, 113 mmol, 1.0 eq.) and 1,4-

diazabicyclo[2.2.2]octane (DABCO, 12.6 g, 112 mmol, 1.0 eq.) were suspended in a 

dioxane/H2O mixture (20 mL, 1:1 v:v). Methyl acrylate (30 mL, 336 mmol, 3.0 eq.) was 

added and the reaction mixture was stirred at room temperature for 4.5 hours, resulting 

in full dissolution of the reagents. Water (50 mL) and diethyl ether (50 mL) were added, 

the layers were separated, and the aqueous layer was extracted with diethyl ether (2 x 

100 mL). The combined organic layers were dried over anhydrous sodium sulfate, filtered 

and concentrated under reduced pressure. The crude product was purified by gradient 

flash column chromatography (SiO2, cyclohexane/ethyl acetate 5:1 then neat ethyl 

acetate) to afford the product (COOMe-OH, 13.1 g, 113 mmol, quant.) as a colorless 

liquid. Analytical data matches the literature.[251]  

C5H8O3 (116 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 6.04 (pseudo-q, J = 1.4 Hz, 1H), 5.67 (pseudo-q, 

J = 1.6 Hz, 1H), 4.09 (s, 2H), 3.86 (br s, 1H), 3.55 (s, 3H).   
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 166.4, 139.3, 124.8, 60.9, 51.5.  
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Methyl 2-(bromomethyl)acrylate (COOMe-Br)  

 
The synthesis of methyl 2-(bromomethyl)acrylate (COOMe-Br) was adapted from a 

previously published protocol.[250] Methyl 2-(hydroxymethyl)acrylate (COOMe-OH, 13.0 g, 

113 mmol, 1.0 eq.) was dissolved in dry diethyl ether (150 mL) and the solution was 

cooled to 0 °C. PBr3 (5.5 mL, 58.5 mmol, 0.5 eq.) was added dropwise and the reaction 

mixture was stirred at room temperature for 3 hours. At 0 °C, the reaction was quenched 

with water (50 mL), the layers were separated, and the aqueous layer was extracted with 

diethyl ether (3 x 100 mL). The combined organic layers were dried over anhydrous 

sodium sulfate, filtered and concentrated under reduced pressure to afford the product 

(COOMe-Br, 19.7 g, 110 mmol, 97%) as a yellow liquid. Analytical data matches the 

literature.[251] 

C5H7O2Br (179 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 6.34 (d, J = 0.7 Hz, 1H), 5.96 (pseudo-q, J = 0.9 Hz, 

1H), 4.18 (d, J = 1.0 Hz, 2H), 3.82 (s, 3H).  
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 165.4, 137.4, 129.4, 52.4, 29.4.  

 

Methyl 2-((benzyloxy)methyl)acrylate (9-SM) 

 
The synthesis of methyl 2-((benzyloxy)methyl)acrylate (9-SM) was adapted from a 

previously published protocol.[252]  Methyl 2-(bromomethyl)acrylate (COOMe-Br, 5.03 g, 

28.1 mmol, 1.0 eq.) and benzyl alcohol (5.2 mL, 50.0 mmol, 1.8 eq.) were dissolved in dry 

THF (5.0 mL) and the solution was cooled to 0 °C. A solution of 1,4-

diazabicyclo[2.2.2]octane (4.62 g, 41.2 mmol, 1.5 eq.) dissolved in THF (30 mL) was added 

dropwise and the resulting white suspension was heated to 70 °C overnight. The 

suspension was filtered and the residue was washed with diethyl ether. The filtrate was 

washed with aq. HCl solution (0.5 M, 50 mL), sat. aq. NHCO3 solution (50 mL) and brine 

(50 mL). The layers were separated, and the organic layer was dried over anhydrous 

sodium sulfate, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (SiO2, neat DCM) to afford the product (9-SM, 

4.49 g, 21.8 mmol, 78%) as a colorless liquid. Analytical data matches the literature.[252]  

C12H14O3 (206 g/mol): 
1H-NMR (500 MHz, 298 K, CD3CN, δ/ppm): 7.39-7.33 (m, 4H), 7.33-7.28 (m, 1H), 6.23 

(pseudo-q, J = 1.3 Hz, 1H), 5.89 (pseudo-q, J = 1.7 Hz, 1H), 4.55 (s, 2H), 4.21 (pseudo-t, J = 

1.5 Hz, 2H), 3.72 (s, 3H).   
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13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 167.1, 139.5, 138.7, 129.3, 128.6, 128.5, 

126.3, 73.2, 69.2, 52.3. 

GC (achiral phase, 62.7 kPa He, method A): tR = 4.99 min. 

GC-MS (EI, 70 eV) m/z (%): 107 (79), 100 (51), 91 (100), 83 (14), 79 (28), 77 (19), 69 (28), 

65 (23).   
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S2.3 Synthesis of Hydrogenation Products 

Table S4. Synthesis of the different hydrogenation products (1-H to 5-H and 9-H to 12-H) as a reference for 1H-NMR 
and GC-MS analysis. Hydrogenation products 6-H and 8-H were obtained from commercial sources.  

 

Hydrogenation 

Product 
               R1 R2 Yield / % 

1-H 

 

CH2OMe 94 

2-H 

 

Et 94 

3-H 

 

Et 96 

4-H 

 

Et 94 

5-H 

 

Et 92 

9-H             COOMe CH2OBn 56 

10-H 
 

CH2OBn 46 

11-H          Me CH2OBn 89 

12-H          H OBn 74 
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General procedure B: Hydrogenation of terminal olefins 

The terminal olefin was dissolved in dry diethyl ether (3.5 mL per mmol olefin) and Pd/C 

(10% Pd basis, 10% w:w with respect to the terminal olefin) was added. The reaction 

mixture was stirred under hydrogen atmosphere (1 atm) for several hours. The suspension 

was filtered over Celite and the filtrate was concentrated under reduced pressure to 

afford the hydrogenation product. If necessary, the crude product was further purified by 

flash column chromatography.  

 

2-Phenyl-1-propyl methyl ether (1-H) 

 
2-Phenyl-1-propyl methyl ether (1-H) was synthesized according to general procedure B. 

(3-Methoxyprop-1-en-2-yl)benzene (1-SM, 510 mg, 3.44 mmol, 1.0 eq.) and Pd/C (10% Pd 

basis, 50.9 mg) in diethyl ether (10 mL) were stirred under hydrogen atmosphere (1 atm) 

for 4 hours. 2-Phenyl-1-propyl methyl ether (1-H, 488 mg, 3.25 mmol, 94%) was obtained 

as a colorless liquid. Analytical data matches the literature.[253] 

C10H14O (150 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.34-7.28 (m, 2H), 7.25-7.19 (m, 3H) 3.55-3.40 

(m, 2H), 3.34 (s, 3H), 3.03 (sext., J = 7.0 Hz, 1H), 1.29 (d, J = 7.0 Hz, 3H).  
13C-{1H}-NMR (101 MHz, 298 K, CD3CN, δ/ppm): 146.0, 129.2, 128.3, 127.1, 79.0, 58.7, 

40.6, 18.7.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.53 min.  

GC-MS (EI, 70 eV) m/z (%): 150 (14, M+), 118 (6), 105 (100), 91 (7), 79 (14).  

 

sec-Butylbenzene (2-H) 

 
sec-Butylbenzene (2-H) was synthesized according to general procedure B. But-1-en-2-

ylbenzene  

(2-SM, 998 mg, 7.55 mmol, 1.0 eq.) and Pd/C (10% Pd basis, 100 mg) in diethyl ether (20 

mL) were stirred under hydrogen atmosphere (1 atm) for 3 hours. sec-Butylbenzene (2-H, 

955 mg, 7.13 mmol, 94%) was obtained as a colorless liquid. Analytical data matches the 

literature.[254]  

C10H14 (134 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.32-7.26 (m, 2H), 7.23-7.15 (m, 3H), 2.61 

(sext., J = 7.0 Hz, 1H), 1.60 (pent., J = 7.3 Hz, 2H), 1.22 (d, J = 7.0 Hz, 3H), 0.80 (t, J = 7.3 Hz, 

3H).  
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13C-{1H}-NMR (101 MHz, 298 K, CD3CN, δ/ppm): 148.7, 129.3, 128.0, 126.8, 42.4, 31.8, 

22.3, 12.6.   

GC (achiral phase, 62.7 kPa He, method A): tR = 2.82 min. 

GC-MS (EI, 70 eV) m/z (%): 134 (25, M+), 105 (100), 91 (18), 77 (14).  

 

1-(sec-Butyl)-4-methoxybenzene (3-H) 

 
1-(sec-Butyl)-4-methoxybenzene (3-H) was synthesized according to general procedure B. 

1-(But-1-en-2-yl)-4-methoxybenzene (3-SM, 998 mg, 6.15 mmol, 1.0 eq.) and Pd/C (10% 

Pd basis, 100 mg) in diethyl ether (20 mL) were stirred under hydrogen atmosphere (1 

atm) for 5 hours. 1-(sec-Butyl)-4-methoxybenzene (3-H, 967 mg, 5.89 mmol, 96%) was 

obtained as a colorless liquid. Analytical data matches the literature.[249]  

C11H16O (164 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.17-7.08 (m, 2H), 6.89-6.81 (m, 2H), 3.75 (s, 

3H), 2.62-2.48 (m, 1H), 1.62-1.49 (m, 2H), 1.19 (d, J = 7.0 Hz, 3H), 0.79 (t, J = 7.4 Hz, 3H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 158.8, 140.6, 128.8, 114.6, 55.8, 41.6, 

32.0, 22.4, 12.6.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.98 min. 

GC-MS (EI, 70 eV) m/z (%): 164 (18, M+), 135 (100), 121 (11), 91 (14), 77 (10), 65 (6).  

 

1-(sec-Butyl)-4-chlorobenzene (4-H) 

 
1-(sec-Butyl)-4-chlorobenzene (4-H) was synthesized according to general procedure B. 1-

(But-1-en-2-yl)-4-chlorobenzene (4-SM, 998 mg, 5.99 mmol, 1.0 eq.) and Pd/C (10% Pd 

basis, 100 mg) in diethyl ether (20 mL) were stirred under hydrogen atmosphere (1 atm) 

for 5 hours. 1-(sec-Butyl)-4-chloro-benzene (4-H, 953 mg, 5.64 mmol, 94%) was obtained 

as a colorless liquid. Analytical data matches the literature.[249] 

C10H13Cl (169 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.32-7.27 (m, 2H), 7.21-7.17 (m, 2H), 2.61 

(sext., J = 7.0 Hz, 1H), 1.65-1.49 (m, 2H), 1.20 (d, J = 7.0 Hz, 3H), 0.79 (t, J = 7.4 Hz, 3H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 147.6, 131.8, 129.7, 129.2, 41.8, 31.7, 

22.1, 12.4. 

GC (achiral phase, 62.7 kPa He, method A): tR = 3.76 min. 

GC-MS (EI, 70 eV) m/z (%): 168 (21, M+), 141 (32), 139 (100), 125 (14), 103 (51), 77 (19).  
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1-(sec-Butyl)-3-chlorobenzene (5-H) 

 
1-(sec-Butyl)-3-chlorobenzene (5-H) was synthesized according to general procedure B. 1-

(But-1-en-2-yl)-3-chlorobenzene (5-SM, 998 mg, 5.99 mmol, 1.0 eq.) and Pd/C (10% Pd 

basis, 100 mg) in diethyl ether (20 mL) were stirred under hydrogen atmosphere (1 atm) 

for 5 hours.  1-(sec-Butyl)-3-chlorobenzene (5-H, 937 mg, 5.54 mmol, 92%) was obtained 

as a colorless liquid. Analytical data matches the literature.[249] 

C10H13Cl (169 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.31-7.13 (m, 4H), 2.62 (sext., J = 7.0 Hz, 1H), 

1.64-1.54 (m, 2H), 1.21 (d, J = 7.0 Hz, 3H), 0.79 (t, J = 7.4 Hz, 3H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 150.8, 134.1, 130.5, 127.6, 126.4, 126.2, 

41.8, 31.2, 21.6, 12.0.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.71 min. 

GC-MS (EI, 70 eV) m/z (%): 168 (26, M+), 141 (32), 139 (100), 125 (15), 103 (58), 91 (5), 77 

(23).  

 

Methyl 3-(benzyloxy)-2-methylpropanoate (9-H) 

 
Methyl 3-(benzyloxy)-2-methylpropanoate (9-H) was synthesized according to general 

procedure B. Methyl 2-((benzyloxy)methyl)acrylate (9-SM, 994 mg, 4.82 mmol, 1.0 eq.) 

and Pd/C (10% Pd basis, 101 mg) in diethyl ether (15 mL) were stirred under hydrogen 

atmosphere (1 atm) for 3 h.  The crude product was purified by gradient flash column 

chromatography (SiO2, cyclohexane/ethyl acetate 20:1 then cyclohexane/ethyl acetate 

5:1) to afford methyl 3-(benzyloxy)-2-methylpropanoate (9-H, 559 mg, 2.69 mmol, 56%) 

as a colorless liquid. Analytical data matches the literature.[255] 

C12H16O3 (208 g/mol): 
1H-NMR (500 MHz, 298 K, CD3CN, δ/ppm): 7.43-7.17 (m, 5H), 4.47 (d, J = 1.9 Hz, 2H), 3.63 

(s, 3H), 3.60 (dd, J = 9.2 Hz, 7.2 Hz, 1H), 3.52 (dd, J = 9.2 Hz, 5.5 Hz, 1H), 2.80-2.69 (m, 1H), 

1.11 (d, J = 7.1 Hz, 3H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 157.6, 139.2, 128.9, 128.2, 128.1, 73.1, 

72.6, 51.7, 40.5, 13.8.  

GC (achiral phase, 62.7 kPa He, method A): tR = 4.83 min. 

GC-MS (EI, 70 eV) m/z (%): 121 (16), 107 (46), 102 (20), 91 (100), 87 (27), 79 (14), 65 (16).  

 



Supporting Information 

87 
 

((2-Cyclohexylpropoxy)methyl)benzene (10-H) 

 
((2-Cyclohexylpropoxy)methyl)benzene (10-H) was synthesized according to general 

procedure B. (((2-Cyclohexylallyl)oxy)methyl)benzene (10-SM, 816 mg, 3.55 mmol, 

1.0 eq.) and Pd/C (10% Pd basis, 88 mg) in diethyl ether (16 mL) were stirred under 

hydrogen atmosphere (1 atm) for 1.5 hours. The crude product was purified by gradient 

flash column chromatography (SiO2, pentane/diethyl ether 10:1 then pentane/diethyl 

ether 3:1) to afford ((2-cyclohexylpropoxy)methyl)benzene (10-H, 379 mg, 1.63 mmol, 

46%) as a colorless liquid. Analytical data matches the literature.[256]  

C16H24O (232 g/mol):  
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.38-7.14 (m, 5H), 4.45 (s, 2H), 3.42 (dd, J = 9.2 

Hz, 5.9 Hz, 1H), 3.28 (dd, J = 9.2 Hz, 6.7 Hz, 1H), 1.75-1.68 (m, 2H), 1.67-1.55 (m, 4H), 1.40-

0.95 (m, 6H), 0.87 (d, J = 6.9 Hz, 3H).  
13C-{1H}-NMR (101 MHz, 298 K, CD3CN, δ/ppm): 140.2, 129.2, 128.5, 128.3, 74.6, 73.4, 

40.7, 39.4, 31.6, 29.6, 27.6, 27.5, 27.4, 14.3.  

GC (achiral phase, 62.7 kPa He, method B): tR = 8.35 min.  

GC-MS (EI, 70 eV) m/z (%): 124 (32), 111 (8), 91 (100), 81 (42), 69 (51), 55 (34).  

 

Benzyl iso-butyl ether (11-H)  

 
Benzyl iso-butyl ether (11-H) was synthesized according to general procedure B. ((2-

Methylallyloxy)-methyl)benzene (11-SM, 1.01 g, 6.23 mmol, 1.0 eq.) and Pd/C (10% Pd 

basis, 92.5 mg) in diethyl ether (20 mL) were stirred under hydrogen atmosphere (1 atm) 

for 4 hours.  Benzyl iso-butyl ether (11-H, 905 mg, 5.52 mmol, 89%) was obtained as a 

colorless liquid. Analytical data matches the literature.[257] 

C11H16O (164 g/mol): 
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.36-7.33 (m, 4H), 7.31-7.27 (m, 1H), 4.51 (s, 

2H), 3.25 (d, J = 6.7 Hz, 2H), 1.98-1.85 (m, 1H), 0.93 (d, J = 6.7 Hz, 6H).  
13C-{1H}-NMR (126 MHz, 298 K, CDCl3, δ/ppm): 140.2, 129.2, 128.5, 128.3, 77.9, 73.4, 29.3, 

19.7.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.70 min.  

GC-MS (EI, 70 eV) m/z (%): 91 (100), 65 (14).  

 

Benzyl propyl ether (12-H) 
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Benzyl propyl ether (12-H) was synthesized according to general procedure B. Benzyl allyl 

ether  

(12-SM, 514 mg, 3.47 mmol, 1.0 eq.) and Pd/C (10% Pd basis, 51.5 mg) in diethyl ether (10 

mL) were stirred under hydrogen atmosphere (1 atm) for 4 hours.  Benzyl propyl ether 

(12-H, 386 mg, 2.57 mmol, 74%) was obtained as a colorless liquid. Analytical data 

matches the literature.[258]  

C10H14O (150 g/mol): 
1H-NMR (298 K, CDCl3, δ/ppm): 7.37-7.32 (m, 4H), 7.32-7.26 (m, 1H), 4.52 (s, 2H), 3.44 (t, 

J = 6.7 Hz, 2H), 1.72-1.58 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H).  
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 138.9, 128.5, 127.8, 127.6, 73.0, 72.3, 23.1, 

10.8.  

GC (achiral phase, 62.7 kPa He, method A): tR = 3.47 min. 

GC-MS (EI, 70 eV) m/z (%): 107 (11), 91 (100), 79 (16), 65 (17).  

 

S2.4 Synthesis of the Radical Clock Substrate and Reference 
Products 

 
Scheme S3. Synthesis of the cyclopropane substrate (13-SM): a) Me3SOI, NaH, DMSO, 0 °C → rt, 2 days, 76%;  
b) MePPh3Br, KOtBu, THF, 0 °C → rt, overnight, 90%.  

1-Benzoyl-2-phenylcyclopropane  

 
Sodium hydride (60%, dispersed in mineral oil, 1.15 g, 28.8 mmol, 1.2 eq.) and 

trimethylsulfoxonium iodide (5.88 g, 26.7 mmol, 1.1 eq.) were suspended in dry DMSO 

(40 mL). After the reaction mixture was cooled to 0 °C, (E)-chalcone (5.06 g, 24.3 mmol, 

1.0 eq.) in dry DMSO (14 mL) was added and the reaction was stirred at room temperature 

for 2 days. The reaction was quenched with water (50 mL), the layers were separated, and 

the aqueous layer was extracted with diethyl ether (3 x 50 mL). The combined organic 

layers were dried over anhydrous sodium sulfate, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (SiO2, 

pentane/diethyl ether 20:1) to afford 1-benzoyl-2-phenylcyclopropane (4.09 g, 

18.4 mmol, 76%) as a colorless liquid. Analytical data matches the literature.[259]  

C16H14O (222 g/mol): 
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1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 8.02-7.97 (m, 2H), 7.59-7.53 (m, 1H), 7.49-7.43 

(m, 2H), 7.34-7.28 (m, 2H), 7.25-7.21 (m, 1H), 7.20-7.16 (m, 2H), 2.91 (ddd, J = 8.0 Hz, 5.3 

Hz, 4.0 Hz, 1H), 2.70 (ddd, J = 9.2 Hz, 6.6 Hz, 4.0 Hz, 1H), 1.93 (ddd, J = 9.2 Hz, 5.3 Hz, 

4.1 Hz, 1H), 1.56 (ddd, J = 8.0 Hz, 6.6 Hz, 4.1 Hz, 1H). 
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 198.7, 140.6, 137.9, 133.1, 128.7, 128.3, 

126.7, 126.4, 30.2, 29.5, 19.4.  

 

(trans)-(1-(2-Phenylcyclopropyl)vinyl)benzene (13-SM) 

 
According to general procedure A, methyltriphenylphosphonium bromide (2.42 g, 

6.77 mmol, 3.0 eq.) and potassium tert-butoxide (762 mg, 6.79 mmol, 3.0 eq.) in dry THF 

(11 mL) were stirred at 0 °C for 30 minutes. After addition of 1-benzoyl-2-

phenylcyclopropane (497 mg, 2.23 mmol, 1.0 eq.) the reaction was stirred at room 

temperature overnight to afford a racemic mixture of trans-13-SM. The crude product 

was purified by flash column chromatography (SiO2, neat cyclohexane) to afford (1-(2-

phenylcyclopropyl)vinyl)benzene (13-SM, 444 mg, 2.02 mmol, 90%) as a colorless liquid. 

Analytical data matches the literature.[259]  

C17H16 (220 g/mol): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.54-7.49 (m, 2H), 7.34-7.25 (m, 5H), 7.22-7.14 

(m, 3H), 5.37 (s, 1H), 5.05 (t, J = 1.1 Hz, 1H), 2.04-1.92 (m, 2H), 1.41 (ddd, J = 8.7 Hz, 6.2 

Hz, 5.0 Hz, 1H), 1.28 (ddd, J = 8.5 Hz, 5.8 Hz, 5.0 Hz, 1H). 
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 148.4, 142.7, 141.2, 128.6, 128.4, 127.7, 126.2, 125.9, 

109.5, 28.0, 26.6, 16.0.  

GC (achiral phase, 62.7 kPa He, method A): tR = 5.70 min. 

GC-MS (EI, 70 eV) m/z (%): 220 (50, M+), 205 (34), 191 (8), 142 (74), 129 (100), 115 (49), 

91 (41), 77 (28), 65 (11).  

 

 
Scheme S4. Synthesis of the ring-opened product (13-RO): a) PPh3, toluene, reflux, 3 d, 91%; b) hydrocinnamaldehyde,  
n-BuLi, THF, −78 °C → 0 °C → rt, overnight, 36%. 
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(1-Phenethyl)triphenylphosphonium bromide  

 
A solution of triphenylphosphane (1.50 g, 5.72 mmol, 1.1 eq.) in dry toluene (6 mL) was 

treated with (1-bromoethyl)benzene (0.74 mL, 5.42 mmol, 1.0 eq.) and the reaction 

mixture was stirred at reflux for 3 days. The resulting suspension was allowed to cool to 

room temperature. The white precipitate was collected by filtration, washed with toluene 

(10 mL) and dried in vacuo to afford (1-phenethyl)triphenylphosphonium bromide (2.20 g, 

4.92 mmol, 91%) as a white solid. Analytical data matches the literature.[260]  

C26H24PBr (447 g/mol):  
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.87-7.79 (m, 6H), 7.78-7.72 (m, 3H), 7.67-7.59 

(m, 6H), 7.25-7.21 (m, 1H), 7.20-7.12 (m, 4H), 6.84 (dq, J = 14.3 Hz, J = 7.2 Hz, 1H), 1.82 

(dd, J = 19.1 Hz, J = 7.2 Hz, 3H). 
31P-{1H}-NMR (162 MHz, 298 K, CDCl3, δ/ppm): 27.3.  
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 134.9 (d, J = 3.0 Hz), 134.7 (d, J = 9.2 Hz), 

133.5 (d, J = 5.5 Hz), 130.5 (d, J = 5.9 Hz), 130.2 (d, J = 12.2 Hz), 128.9 (d, J = 3.5 Hz), 128.8 

(d, J = 2.6 Hz), 117.8 (d, J = 82.6 Hz), 35.0 (d, J = 42.9 Hz), 17.1 (d, J = 1.6 Hz).  

 

Pent-3-ene-1,4-diyldibenzene (13-RO) 

 
A suspension of (1-phenethyl)triphenylphosphonium bromide (917 mg, 2.05 mmol, 

1.1 eq.) in dry THF (2 mL) was cooled to −78 °C. n-BuLi (2.5 M in hexanes, 0.93 mL, 

2.33 mmol, 1.2 eq.) was added dropwise and the reaction mixture was stirred at 0 °C for 

30 minutes. At 0 °C, a solution of hydrocinnamaldehyde (0.25 mL, 1.88 mmol, 1.0 eq.) in 

dry THF (1 mL) was added dropwise and the reaction mixture was stirred at room 

temperature overnight. The reaction was quenched with aq. sat. NH4Cl solution (5 mL), 

the layers were separated, and the aqueous layer was extracted with diethyl ether 

(3 x 10 mL). The combined organic layers were dried over anhydrous sodium sulfate, 

filtered and concentrated under reduced pressure. The crude product was purified and 

the isomers were separated by gradient flash column chromatography (SiO2, neat 

cyclohexane then cyclohexane/ethyl acetate 10:1) to afford (E)-pent-3-ene-1,4-

diyldibenzene ((E)-13-RO, 121 mg, 545 µmol, 29%) and (Z)-pent-3-ene-1,4-diyldibenzene 

((Z)-13-RO 27.4 mg, 123 µmol, 6.5%) as colorless liquids. Analytical data matches the 

literature.[261]  

C17H18 (222 g/mol):  
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(E)-Pent-3-ene-1,4-diyldibenzene 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): δ 7.39-7.11 (m, 10H), 5.81 (tq, J = 7.1 Hz, 1.4 Hz, 

1H), 2.81-2.72 (m, 2H), 2.52 (q, J = 7.5 Hz, 2H), 1.97 (q, J = 1.0 Hz, 3H). 
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 144.0, 142.2, 135.6, 128.7, 128.5, 128.3, 

127.5, 126.7, 126.0, 125.8, 36.0, 30.9, 15.9.  

GC (achiral phase, 62.7 kPa He, method A): tR = 5.73 min.  

GC-MS (EI, 70 eV) m/z (%): 222 (6, M+), 131 (100), 115 (10), 91 (37), 65 (6).  

 

(Z)-Pent-3-ene-1,4-diyldibenzene 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.36-7.07 (m, 10H), 5.50 (tq, J = 7.3 Hz, 1.5 Hz, 

1H), 2.64 (dd, J = 8.9 Hz, 6.7 Hz, 2H), 2.33-2.24 (m, 2H), 2.02 (q, J = 1.3 Hz, 3H). 
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 142.2, 142.1, 137.1, 128.6, 128.4, 128.2, 

128.0, 126.8, 126.6, 125.9, 36.5, 31.1, 25.7.  

GC (achiral phase, 62.7 kPa He, method A): tR = 5.46 min. 

GC-MS (EI, 70 eV) m/z (%): 222 (7, M+), 131 (100), 115 (11), 91 (39), 77 (5), 65 (6).  

 

 
Scheme S5. Synthesis of the isomerization product (13-I) and the ring-opened hydrogenation product (13-H): a) 
PPh3MeBr, KOtBu,  THF, 0 °C → rt, overnight, 91%; b) H2 (1 atm), Pd/C, Et2O, rt, 2 h, 97%. 

 

Pent-4-ene-1,4-diyldibenzene (13-I)  

 
According to general procedure A, methyltriphenylphosphonium bromide (2.41 g, 

6.75 mmol, 3.0 eq.) and potassium tert-butoxide (752 mg, 6.70 mmol, 3.0 eq.) in dry THF 

(10 mL) were stirred at 0 °C for 30 minutes. After the addition of 1,4-diphenylbutan-1-one 

(501 mg, 2.23 mmol, 1.0 eq.), the reaction was stirred at room temperature overnight. 

The crude product was purified by flash column chromatography (SiO2, neat petroleum 

ether) to afford pent-4-ene-1,4-diyldibenzene (13-I, 450 mg, 2.03 mmol, 91%) as a 

colorless liquid. Analytical data matches the literature.[262]  

C17H18 (222 g/mol):  
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.41-7.36 (m, 2H), 7.34-7.23 (m, 5H), 7.20-7.12 

(m, 3H), 5.32-5.21 (m, 1H), 5.07 (pseudo-q, J = 1.4 Hz, 1H), 2.69-2.60 (m, 2H), 2.59-2.49 

(m, 2H), 1.84-1.73 (m, 2H). 
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 149.5, 143.5, 142.0, 129.3, 129.3, 129.2, 

128.4, 127.0, 126.6, 113.0, 35.8, 35.3, 30.9.  
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GC (achiral phase, 62.7 kPa He, 100 °C, 35 °C/min, 200 °C, 100 °C/min, 350 °C): tR = 5.64 

min. 

GC-MS (EI, 70 eV) m/z (%): 118 (100), 104 (29), 91 (20), 77 (12), 65 (7).  

 

Pentane-1,4-diyldibenzene (13-H) 

 
According to general procedure B, pent-4-ene-1,4-diyldibenzene (13-I, 221 mg, 994 µmol, 

1.0 eq.) and Pd/C (10% Pd basis, 19 mg) in diethyl ether (4 mL) were stirred under 

hydrogen atmosphere for 2 hours. Pent-4-ene-1,4-diyldibenzene (13-H, 215 mg, 

960 µmol, 97%) was obtained as a colorless liquid.  

C17H20 (224 g/mol):  
1H-NMR (500 MHz, 298 K, CD3CN, δ/ppm): 7.34-7.25 (m, 4H), 7.24-7.13 (m, 6H), 2.79-7.71 

(m, 1H), 2.66-2.53 (m, 2H), 1.66-1.50 (m, 3H), 1.49-1.41 (m, 1H), 1.23 (d, J = 6.9 Hz, 3H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 148.7, 143.7, 129.3, 129.3, 129.2, 127.9, 

126.8, 126.5, 40.4, 38.6, 36.3, 30.5, 22.6.  

GC (achiral phase, 62.7 kPa He, method A): tR = 5.54 min. 

GC-MS (EI, 70 eV) m/z (%): 224 (20, M+), 105 (100), 91 (25), 77 (9), 65 (6).   

 

S2.5 Synthesis of the Deuterated Substrate (1-SM-d4) 

 
Scheme S6. Synthesis of the deuterated substrate 1-SM-d4: a) NaOH, D2O, reflux, 1 h, 92%; b) PPh3, THF, reflux, 45 
min., quant.; c) KOtBu, THF, 0 °C → rt, overnight, 33%.   

 

2-Methoxy-1-phenylethan-1-one-2,2-d2  

 
2-Methoxy-1-phenylethan-1-one (499 mg, 3.32 mmol, 1.0 eq.) and grinded NaOH 

(5.7 mg, 143 μmol, 0.04 eq.) were dissolved in D2O and stirred under reflux for 1 hour. 

After cooling to rt, DCM (10 mL) was added, the layers were separated, and the aqueous 
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layer was extracted with DCM (2 x 10 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure to afford 2-

methoxy-1-phenylethan-1-one-2,2-d2 (464 mg, 3.05 mmol, 92%, contains 4.1% of the 

monodeuterated product) as a yellow liquid. Analytical data matches the literature.[263]  

C9H8D2O2 (152 g/mol):  
1H-NMR (400 MHz, 298 K, CD3CN, δ/ppm): 7.94-7.89 (m, 2H), 7.67-7.60 (m, 1H), 7.54-7.48 

(m, 2H), 3.41 (s, 3H).  
13C-{1H}-NMR (101 MHz, 298 K, CD3CN, δ/ppm): 197.6, 136.1, 134.3, 129.7, 128.6, 59.3.  

The deuterated carbon atom is not visible in the 13C-{1H}-NMR spectrum.  

 

(Methyl-d3)triphenylphosphonium iodide  

 
Triphenylphosphane (1.55 g, 5.91 mmol, 1.0 eq.) was dissolved in dry THF (7 mL). 

Iodomethane-d3 (0.43 mL, 6.91 mmol, 1.2 eq.) was added and the reaction mixture was 

stirred at reflux for 45 minutes. The resulting white suspension was allowed to cool to 

room temperature. The white precipitate was collected by filtration, washed with toluene 

(10 mL) and dried in vacuo to afford (methyl-d3)triphenylphosphonium iodide (2.41 g, 

5.91 mmol, quant.) as a white solid. Analytical data matches the literature.[264]  

C19H15D3PI (407 g/mol):  
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.85-7.65 (m, 15H).  
31P-{1H}-NMR (162 MHz, 298 K, CDCl3, δ/ppm): 21.5.  
13C-{1H}-NMR (101 MHz, 298 K, CDCl3, δ/ppm): 135.4 (d, J = 2.9 Hz), 133.5 (d, J = 10.8 Hz), 

130.6 (d, J = 12.9 Hz), 119.0 (d, J = 88.5 Hz). 

The deuterated carbon atom is not visible in the 13C-{1H}-NMR spectrum.  

 

(3-Methoxyprop-1-en-2-yl-1,1,3,3-d4)benzene (1-SM-d4) 

 
(Methyl-d3)triphenylphosphonium iodide (2.76 g, 6.78 mmol, 2.5 eq.) was suspended in 

dry THF (20 mL). At 0 °C, potassium tert-butoxide (608 mg, 5.42 mmol, 2.0 eq) was added 

and the resulting yellow suspension was stirred at 0 °C for 30 minutes. 2-Methoxy-1-

phenylethan-1-one-2,2-d2 (412 mg, 2.71 mmol, 1.0 eq.) was added and the reaction 

mixture was stirred at room temperature overnight. The reaction was quenched with 

water (20 mL), the layers were separated, and the aqueous layer was extracted with 

diethyl ether (3 x 20 mL). The combined organic layers were dried over anhydrous sodium 

sulfate, filtered and concentrated under reduced pressure. The resulting crude product 

was purified by gradient flash column chromatography (SiO2, cyclohexane/ethyl acetate 
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20:1 then cyclohexane/ethyl acetate 10:1) to afford (3-methoxyprop-1-en-2-yl-1,1,3,3-

d4)benzene (1-SM-d4, 135 mg, 888 µmol, 33%, contains 6% of non-deuterated olefin) as a 

light yellow liquid.  

C10H8D4O (152 g/mol): 
1H-NMR (500MHz, 298 K, CD3CN, δ/ppm): 7.57-7.47 (m, 2H), 7.40-7.33 (m, 2H), 7.32-7.28 

(m, 1H), 3.30 (s, 3H).  
13C-{1H}-NMR (126 MHz, 298 K, CD3CN, δ/ppm): 129.3, 128.7, 127.0, 57.9.  

The deuterated and the quaternary carbon atoms are not visible in the 13C-{1H}-NMR 

spectrum.  

GC-MS (EI, 70 eV) m/z (%): 152 (6), 151 (9), 122 (100), 109 (18), 105 (45), 78 (20), 51 (13).  

 

S2.6 Synthesis of the Triarylamine Donor 

Tris(4-anisyl)amine  (TAA-OMe) 

 
Tris(4-anisyl)amine was synthesized following a previously published protocol.[265] p-

Anisidine (2.00 g, 16.2 mmol, 1.0 eq.), p-bromoanisole (9.09 g, 48.6 mmol, 3.0 eq.) and 

NaOtBu (3.89 g, 40.5 mmol, 2.5 eq.) were dissolved in dry toluene and the reaction 

mixture was degassed by bubbling N2 through the solution for 15 min. [Pd2(dba)3] 

(297 mg, 324 µmol, 2.0 mol%) and SPhos (333 mg, 810 µg, 5.0 mol%) were added and the 

reaction mixture was degassed for another 10 min. The suspension was heated at reflux 

for 3 days. After cooling to room temperature, the reaction mixture was filtered over 

Celite and washed with DCM. The filtrate was concentrated under reduced pressure and 

the crude product was purified by gradient flash column chromatography (SiO2, pure 

pentane then pentane/ethyl acetate 9:1). The resulting yellow liquid was treated with n-

hexane and the formed precipitate was collected by filtration. Recrystallization from n-

hexane (150 mL) afforded tris(4-anisyl)amine (4.57 g, 13.6 mmol, 84%) as off-white 

needles. Analytical data matches the literature.[266] 
1H-NMR (500 MHz, 298 K, CDCl3, δ/ppm): 6.97 (d, J = 7.1 Hz, 6H), 6.82-6.76 (m, 6H), 3.78 

(s, 9H). 
13C-{1H}-NMR (126 MHz, 298 K, CDCl3, δ/ppm): 155.1, 142.2, 124.9, 114.6, 55.6. 
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S3 Visible-Light Driven Hydrogenation of Unactivated 
Olefins 

S3.1 General Procedure and Methods 

General procedure C: Light-induced hydrogenation of olefins 

The work-flow for the visible-light driven hydrogenation of olefins is depicted in Fig. S2. 

Degassed stock solutions of the substrate (150 µL, 500mM in CD3CN, 75.0 µmol, 1.0 eq.), 

[Cp*Ir(phen)Cl]Cl (375 µL, 10 mM in CD3CN, 3.75 µmol, 5.0 mol%), 1,10-phenanthroline 

(150 µL, 150 mM, 22.5 µmol, 30 mol%) and tert-butylbenzene (150 µL, 500 mM in CD3CN, 

75.0 µmol, 1.0 eq.) as an internal standard were combined and further diluted with 

degassed CD3CN (675 µL). TEA (52 µL, 375 µmol, 5.0 eq.) was added and 0.5 mL of the 

reaction mixture were transferred to an NMR-tube. The reaction was then irradiated at 

470 nm for 44 h, while the temperature was kept at 50 °C using an external thermostat 

(see section S1 for details about the home-built photoreactor). The conversion was 

determined both by 1H-NMR spectroscopy (see section S3.1.1 for details) and GC-MS 

spectrometry (see section S3.1.2 for details). For GC-MS analysis, 200 µL of the reaction 

mixture were diluted with hexane (2.0 mL) and aq. HCl solution (0.5 M, 1.0 mL) was added. 

The layers were separated, and the organic layer was dried over anhydrous sodium 

sulfate, passed through a syringe filter and injected into the GC-MS spectrometer.  

  
Figure S2. Typical work-flow for the light-induced hydrogenation of unactivated olefins catalyzed by iridium-hydrides. 
TEA(ox) stands for oxidation products of triethylamine. See text for further details.  
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S3.1.1 Reaction Monitoring Based on 1H-NMR Spectroscopy 

The reaction progress of the visible-light driven hydrogenation of olefins was monitored 

by 1H-NMR spectroscopy. The conversion was determined by relative integration of the 

characteristic signals of each compound with respect to tert-butylbenzene (9H at 1.31 

ppm in CD3CN) as an internal standard. We estimate that the experimental uncertainty 

associated with this procedure is on the order of 10%. 

S3.1.2 Reaction Monitoring Based on GC-MS Spectrometry 

The NMR yield of the hydrogenation product was further confirmed by GS-MS 

spectrometry (see section S1 for instrumental details and methods). For this purpose, 

calibration curves were established for the different hydrogenation products (H) with 

respect to tert-butylbenzene as an internal standard (ISTD, tR = 2.74 min.). To do so, the 

AH/AISTD ratios were plotted against the cH/cISTD ratios, where A is the area obtained in the 

GC trace and c is the concentration of the analytes. The slope and the intercept of the 

calibration curves were determined based on linear regression using equation S1.  

 
𝐴H

𝐴ISTD
= 𝑎 + 𝑏

𝑐H

𝑐ISTD
 (eq. S1) 

The GC-MS yield of the hydrogenation product was determined based on relative 

integration of the GC-trace with respect to the area of the ISTD. The concentration of the 

hydrogenation product (cH) was then determined by solving the linear equation S1 for CH: 

 𝑐H =
(
𝐴H

𝐴ISTD
⁄ −𝑎)/𝑏

𝑐ISTD
 (eq. S2) 
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S3.2 Substrate Scope 

S3.2.1 Light-Driven Hydrogenation of (3-Methoxyprop-1-en-2-yl)benzene (1-SM) 

 
(3-Methoxyprop-1-en-2-yl)benzene (1-SM) was reduced to 2-phenyl-1-propyl methyl 

ether (1-H) according to general procedure C. Based on 1H-NMR spectroscopy, the 

conversion of 1-SM was determined to be 94%, affording 1-H in 88% yield. Isomerization 

to (1-methoxyprop-1-en-2-yl)benzene (1-R) was observed in minor amounts (6%). The 

formation of 2-phenyl-1-propyl methyl ether (1-H) was further confirmed by GC-MS 

spectrometry (90% formation of hydrogenation product 1-H with respect to tert-

butylbenzene as an internal standard). 

 
Figure S3. 1H-NMR spectra for the light-driven hydrogenation of (3-methoxyprop-1-en-2-yl)benzene (1-SM) in CD3CN: 
The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to 
the 1H-NMR spectra of neat (3-methoxyprop-1-en-2-yl)benzene (1-SM) and 2-phenyl-1-propyl methyl ether (1-H). The 
triplet at 1.02 ppm and the quartet at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA 
oxidation. 
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Figure S4. GC-MS trace of the light-induced hydrogenation of (3-methoxyprop-1-en-2-yl)benzene (1-SM) to afford 2-
phenyl-1-propyl methyl ether (1-H) and (1-methoxyprop-1-en-2-yl)benzene (1-R). The different analytes were separated 
using GC method A (see section S1 for details).  

 
Figure S5. GC-MS calibration curve of 2-phenyl-1-propyl methyl ether (1-H) with respect to tert-butylbenzene (ISTD, 
5 mM). 
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S3.2.2 Light-Driven Hydrogenation of But-1-en-2-ylbenzene (2-SM) 

 
But-1-en-2-ylbenzene (2-SM) was reduced to sec-butylbenzene (2-H) according to general 

procedure C. Based on 1H-NMR spectroscopy, 97% conversion of 2-SM was achieved, 

affording 2-H in 93% yield. Isomerization to but-2-en-2-ylbenzene (2-R) was observed in 

minor amounts (4%). The formation of sec-butylbenzene (2-H) was further confirmed by 

GC-MS spectrometry (92% formation of hydrogenation product 2-H with respect to tert-

butylbenzene as an internal standard).  

 
Figure S6. 1H-NMR spectra of the light-driven hydrogenation of but-1-en-2-ylbenzene (2-SM) in CD3CN: The 1H-NMR 
spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to the 1H-NMR 
spectra of neat but-1-en-2-ylbenzene (2-SM) and sec-butylbenzene (2-H). The triplet at 1.02 ppm and the quartet at 
2.56 ppm in the top spectrum are due to diethylamine resulting from TEA oxidation. 
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Figure S7. GC-MS trace of the light-induced hydrogenation of but-1-en-2-ylbenzene (2-SM) to afford sec-butylbenzene  
(2-H) and but-2-en-2-ylbenzene (2-R). The different analytes were separated using GC method A (see section S1 for 
details). 

 

Figure S8. GC-MS calibration curve of sec-butylbenzene (2-H) with respect to tert-butylbenzene (ISTD, 5 mM).  
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S3.2.3 Light-Driven Hydrogenation of 1-(But-1-en-2-yl)-4-methoxybenzene (3-SM) 

 
1-(But-1-en-2-yl)-4-methoxybenzene (3-SM) was reduced to 1-(sec-butyl)-4-

methoxybenzene (3-H) according to general procedure C. Based on 1H-NMR spectroscopy, 

the conversion of 3-SM was determined to be essentially quantitative, giving 

hydrogenation product 3-H in 99% analytical yield. Isomerization to 1-(but-2-en-2-yl)-4-

methoxybenzene (3-R) was observed in minor amounts (~1%). The formation of 1-(sec-

butyl)-4-methoxybenzene (3-H) was further confirmed by GC-MS spectrometry (95% 

formation of hydrogenation product 3-H with respect to tert-butylbenzene as an internal 

standard). 

 
Figure S9. 1H-NMR spectra of the light-driven hydrogenation of 1-(but-1-en-2-yl)-4-methoxybenzene (3-SM) in CD3CN: 
The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to 
the 1H-NMR spectra of neat 1-(but-1-en-2-yl)-4-methoxybenzene (3-SM) and 1-(sec-butyl)-4-methoxybenzene (3-H). 
The triplet at 1.02 ppm and the quartet at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA 
oxidation. 
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Figure S10. GC-MS trace of the light-induced hydrogenation of 1-(but-1-en-2-yl)-4-methoxybenzene (3-SM) to afford 1-
(sec-butyl)-4-methoxybenzene (3-H) and 1-(but-2-en-2-yl)-4-methoxybenzene (3-R). The different analytes were 
separated using GC method A (see section S1 for details). 

 
Figure S11. GC-MS calibration curves of 1-(sec-butyl)-4-methoxybenzene (3-H) with respect to tert-butylbenzene 
(ISTD, 5 mM). 
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S3.2.4 Light-Driven Hydrogenation of 1-(But-1-en-2-yl)-4-chlorobenzene (4-SM) 

 
1-(But-1-en-2-yl)-4-chlorobenzene (4-SM) was reduced to 1-(sec-butyl)-4-chlorobenzene 

(4-H) according to general procedure C. Based on 1H-NMR spectroscopy, 96% conversion 

of 4-SM was achieved, resulting in 4-H in 89% yield. Isomerization to 1-(but-2-en-2-yl)-4-

chlorobenzene (4-R) was observed in minor amounts (7%). The formation of 1-(sec-butyl)-

4-chlorobenzene (4-H) was further confirmed by GC-MS spectrometry (91% formation of 

hydrogenation product 4-H with respect to tert-butylbenzene as an internal standard). 

 
Figure S12. 1H-NMR spectra of the light-driven hydrogenation of 1-(but-1-en-2-yl)-4-chlorobenzene (4-SM) in CD3CN: 
The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to 
the 1H-NMR spectra of neat 1-(but-1-en-2-yl)-4-chlorobenzene (4-SM) and 1-(sec-butyl)-4-chlorobenzene (4-H). The 
triplet at 1.02 ppm and the quartet at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA 
oxidation. 
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Figure S13. GC-MS trace of the light-induced hydrogenation of 1-(but-1-en-2-yl)-4-chlorobenzene (4-SM) to afford 1-
(sec-butyl)-4-chlorobenzene (4-H) and 1-(but-2-en-2-yl)-4-chlorobenzene (4-R). The different analytes were separated 
using GC method A (see section S1 for details). 

 
Figure S14. GC-MS calibration curve of 1-(sec-butyl)-4-chlorobenzene (4-H) with respect to tert-butylbenzene (ISTD, 
5 mM). 
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S3.2.5 Light-Driven Hydrogenation of 1-(But-1-en-2-yl)-3-chlorobenzene (5-SM)  

 
1-(But-1-en-2-yl)-3-chlorobenzene (5-SM) was reduced to 1-(sec-butyl)-3-chlorobenzene 

(5-H) according to general procedure C. Based on 1H-NMR spectroscopy, the conversion 

of 5-SM was 96%, affording 5-H in 92% analytical yield. Isomerization to 1-(but-2-en-2-yl)-

3-chlorobenzene (5-R) was observed in minor amounts (4%). The formation of 1-(sec-

butyl)-3-chlorobenzene (5-H) was further confirmed by GC-MS spectrometry (89% 

formation of hydrogenation product 5-H with respect to tert-butylbenzene as an internal 

standard). 

 
Figure S15. 1H-NMR spectra of the light-driven hydrogenation of 1-(but-1-en-2-yl)-3-chlorobenzene (5-SM) in CD3CN: 
The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to 
the 1H-NMR spectra of neat 1-(but-1-en-2-yl)-3-chlorobenzene (5-SM) and 1-(sec-butyl)-3-chlorobenzene (5-H). The 
triplet at 1.02 ppm and the quartet at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA 
oxidation. 
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Figure S16. GC-MS trace of the light-induced hydrogenation of 1-(but-1-en-2-yl)-3-chlorobenzene (5-SM) to afford 1-
(sec-butyl)-3-chlorobenzene (5-H) and 1-(but-2-en-2-yl)-3-chlorobenzene (5-R). The different analytes were separated 
using GC method A (see section S1 for details). 

 
Figure S17. GC-MS calibration curve of 1-(sec-butyl)-3-chlorobenzene (5-H) with respect to tert-butylbenzene (ISTD, 
5 mM). 
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S3.2.6 Light-Driven Hydrogenation of 2-Phenylprop-2-en-1-ol (6-SM) 

  
2-Phenylprop-2-en-1-ol (6-SM) was reduced to 2-phenylpropan-1-ol (6-H) according to 

general procedure C. Based on 1H-NMR spectroscopy, the conversion of 6-SM was 41% 

affording 6-H in 40% analytical yield. No significant isomerization of 6-SM was observed.  

Since analysis by GC-MS was not possible for substrate 6-SM, in this particular case the 

conversions were determined based on 1H-NMR spectroscopy exclusively.  

 
Figure S18. 1H-NMR spectra of the light-driven hydrogenation of 2-phenylprop-2-en-1-ol (6-SM) in CD3CN: The 1H-NMR 
spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to the 1H-NMR 
spectra of neat 2-phenylprop-2-en-1-ol (6-SM) and 2-phenylpropan-1-ol (6-H). The triplet at 1.02 ppm and the quartet 
at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA oxidation. 
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S3.2.7 Light-Driven Hydrogenation of 2-(3-(Benzyloxy)prop-1-en-2-yl)-1,3,5-trimethyl-

benzene (7-SM) 

 
Hydrogenation of 2-(3-(benzyloxy)prop-1-en-2-yl)-1,3,5-trimethylbenzene (7-SM) to 2-(1-

(benzyl-oxy)propan-2-yl)-1,3,5-trimethylbenzene (7-H) was attempted following general 

procedure C. However, after irradiating the reaction mixture for 44 h, no conversion of 

the substrate was observed.  

 
Figure S19. 1H-NMR spectra of the attempted light-driven hydrogenation of 2-(3-(benzyloxy)prop-1-en-2-yl)-1,3,5-
trimethylbenzene (7-SM) in CD3CN: The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) 
irradiation are shown in comparison to the 1H-NMR spectrum of neat 2-(3-(benzyloxy)prop-1-en-2-yl)-1,3,5-
trimethylbenzene (7-SM). The triplet at 1.02 ppm and the quartet at 2.56 ppm in the top spectrum are due to 
diethylamine resulting from TEA oxidation. 
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S3.2.8 Light-Driven Hydrogenation of trans-1-Phenyl-1-propene (8-SM) 

 
trans-1-Phenyl-1-propene (8-SM) was reduced to propylbenzene (8-H) according to 

general procedure C. Based on 1H-NMR spectroscopy, the conversion of 8-SM was 54%,  

giving 8-H in 38% yield. Significant isomerization to cis-1-phenyl-1-propene (8-R, 16%) was 

observed. The formation of propylbenzene (8-H) was confirmed by GC-MS spectrometry 

(37% formation of hydrogenation product 8-H with respect to tert-butylbenzene as an 

internal standard).  

 
Figure S20. 1H-NMR spectra of the light-driven hydrogenation of trans-1-phenyl-1-propene (8-SM) in CD3CN: The 1H-
NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to the 1H-
NMR spectra of neat trans-1-phenyl-1-propene (8-SM) and propylbenzene (8-H). The triplet at 1.02 ppm and the quartet 
at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA oxidation. 
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Figure S21. GC-MS trace of the light-induced hydrogenation of trans-1-phenyl-1-propene (8-SM) to afford 
propylbenzene (8-H) and cis-1-phenyl-1-propene (8-R). The different analytes were separated using GC method A (see 
section S1 for details). 

 

Figure S22. GC-MS calibration curve of propylbenzene (8-H) with respect to tert-butylbenzene (ISTD, 5 mM). 
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S3.2.9 Light-Driven Hydrogenation of Methyl 2-((benzyloxy)methyl)acrylate (9-SM) 

 
Methyl 2-((benzyloxy)methyl)acrylate (9-SM) was reduced to methyl 3-(benzyloxy)-2-

methyl-propanoate (9-H) according to general procedure C. Based on 1H-NMR 

spectroscopy, the conversion of the 9-SM was 71%, affording 9-H in 46% yield. Significant 

isomerization to methyl 3-(benzyloxy)-2-methylacrylate (9-R, 22%) was detected. In minor 

amounts, deprotection of the benzylic group (3%) was observed. The formation of methyl 

3-(benzyloxy)-2-methyl-propanoate (9-H) was further confirmed by GC-MS spectrometry 

(48% formation of hydrogenation product 9-H with respect to tert-butylbenzene as an 

internal standard). 

 
Figure S23. 1H-NMR spectra of the light-driven hydrogenation of methyl 2-((benzyloxy)methyl)acrylate (9-SM) in CD3CN: 
The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to 
the 1H-NMR spectra of neat methyl 2-((benzyloxy)methyl)acrylate (9-SM) and methyl 3-(benzyloxy)-2-methyl-
propanoate (9-H). The triplet at 1.02 ppm and the quartet at 2.56 ppm in the top spectrum are due to diethylamine 
resulting from TEA oxidation. 
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Figure S24. GC-MS trace of the light-induced hydrogenation of methyl 2-((benzyloxy)methyl)acrylate (9-SM) to afford 
methyl 3-(benzyloxy)-2-methyl-propanoate (9-H) and methyl 3-(benzyloxy)-2-methylacrylate (9-R). The different 
analytes were separated using GC method A (see section S1 for details). 

 
Figure S25. GC-MS calibration curve of methyl 3-(benzyloxy)-2-methyl-propanoate (9-H) with respect to tert-
butylbenzene (ISTD, 5 mM). 
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S3.2.10 Light-Driven Hydrogenation of (((2-Cyclohexylallyl)oxy)methyl)benzene  

(10-SM) 

 
(((2-Cyclohexylallyl)oxy)methyl)benzene (10-SM) was reduced to  ((2-

cyclohexylpropoxy)methyl)-benzene (10-H) according to general procedure C. Based on 
1H-NMR spectroscopy, the conversion of 10-SM was 40%, affording 10-H in 32% yield. 

Significant isomerization to (((2-cyclohexylprop-1-en-1-yl)oxy)methyl)benzene (10-R) was 

observed (8%).  

10-SM and 10-H could not be separated by GC-MS spectrometry because the retention 

times of substrate 10-SM and hydrogenation product 10-H are too similar. Thus, the 

conversions were determined by 1H-NMR spectroscopy exclusively.  

 
Figure S26. 1H-NMR spectra of the light-driven hydrogenation of (((2-cyclohexylallyl)oxy)methyl)benzene (10-SM) in 
CD3CN: The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in 
comparison to the 1H-NMR spectra of neat (((2-cyclohexylallyl)oxy)methyl)benzene (10-SM) and ((2-
cyclohexylpropoxy)methyl)-benzene (10-H). The triplet at 1.02 ppm and the quartet at 2.56 ppm in the top spectrum 
are due to diethylamine resulting from TEA oxidation. 
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S3.2.11 Light-Driven Hydrogenation of ((2-Methylallyloxy)methyl)benzene (11-SM) 

 
((2-Methylallyloxy)methyl)benzene (11-SM) was reduced to benzyl iso-butyl ether (11-H) 

according to general procedure C. Based on 1H-NMR spectroscopy, the conversion of 11-

SM was 49%, affording 11-H in 21% yield. Isomerization to (((2-methylprop-1-en-1-

yl)oxy)methyl)benzene (11-R, 28%) was found to be the major reaction pathway. The 

formation of benzyl iso-butyl ether (11-H) was further confirmed by GC-MS spectrometry 

(26% formation of hydrogenation product 11-H with respect to tert-butylbenzene as an 

internal standard). 

 
Figure S27. 1H-NMR spectra of the light-driven hydrogenation of ((2-methylallyloxy)methyl)benzene (11-SM) in CD3CN: 
The 1H-NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to 
the 1H-NMR spectra of neat ((2-methylallyloxy)methyl)benzene (11-SM) and benzyl iso-butyl ether (11-H). The triplet at 
1.02 ppm and the quartet at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA oxidation. 
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Figure S28. GC-MS trace of the light-induced hydrogenation of ((2-methylallyloxy)methyl)benzene (11-SM) to afford 
benzyl iso-butyl ether (11-H) and (((2-methylprop-1-en-1-yl)oxy)methyl)benzene (11-R).  The different analytes were 
separated using GC method A (see section S1 for details). 

 
Figure S29. GC-MS calibration curve of benzyl iso-butyl ether (11-H) with respect to tert-butylbenzene (ISTD, 5 mM). 
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S3.2.12 Light-Driven Hydrogenation of ((Allyloxy)methyl)benzene (12-SM) 

 
((Allyloxy)methyl)benzene (12-SM) was reduced to benzyl propyl ether (12-H) according 

to general procedure C. Based on 1H-NMR spectroscopy, the conversion of 12-SM was 

35%, affording 12-H in 8% yield. Isomerization to (E)-((prop-1-en-1-yloxy)methyl)benzene 

((E)-12-R, 19%) and (Z)-((prop-1-en-1-yloxy)methyl)benzene ((Z)-12-R, 8%) was found to 

be the major reaction pathway.  

12-SM and 12-H could not be separated by GC-MS spectrometry because the retention 

times of substrate 12-SM and hydrogenation product 12-H are too similar. Thus, the 

conversions were determined by 1H-NMR spectroscopy exclusively.  

 
Figure S30. 1H-NMR spectra of the light-driven hydrogenation of ((allyloxy)methyl)benzene (12-SM) in CD3CN: The 1H-
NMR spectra of the reaction mixture before (t = 0 h) and after (t = 44 h) irradiation are shown in comparison to the 1H-
NMR spectra of neat ((allyloxy)methyl)benzene (12-SM) and benzyl propyl ether (12-H). The triplet at 1.02 ppm and the 
quartet at 2.56 ppm in the top spectrum are due to diethylamine resulting from TEA oxidation. 
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S4 Mechanistic Studies 

S4.1 Thermochemistry of the Photo-Triggered HAT 

The IrIII-H BDFE of [Cp*Ir(phen)(H)]+ is not known, but for the [Cp*Ir(PMe3)(H)2] complex 

the IrIII-H BDFE is ca. 69 kcal . mol-1. (This BDFE value was estimated based on the published 

BDE value of the IrIII-H bond for [Cp*Ir(PMe3)(H)2] (74 kcal mol-1)[267] taking into account 

an entropic effect of the solvent (MeCN) of 4.8 kcal . mol-1).[268] By contrast, the IrII-H BDFE 

of the [Cp*Ir(bpy)(H)]0 complex is only 43.9 kcal . mol-1.[12] The only difference of that 

complex to ours is the presence of a phen instead of a bpy ligand, and it seems plausible 

that this does not much affect the IrII-H BDFE. Thus, we assume that our catalytically active 

[Cp*Ir(phen)(H)]0 complex has an IrII-H BDFE of 44±2 kcal . mol-1. On the other hand, the 

BDFE of the newly formed C-H bond radical intermediates RI• bearing an aromatic 

substituent is on the order of 41±2 kcal . mol-1. That proxy value corresponds to the BDE 

of the C-H bond formed after H-atom transfer to α-methyl styrene (45.6 kcal mol-1[269]) 

and takes into account an entropic effect of the solvent (MeCN) of 4.8 kcal  . mol-1.[268]  The 

initial photo-HAT from the [Cp*Ir(phen)(H)]0 complex to our aromatic substrates 

consequently has ∆GHAT  0 kcal . mol-1, see Fig. S31. Thus, in principle reactants and 

products of the initial HAT step are in equilibrium, similar to what was found previously 

for thermal (light-independent) metal-catalyzed HAT reactions.[155] Secondary HAT (with 

oxidation products of TEA acting as H-atom donors, see main paper) is rapid and drives 

the overall reaction towards the product side. For aliphatic substrates, the BDFE of C-H 

bond formed after an initial HAT is around 32±2 kcal . mol-1 (corresponding to a C-H BDE 

of the tert-butyl radical of 36.6 kcal . mol-1[270]). For these substrates, initial HAT to the 

olefin is therefore energetically uphill (∆GHAT  + 10 kcal . mol-1) and H-abstraction from 

the radial intermediate RI• gets more favored, leading to a greater proportion of 

rearranged products in comparison to hydrogenated products.   

 
Figure S31. Thermochemistry of the investigated photoinduced HAT.  

Aromatic disubstituted germinal olefins have very negative reduction potentials, as 

illustrated by the reduction potential of α-methyl styrene, which is more negative than 

−2.7 V vs. SCE (Fig. S31).[238] Thus, electron transfer from [Cp*Ir(phen)(H)]0 (E0’(III/II) ≈ −1.4 

V vs. SCE[12]) or from 3MLCT-excited [Cp*Ir(phen)(H)]+ (E0’(IV/III*) ≈ −1.3 V vs. SCE[12], see 

Fig. S32) to the investigated olefins is endergonic by at least 1.3 eV. The reduction 
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potentials included in Fig. S32 were reported for [Cp*Ir(bpy)(H)]+, but we assume that the 

reduction potentials of the investigated [Cp*Ir(phen)(H)]+ complex are similar.  

 
Figure S32. Latimer diagram of [Cp*Ir(bpy)(H)]+ adapted from Miller and coworkers.[12] All potentials are given in V vs. 
SCE.  
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S4.2 Role of Iridium Hydride 

Conversion of [Cp*Ir(phen)Cl]+ (yellow trace, Figure S33) to [Cp*Ir(phen)(H)]+ (green trace, 

Figure S33) was monitored by UV-Vis spectroscopy. The increase in absorption at 430 nm 

and the decrease in absorption at 350 nm as well as the isosbestic point at 375 nm indicate 

the conversion of [Cp*Ir(phen)Cl]Cl (yellow trace) to [Cp*Ir(phen)(H)](PF6) (green trace). 

 
Figure S33. Main plot: Absorption spectra of [Cp*Ir(phen)Cl]Cl (yellow trace) and [Cp*Ir(phen)(H)](PF6) (green trace) in 
CH3CN at room temperature. Inset: Continuous irradiation of a solution containing [Cp*Ir(phen)Cl]Cl (80 µM) and TEA 
(1.0 mM) in CH3CN at 455 nm.  

The evidence for the photo-driven conversion of [Cp*Ir(phen)Cl]+ to [Cp*Ir(phen)(H)]+ in 

the UV-Vis data of Figure S33 is further supported by the 1H-NMR data in Figure S34. 

Clearly, the formation of the iridium(III) hydride species (marked by green boxes) from the 

iridium(III) chloride (yellow boxes) is very slow, but easily detectable in absence of 

substrate (panels A and C). In presence of substrate (panels B and D), its detection is 

difficult, presumably due to its efficient turnover with the substrate. 

The grey boxes in Figure S34 mark resonances caused by free (unbound) phen ligand 

(either added in excess (panels A and B), or form as a result of photo-driven dissociation 

from the iridium complex.  
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Figure S34: Continuous irradiation of different reaction mixtures containing [Cp*Ir(phen)Cl]Cl] and TEA in deaerated 
CD3CN at 470 nm and at 50 °C. A) Reaction mixture containing [Cp*Ir(phen)Cl]Cl] (3.5 mM), phen (21 mM) and TEA (350 
mM) in deareated CD3CN. B) Reaction mixture containing 1-SM (70 mM), [Cp*Ir(phen)Cl]Cl] (3.5 mM), phen (21 mM) 
and TEA (350 mM) in deareated CD3CN. C) Reaction mixture containing [Cp*Ir(phen)Cl]Cl] (3.5 mM) and TEA (350 mM) 
in deareated CD3CN. B) Reaction mixture containing 1-SM (70 mM), [Cp*Ir(phen)Cl]Cl] (3.5 mM) and TEA (350 mM) in 
deareated CD3CN. 

 
Figure S35. Reaction progress as a function of time when using [Cp*Ir(phen)(H)](PF6). Conversion of the substrate (1-
SM, pink trace) and 1H-NMR yields of the different products (1-H, blue trace; 1-(E)-R and 1-(Z)-R, turquoise traces) over 
the reaction course. Monitoring the progress of the reaction mixture containing (3-methoxyprop-1-en-2-yl)benzene (1-
SM, 50 mM) as a substrate, [Cp*Ir(phen)(H)](PF6) (2.5 mM), excess 1,10-phenanthroline (15 mM), TEA (250 mM) as 
sacrificial donor and tert-butylbenzene (50 mM) as internal standard while irradiating the reaction mixture at 470 nm 
(7.5 W). The conversions were determined by 1H-NMR spectroscopy. Acquisition of the NMR spectra occurred in the 
dark, using 8 aliquots of the same stock solution irradiated in parallel for different amounts of time. 
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S4.3 Excited-State Quenching Experiments 

The MLCT excited-state lifetime τ of [Cp*Ir(phen)(H)]+ is 148 ns in deaerated CH3CN 

containing [Cp*Ir(phen)(H)]+ (0.2 mM) and NBu4PF6 (0.6 mM) at room temperature (Fig. 

S35), which is in good agreement with the literature,[8] considering that the detected 

lifetime is concentration dependent.[12] Upon addition of TEA, the emissive MLCT state is 

quenched with a rate constant of kq = 4.5 . 108  

M-1 s-1 based on a Stern-Volmer analysis. 

 
Figure S36. Main plot: Time-resolved luminescence decays of [Cp*Ir(phen)(H)](PF6) (0.2 mM) in absence (red trace) and 
in presence of varying concentrations of TEA. Measurements were performed in deaerated CH3CN containing NBu4PF6 
(0.6 mM) at room temperature. Excitation occurred at 455 nm and the luminescence was detected at 700 nm. All decays 
were normalized to 1.0 at t = 0. Inset: Stern-Volmer plot obtained from the kinetic emission experiments.  

Table S5.Lifetime   at a [Cp*Ir(phen)(H)]+ concentration of 0.2 mM, Stern-Volmer constant KSV and quenching constant 
kq of the reductive quenching of [Cp*Ir(phen)(H)](PF6) in presence of TEA in deaerated CH3CN containing NBu4PF6 (0.6 
mM)  at room temperature.  

 / ns  148  
Ksv / M-1 66 

kq / M-1 s-1 4.5 . 108  
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S4.4 Mechanistic Overview 

The different possible reaction mechanisms of iridium hydrides are summarized in Figure 

S37. In absence of both the substrate and a sacrificial donor, iridium(III) hydrides undergo 

efficient bimetallic “self-quenching” (kq = 3.8 . 109 M-1 s-1)[12] and subsequent H2-evolution 

upon irradiation with visible light (Figure S37A), as has been previously reported by the 

group of Miller.[12] In presence of TEA (250 mM) as a sacrificial donor, reductive quenching 

becomes the major reaction pathway (Figure S37B), as is evidenced by the higher pseudo 

first-order rate constant (1.1 . 108 s-1 vs. 9.5 . 106 s-1 (for TEA and iridium(III) hydride 

concentrations of 250 mM and 2.5 mM, respectively)). In absence of a substrate, H2 

evolution from the iridium(II) hydride is expected to be the major reaction product, as H2 

formation is exergonic by 16 kcal/mol. TEA•+ serves as a proton source for the 

regeneration of the iridium(III) hydride. When TAA-OMe is used as a sacrificial donor, 

reductive quenching of the 3MLCT state is again the major reaction pathway, as was 

evidenced by the formation of the characteristic TAA-OMe•+ absorption band in the 

transient absorption experiment (Figures S37C). When an olefin substrate is added to the 

reaction mechanism, H2 evolution from the iridium(II) hydride can be avoided and HAT to 

the olefin substrate is observed instead (Figure S37D).  

 
Figure S37. Overview over the different reaction mechanisms of the iridium(III) hydride upon excitation with visible 
light. A) “Self-quenching” is the dominant reaction pathway in absence of a sacrificial donor.[12] B) and C) Reductive 
quenching is the major reaction pathway in presence of either B) TEA or C) TAA-OMe as an electron donor. D) In 
presence of an olefin substrate, HAT to the closed-shell organic substrate takes place.  
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S4.5 Radical Clock Experiment 

Photoinduced H-atom transfer to (1-(2-phenylcyclopropyl)vinyl)benzene (13-SM), a 

radical clock substrate, was investigated to find further evidence for a radical mechanism. 

The rate constant for the ring opening of this exact substrate is unknown, however, it has 

been determined for closely related compounds (Table S6). While there is a relatively 

small difference in the rate constants for the ring opening of secondary and tertiary 

radicals (compare entry 2 vs. entry 3, Table S6), an additional phenyl substituent on the 

cyclopropane ring enhances the rate constant kRO (compare entry 2 vs. entry 4, Table S6) 

by three orders of magnitude. Thus it can be assumed that the rate constant for the ring 

opening in the structurally related radical intermediate 13-RI1•  (relevant for our studies) 

occurs with a similar rate constant (kRO  108 s-1) as in radical intermediate D (3.6 . 108 s-1)  

Table S6. Rate constants for the ring opening of radical intermediates A-D and 13-RI1•. Whilst the rate constants for 
radical intermediates A-D have been determined previously, the rate constant for the ring opening of radical 

intermediate 13-RI1•  (relevant for our studies) was estimated by comparison of the different rate constants kRO.   

Entry Radical Intermediate 
Rate constant of the ring 

opening 

kRO / s-1 

1 A 
 

7 . 106 [271] 

2 B 
 

2.7 . 105 [271] 

3 C 
 

3.6 . 105 [271] 

4 D 
 

3.6 . 108 [272] 

5 13-RI1• 
 

 108 

 

For the radical clock experiment, degassed stock solutions of (1-(2-

phenylcyclopropyl)vinyl)benzene (13-SM, 100 µL, 500mM in CD3CN, 50.0 µmol, 1.0 eq.), 

[Cp*Ir(phen)Cl]Cl (250 µL, 10 mM in CD3CN, 2.50 µmol, 5.0 mol%) and tert-butylbenzene 

(100 µL, 500 mM in CD3CN, 50.0 µmol, 1.0 eq.) as an internal standard were combined 

and further diluted with degassed CD3CN (550 µL). TEA (34.7 µL, 250 µmol, 5.0 eq.) was 

added and 0.5 mL of the reaction mixture were transferred to an NMR-tube. The reaction 

mixture was then irradiated at 470 nm for 44 h and the conversion was determined both 

by 1H-NMR spectroscopy and GC-MS spectrometry according to general procedure C.  
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Figure S38. 1H-NMR spectra of the radical clock experiment: The 1H-NMR spectra of the reaction mixture before (t = 0 
h) and after (t = 44 h) irradiation are shown. Visible light-induced hydrogenation of (1-(2-phenylcyclopropyl)-
vinyl)benzene (13-SM) affords pent-3-ene-1,4-diyldibenzene ((E)-13-RO and (Z)-13-RO), pent-4-ene-1,4-diyldibenzene 
(13-I) and pentane-1,4-diyldibenzene (13-H). 

 
Figure S39. GC-MS trace of the radical clock experiment: Visible light-induced hydrogenation of (1-(2-
phenylcyclopropyl)-vinyl)benzene (13-SM) affords pent-3-ene-1,4-diyldibenzene ((E)-13-RO and (Z)-13-RO), pent-4-
ene-1,4-diyldibenzene  
(13-I) and pentane-1,4-diyldibenzene (13-H). The different analytes were separated using GC method A (see section S1 
for details). 

Analysis of the reaction mixture by 1H-NMR spectroscopy and GC-MS spectrometry 

indicated that no ring-retention product (13-RR) is formed (Fig. S38) and that radical 
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intermediate 13-RI1• undergoes fast ring-opening to give the ring-opened product 13-RO 

(71%). Thus, secondary HAT to the radical intermediate is slower than the ring-opening 

reaction (kRO  108 s-1). However, 13-RO is not the only product observed after 

photoinduced hydrogenation of 13-SM. Since 13-RO is a suitable substrate for 

photoinduced H-atom transfer as well, it can further react under the applied conditions, 

as confirmed by the formation of both the hydrogenation (13-H, 26%) and the 

isomerization (13-I, 3%) products (Fig. S38).  

 
Figure S40. Radical clock experiment with cyclopropane substrate 13-SM confirms that the reaction proceeds via a 
radical mechanism. The formed ring-opened product (13-RO) can engage in a secondary photoinduced onward reaction 
to give the hydrogenation (13-H) and isomerization (13-I) products. For simplicity, only the (E)-isomer of the ring-opened 
product 13-RO is shown. 
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S4.6 Experiment with a Deuterated Substrate 

To explore the reversibility of the initial photoinduced HAT step, a deuterated substrate 

((3-methoxyprop-1-en-2-yl-1,1,3,3-d4)benzene, 1-SM-d4) was synthesized and subjected 

to the reaction conditions. In contrast to traditional studies, where usually a metal-

deuteride is used to test the reversibility of hydrogen atoms transfers,[178] we decided to 

use a deuterated substrate and a non-deuterated hydrogen atom source (TEA). Thus, our 

method is based on a non-deuterated metal hydride (formed on the basis of the non-

deuterated TEA) and a deuterated substrate.  

Scheme S7. Experiment with a deuterated substrate 1-SM-d4 probing the reversibility of the initial HAT.  

(3-Methoxyprop-1-en-2-yl-1,1,3,3-d4)benzene (1-SM-d4) was reduced to (1-methoxy-

propan-2-yl-1,1,3,3-d4)benzene (1-H-d4) according to general procedure C. The 

photochemical reaction was followed by integration of the characteristic singlets of the 

methoxy-groups in the 1H-NMR spectra of the reaction mixtures. To do so, the chemical 

shifts of the observable methoxy signals were compared to the corresponding resonance 

of the non-deuterated substrate 1-SM (Fig. S39). Based on this, the conversion of 1-SM-

d4 was determined to be 93%, resulting in 87% of the hydrogenation product 1-H-d4. 

Throughout the experiment, no proton-incorporation into the initial terminal double bond 

(bond labeled with “a” in Scheme S7) to afford 1-SM-d3 was observed, indicating that 

reverse HAT from radical intermediate 1- RI•-d4 (k-HAT1 in Fig. 9 in main paper) is kinetically 

not competitive with onward reaction to 1-H-d4 or 1-R-d3. Since the formed rearranged 

products 1-R-d3 can be further hydrogenated to the corresponding hydrogenation 

product 1-H-d4 (k-R, Fig. 9 in main paper), proton incorporation at the CD2 group (position 

labeled with “b” in Scheme S7) is possible. However, the exact amount of proton 

incorporation at this position could not be determined with the applied analytical 

methods. Also, further identification of the different formed products by mass 

spectrometry is not possible due to the identical masses of the different isotopomers. 

Thus, proton incorporation at the CD2-position (labeled with “b” in Scheme S7) is 

neglected in the schemes for clarity.  
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Figure S41. Photochemical experiment with a deuterated substrate: Visible-light driven hydrogenation of (3-
methoxyprop-1-en-2-yl-1,1,3,3-d4)benzene (1-SM-d4) at different irradiation times in comparison to the visible-light 
driven hydrogenation of the non-deuterated substrate 1-SM.  
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S5 Spectra of New Compounds  

 
Figure S42. 1H-NMR spectrum of 2-(3-(benzyloxy)prop-1-en-2-yl)-1,3,5-trimethylbenzene (7-SM) in CD3CN.  

 
Figure S43. 13C-{1H}-NMR spectrum of 2-(3-(benzyloxy)prop-1-en-2-yl)-1,3,5-trimethylbenzene (7-SM) in CD3CN. 
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Figure S44. 1H-NMR spectrum of (((2-cyclohexylallyl)oxy)methyl)benzene (10-SM) in CD3CN.  

 
Figure S45. 13C-{1H}-NMR spectrum of (((2-cyclohexylallyl)oxy)methyl)benzene (10-SM) in CD3CN. 
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Figure S46. 1H-NMR spectrum of pentane-1,4-diyldibenzene (13-H) in CD3CN. 

 
Figure S47. 13C-{1H}-NMR spectrum of pentane-1,4-diyldibenzene (13-H) in CD3CN. 
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Figure S48. 1H-NMR spectrum of (3-methoxyprop-1-en-2-yl-1,1,3,3-d4)benzene (1-SM-d4) in CD3CN. 

 
Figure S49. 13C-{1H}-NMR spectrum of (3-methoxyprop-1-en-2-yl-1,1,3,3-d4)benzene (1-SM-d4) in CD3CN. 
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Figure S50. 1H-NMR reference spectrum of [Cp*Ir(phen)]0 obtained after deprotonation of [Cp*Ir(phen)(H)]+ in CD3CN 
with KOtBu (1.3 eq.).  
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S1 Equipment and Methods 

General 

Unless stated otherwise, all air- or moisture-sensitive syntheses were performed under 

inert conditions (nitrogen or argon atmosphere). Dry solvents were used as received and 

dry dichloromethane (DCM) was obtained from a commercial solvent purification system 

by Innovative Technology. All commercially available chemicals were purchased from 

ABCR, Acros Organics, Fluorochem or Sigma-Aldrich and used as received. 1-Benzyl-3-

carbamoylpyridin-1-ium chloride (BNACl) and [Cp*Rh(bpy)Cl]Cl were synthesized by Prof. 

Dr. Xingwei Guo and Dr. Michael Skaisgirski.  

 

Chromatography 

Column chromatography was performed with silica gel from Silicycle (silica flash, 40-

63 µm, (230-400 mesh ASTM) for flash column chromatography). Thin layer 

chromatography (TLC) was carried out with pre-coated aluminium sheets (precoated with 

silica 60, from Merck, layer thickness of 0.25 mm), containing a fluorescence indicator 

F254. Visualization of the compounds occurred under UV light using either the 254 nm or 

the 365 nm output of a UV lamp.  

 

Microwave 

Microwave-assisted syntheses were performed with a Biotage® Initiator microwave 

reactor from Biotage at a constant irradiation temperature. 

 

NMR spectroscopy 

NMR spectra were measured on a Bruker Avance III operating at 400 MHz, 500 MHz or 

600 MHz proton frequencies. All chemical shifts are reported in  values in ppm and were 

referenced to the signals of the residual non-perdeuterated solvent used.[239] 19F-{1H}-

NMR spectra were referenced to trifluoroacetic acid (─75.3 ppm[273]). The deuterated 

solvents for NMR-spectroscopy were obtained from Cambridge Isotope Laboratories. All 

coupling constants J are given in Hertz (Hz) and the following abbreviations are used to 

describe their coupling patterns: s (singlet), d (doublet), t (triplet), q (quartet), dt (doublet 

of triplets), td (triplet of doublets), ddd (doublet of doublet of doublets), m (multiplet). 

 

High-resolution mass spectrometry 

High-resolution mass spectrometry was performed by Dr. Michael Pfeffer on a Bruker 

maXis 4G QTOF ESI spectrometer in the Department of Chemistry at the University of 

Basel. 
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Elemental analysis 

Elemental analyses were performed by Ms. Sylvie Mittelheisser on a Vario Micro Cube 

instrument in the Department of Chemistry at the University of Basel. 

 

Cyclic voltammetry 

Cyclic voltammetry was carried out using a Versastat3-200 potentiostat from Princeton 

Applied Research. A glassy carbon disk was used as working electrode, a silver wire as 

counter electrode and a SCE as reference electrode.  

 

Steady-state absorption spectroscopy 

Optical absorption spectroscopy was measured on a Cary 5000 UV-Vis-NIR instrument 

from Varian. 

 

Time-resolved luminescence spectroscopy 

Time-resolved luminescence spectroscopy was performed on a LP920-KS instrument from 

Edinburgh Instruments. Excitation occurred at 420 nm using a Quantel Brilliant b laser 

combined with an optical parametric oscillator (OPO) from Opotek as excitation source. 

The laser pulse duration was ~10 ns and the pulse frequency was 10 Hz. Kinetics at single 

detection wavelengths were recorded using a photomultiplier tube.  

Further fluorescence lifetime and quenching experiments with the water-soluble Ir 

complexes were performed on a FLS1000 spectrometer (time-correlated single photon 

counting (TCSPC) technique) from Edinburgh Instruments using a pulsed LED (ca. 900 ps 

pulse width) for excitation at 405 nm.  

 

Transient absorption spectroscopy 

Transient absorption spectroscopy was performed on a LP920-KS instrument from 

Edinburgh Instruments. Excitation of the complexes occurred at 420 nm using a 

frequency-tripled Nd:YAG laser (Quantel Brilliant, ca. 10 ns pulse width) equipped with an 

OPO from Opotek and the typical pulse energy varied from ca 7 mJ to 14 mJ. A beam 

expander (GBE02-A from Thorlabs) was used to improve the excitation homogeneity in 

the detection volume. The transient absorption spectra were detected with an iCCD 

camera from Andor.  

 

Photoirradiation  

Continuous-wave photo-irradiation was carried out at room temperature using a 455 nm 

(~1000 mW power output) collimated LED purchased from ThorLabs. 
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S2 Experimental Procedures 

S2.1 Synthesis of the Iridium Sensitizers 

General procedure A: Microwave-assisted synthesis of (fac)-Ir(ppy)3 derivatives  

The microwave-assisted synthesis of the (fac)-Ir(ppy)3 derivatives (referred to as Irppy3 

derivatives hereafter) was adapted from a previously published protocol.[225] In a 

microwave tube, IrCl3.H2O (1.0 eq.) and the ppyH ligand (50-100 eq.) were dissolved in 

ethylene glycol (40 mL per mmol IrCl3.H2O) and the reaction mixture was degassed by 

bubbling nitrogen through the solution for 30 min. The reaction was heated to 200 °C for 

30 min under microwave irradiation. After cooling to rt, methanol (40 mL per mmol 

IrCl3.H2O) was added and the resulting suspension was stored in the fridge overnight. The 

formed precipitate was collected by filtration and washed with methanol to afford the 

desired Irppy3 derivative. 

 

General procedure B: Sulfonation of Irppy3 derivatives 

The synthesis of the different Irsppy derivatives was adapted from a previously published 

protocol.[121] An emulsion of concentrated H2SO4 (3.3 eq.) in trifluoroacetic anhydride 

(TFAA, 25 mL per mmol of Irppy3 derivative) was stirred at rt for several hours under 

nitrogen atmosphere. After complete dissolution (reaction) of the sulfuric acid, a 

previously prepared solution of the Irppy3 derivative (1.0 eq.) in dry DCM (100 mL per 

mmol of Irppy3 derivative) was slowly added and the reaction mixture was stirred at rt 

overnight. The solvent was evaporated under reduced pressure. The resulting residue was 

treated with sat. aq. NaHCO3 solution (20 mL per mmol of Irppy3 derivative). The solvent 

was removed under reduced pressure and the crude product was purified by flash column 

chromatography to afford the desired Irsppy derivative.  

 

4-Fluorophenylpyridine (FppyH) 

 
4-Fluorophenylboronic acid (2a, 10.6 g, 76.0 mmol, 1.2 eq.) and 2-bromopyridine (1, 

10.0 g, 63.3 mmol, 1.0 eq.) were dissolved in aq. Na2CO3 solution (1 M, 100 mL) and THF 

(300 mL) under nitrogen atmosphere. The reaction mixture was degassed by bubbling 

nitrogen through the solution for 30 min. Pd(PPh3)4 (2.63 g, 2.27 mmol, 3 mol%) was 

added and the reaction mixture was heated to 140 °C for 3 h. The reaction mixture was 

allowed to cool to rt, the layers were separated, and the aqueous layer was extracted with 

DCM (3 × 15 mL). The combined organic layers were dried over anhydrous sodium sulfate, 

filtered and concentrated under reduced pressure. The crude product was purified by 

gradient flash column chromatography (SiO2, pentane/EtOAc 10:1 then pentane/EtOAc 
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4:1) to afford 4-fluorophenylpyridine (FppyH, 4.09 g, 23.6 mmol, 37%) as a yellowish 

liquid. Analytical data matches the literature.[274]  

C11H8FN (173.2 g mol-1): 
1H NMR (400 MHz, 298 K, CDCl3, δ/ppm): 8.67 (d, J = 4.9 Hz, 1H), 8.01-7.95 (m, 2H), 7.74 

(pseudo-td, J = 7.7 Hz, 1.8 Hz, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.22 (ddd, J = 7.4 Hz, 4.8 Hz, 

1.2 Hz, 1H), 7.18-7.12 (m, 2H). 

 

2-(2,4-Difluorophenyl)pyridine (dFppyH) 

 
In a microwave vial, 2,4-difluorophenylboronic acid (2b, 1.00 g, 6.33 mmol, 1.0 eq.) and 

2-bromopyridine (1, 1.20 g, 7.06 mmol, 1.2 eq.) were dissolved in aq. Na2CO3 solution 

(1 M, 5.0 mL) and THF (15 mL) under nitrogen atmosphere. The reaction mixture was 

degassed by bubbling nitrogen through the solution for 30 min. Pd(PPh3)4 (219 mg, 

190 μmol, 3 mol%) was added and the reaction mixture was heated to 140 °C for 3 h 

under microwave irradiation. The reaction mixture was allowed to cool to rt, the layers 

were separated, and the aqueous layer was extracted with DCM (3 × 15 mL). The 

combined organic layers were dried over anhydrous sodium sulfate, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (SiO2, cyclohexane/EtOAc 4:1) to afford 2,4-difluorophenylpyridine 

(dFppyH, 755 mg, 3.95 mmol, 62%) as a colorless liquid. Analytical data matches the 

literature.[275]  

C11H7F2N (191.2 g mol-1): 
1H NMR (400 MHz, 298 K, CDCl3, δ/ppm): 8.68 (pseudo-dt, J = 4.8 Hz, 1.5 Hz, 1H), 7.98 

(pseudo-td, J =8.9 Hz, 6.7 Hz, 1H), 7.73-7.68 (m, 2H), 7.21 (ddd, J = 6.1 Hz, 4.8 Hz, 2.7 Hz, 

1H), 7.00-6.94 (m, 1H), 6.88 (ddd, J = 11.3 Hz, 8.8 Hz, 2.5 Hz, 1H).  

 

Irppy3  

 
Irppy3 was synthesized according to general procedure A. IrCl3

.H2O (242 mg, 764 µmol, 

1.0 eq.) and 2-phenylpyridine (ppyH, 11.9 g, 76.4 mmol, 100 eq.) in ethylene glycol 

(32 mL) were heated to 200 °C for 30 min under microwave irradiation. Irppy3 (388 mg, 

590 µmol, 78%) was obtained as a bright yellow solid. Analytical data matches the 

literature.[118]  
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C33H24IrN3 (654.8 g mol-1):  
1H NMR (400 MHz, 298 K, CD2Cl2, δ/ppm): 7.92 (d, J = 7.9 Hz, 3H), 7.71-7.62 (m, 6H), 7.59-

7.52 (m, 3H), 6.95-6.84 (m, 6H), 6.82-6.71 (m, 6H).  

 

IrFppy3  

 
IrFppy3 was synthesized according to general procedure A. IrCl3

.H2O (146 mg, 462 µmol, 

1.0 eq.) and 4-fluorophenylpyridine (FppyH, 4.00 g, 23.2 mmol, 50 eq.) in ethylene glycol 

(30 mL) were heated to 200 °C for 30 min under microwave irradiation. IrFppy3 (237 mg, 

334 µmol, 72%) was obtained as a green solid. Analytical data matches the literature.[120] 

C33H21F3IrN3 (708.8 g mol-1):  
1H NMR (400 MHz, 298 K, CD2Cl2, δ/ppm): 7.87 (pseudo-dt, J = 8.2 Hz, 1.0 Hz, 3H), 7.72-

7.64 (m, 6H), 7.53 (ddd, J = 5.5 Hz, 1.7 Hz, 0.8 Hz, 3H), 6.94 (ddd, J = 7.2 Hz, 5.6 Hz, 1.3 Hz, 

3H), 6.63 (pseudo-td, J = 8.8 Hz, 2.7 Hz, 3H), 6.39 (dd, J = 10.3 Hz, 2.7 Hz, 3H).  

 

IrdFppy3  

 
IrdFppy3 was synthesized according to general procedure A. IrCl3.H2O (166 mg, 524 µmol, 

1.0 eq.) and 2-(2,4-difluorophenyl)pyridine (dFppyH, 5.00 g, 26.2 mmol, 50 eq.) in 

ethylene glycol (36 mL) were heated to 200 °C for 30 min under microwave irradiation. 

IrdFppy3 (268 mg, 351 µmol, 67%) was obtained as a green solid. Analytical data matches 

the literature.[120] 

C33H18F6IrN3 (762.7 g mol-1):  
1H NMR (400 MHz, 298 K, CD2Cl2, δ/ppm): 8.35-8.27 (m, 3H), 7.76-7.71 (m, 3H), 7.51 (ddd, 

J = 5.6 Hz ,1.8 Hz, 0.9 Hz, 3H), 6.98 (ddd, J = 7.1 Hz, 5.6 Hz, 1.3 Hz, 3H), 6.42 (ddd,  

J = 13.1 Hz, 9.2 Hz, 2.5 Hz, 3H), 6.24 (dd, J = 9.2 Hz, 2.5 Hz, 3H).  
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Irsppy  

  
Irsppy was synthesized according to general procedure B. H2SO4 (65.8 mg, 670 µmol, 

3.3 eq.) and TFAA (5.0 mL) were stirred at rt for 3.5 h, before Irppy3 (132 mg, 201 µmol, 

1.0 eq.) in DCM (20 mL) was added and the resulting yellow solution was stirred at rt 

overnight. After purification by gradient flash column chromatography (SiO2, 

acetonitrile/MeOH/H2O 50:5:1 then acetonitrile/MeOH/H2O 50:5:10), Irsppy (170 mg, 

177 µmol, 88%) was obtained as a yellow solid. Analytical data matches the literature.[121]  

C33H21IrN3Na3O9S3 (960.9 g mol-1): 
1H NMR (500 MHz, 298 K, D2O, δ/ppm): 8.18 (s, 3H), 8.15 (d, J = 8.3 Hz, 3H), 7.81 (pseudo-

t, J = 8.2 Hz, 3H), 7.64 (d, J = 4.4 Hz, 3H), 7.19 (d, J = 8.0 Hz, 3H), 7.05 (pseudo-t, J = 5.4 Hz, 

3H), 6.85 (d, J = 8.0 Hz, 3H). 
13C {1H} NMR (126 MHz, 298 K, D2O, δ/ppm): 165.4, 163.8, 147.7, 145.1, 137.8, 136.2, 

135.0, 126.0, 123.8, 120.8, 119.8. 

 

IrFsppy 

 

IrFsppy was synthesized according to general procedure B. H2SO4 (89.2 mg, 910 µmol, 

3.3 eq.) and TFAA (8.0 mL) were stirred at rt for 5.5 h, before IrFppy3 (193 mg, 272 µmol, 

1.0 eq.) in DCM (32 mL) was added and the resulting yellow solution was stirred at rt 

overnight. After purification by gradient flash column chromatography (SiO2, 

acetonitrile/MeOH/H2O 50:5:1 then acetonitrile/MeOH/H2O 50:5:10), IrFsppy (191 mg, 

188 µmol, 69%) was obtained as a yellow solid.  

C33H18F3IrN3Na3O9S3 (1014.9 g mol-1): 
1H NMR (400 MHz, 298 K, D2O, δ/ppm): 8.18 (d, J = 7.2 Hz, 3H), 8.10 (d, J = 8.2 Hz, 3H), 

7.83 (pseudo-td, J = 7.9 Hz, 1.6 Hz, 3H), 7.58 (d, J = 5.6 Hz, 3H), 7.04 (pseudo-t, J = 6.5 Hz, 

3H), 6.58 (d, J =11.7 Hz, 3H). 
19F {1H} NMR (376 MHz, 298 K, D2O, δ/ppm): ─113.1. 
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13C {1H} NMR (126 MHz, 298 K, D2O, δ/ppm): 168.3 (d, J = 6.6 Hz), 162.9, 159.4 (d, J = 

257.1 Hz), 147.5, 140.9, 137.9, 123.7, 123.6, 122.5 (d, J = 17.8 Hz), 122.4 (d, J = 18.8 Hz), 

119.7. 

ESI-HRMS (m/z): calcd. for C33H18F3IrN3O9S3
3- [M-3Na]3-: 315.3268; found: 315.3273. 

EA calcd. for C33H18F3IrN3Na3O9S3
.2H2O: C, 37.72; H, 2.11; N, 4.00; found: C, 37.50; H, 2.42; 

N, 4.10.  

 

IrdFsppy 

 

IrdFsppy was synthesized according to general procedure B. H2SO4 (97.1 mg, 990 µmol, 

3.3 eq.) and TFAA (9.5 mL) were stirred at rt for 5.5 h, before IrdFppy3 (226 mg, 296 µmol, 

1.0 eq.) in DCM (50 mL) was added and the resulting yellow solution was stirred at rt 

overnight. After purification by gradient flash column chromatography (SiO2, 

acetonitrile/MeOH/H2O 50:5:1 then acetonitrile/MeOH/H2O 50:5:10), IrdFsppy (175 mg, 

164 µmol, 55%) was obtained as a yellow solid.  

C33H15F6IrN3Na3O9S3 (1068.9 g mol-1): 
1H NMR (400 MHz, 298 K, D2O, δ/ppm): 8.44 (d, J = 8.7 Hz, 3H), 7.91 (pseudo-t, J = 8.0 Hz, 

3H), 7.67 (d, J = 5.3 Hz, 3H), 7.14 (pseudo-t, J = 6.6 Hz, 3H), 6.42 (d, J = 11.2 Hz, 3H).  
19F {1H} NMR (376 MHz, 298 K, D2O, δ/ppm): ─110.4, ─111.6.  
13C {1H} NMR (126 MHz, 298 K, D2O, δ/ppm): 168.0 (d, J = 7.4 Hz), 160.8 (d, J = 6.8 Hz), 

157.6 (dd, J = 259.1 Hz, J = 4.4 Hz), 155.9 (d, J = 266.3 Hz, J = 4.8 Hz), 147.7, 138.3, 129.2 

(dd, J = 4.1 Hz, J = 1.4 Hz), 123.9 (d, J = 22.9 Hz), 123.8, 118.3 (d, J = 19.4 Hz), 112.1 (pseudo-

t, J = 17.7 Hz). 

ESI-HRMS (m/z): calcd. for C33H15F6IrN3O9S3
3- [M-3Na]3-: 333.3173; found: 333.3177.  

EA calcd. for C33H15F6IrN3Na3O9S3
.5H2O: C, 34.20; H, 2.17; N, 3.63; found: C, 34.48; H, 2.43; 

N, 3.66.  
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4-(Pyridin-2-yl)benzaldehyde (5) 

  
The synthesis of 4-(pyridine-2-yl)benzaldehyde (5) was adapted from a previously 

published protocol.[227] (4-Formylphenyl)boronic acid (4, 1.43 g, 9.50 mmol, 1.5 eq.) and 

potassium carbonate (2.63 g, 19.0 mmol, 3.0 eq.) were dissolved in 1,4-dioxane (60 mL) 

and water (20 mL). 2-Bromopyridine (1, 620 μL, 1.00 g, 6.33 mmol, 1.0 eq.) was added 

dropwise and the reaction mixture was degassed by bubbling nitrogen through the 

solution for 30 min. Pd(PPh3)4 (366 mg, 617 μmol, 5 mol%) was added and the reaction 

mixture was degassed for additional 10 min. The resulting yellow suspension was heated 

at reflux overnight. After cooling to rt, the orange suspension was filtered over Celite and 

the residue was washed with water and dichloromethane. The filtrate was concentrated 

under reduced pressure and the crude product was purified by gradient flash column 

chromatography (SiO2, pentane/ethyl acetate 10:1 then pentane/ethyl acetate 4:1), to 

afford 4-(pyridine-2-yl)benzaldehyde (5, 1.16 g, 6.33 mmol, quant.) as a white solid. 

Analytical data matches the literature.[227]  

C12H9NO (183.2 g mol-1): 
1H NMR (400 MHz, 298 K, CDCl3, δ/ppm): 10.08 (s, 1H), 8.74 (pseudo-dt, J = 4.8 Hz, 1.4 Hz, 

1H), 8.20-8.14 (m, 2H), 8.01-7.96 (m, 2H), 7.82-7.79 (m, 2H), 7.34-7.27 (m, 1H). 
13C {1H} NMR (101 MHz, 298 K, CDCl3, δ/ppm): 192.1, 156.0, 150.1, 145.1, 137.1, 136.5, 

130.3, 127.6, 123.3, 121.3. 

 

(4-(Pyridin-2-yl)phenyl)methanol (6) 

  
The synthesis of (4-(pyridin-2-yl)phenyl)methanol (6) was adapted from a previously 

published protocol.[228] 4-(Pyridine-2-yl)benzaldehyde (5, 1.15 g, 6.28 mmol, 1.0 eq.) was 

dissolved in dry ethanol (72 mL) under nitrogen atmosphere. Sodium borohydride 

(549 mg, 14.5 mmol, 2.3 eq.) was added and the colorless solution was stirred at rt for 

3 h. The reaction mixture was quenched with sat. aq. NH4Cl solution (20 mL). Ethanol was 

removed under reduced pressure and the aqueous layer was extracted with 

dichloromethane (3 × 20 mL). The combined organic layers were dried over anhydrous 

sodium sulfate and concentrated under reduced pressure to afford (4-(pyridin-2-

yl)phenyl)methanol (6, 1.13 g, 6.10 mmol, 97%) as a white viscuous oil. Analytical data 

matches the literature.[276]  

C12H11NO (185.2 g mol-1):  
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1H NMR (400 MHz, 298 K, CDCl3, δ/ppm): 8.66 (ddd, J = 4.9 Hz, 1.8 Hz, 1.0 Hz, 1H), 7.94-

7.88 (m, 2H), 7.78-7.67 (m, 2H), 7.44-7.38 (m, 2H), 7.22 (ddd, J = 7.2 Hz, 4.9 Hz, 1.5 Hz, 

1H), 4.71 (s, 2H), 2.88 (s, 1H).  
13C {1H} NMR (101 MHz, 298 K, CDCl3, δ/ppm): 157.4, 149.7, 142.1, 138.6, 137.0, 127.3, 

127.2, 122.3, 120.8, 64.9. 

 

2-(4-(Bromomethyl)phenyl)pyridine (7) 

 
The synthesis of 2-(4-(bromomethyl)phenyl)pyridine (7) was adapted from a previously 

published protocol.[228] (4-(Pyridine-2-yl)phenyl)methanol (6, 1.89 g, 10.2 mmol, 1.0 eq.) 

was dissolved in dry DCM (120 mL) and the solution was cooled to 0 °C. PBr3 (1.45 mL, 

15.4 mmol, 1.5 eq.) was added dropwise. The reaction mixture was stirred at rt for 7 h 

and was then quenched with H2O (125 mL) at 0 °C. The layers were separated, and the 

aqueous layer was extracted with DCM (3 × 120 mL). The combined organic layers were 

dried over anhydrous sodium sulfate and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (SiO2, pentane/ethyl acetate 

4:1) to afford 2-(4-(bromomethyl)phenyl)pyridine (7, 1.04 g, 4.19 mmol, 41%) as a yellow 

oil. Analytical data matches the literature.[228] 

C12H10BrN (248.1 g mol-1):  
1H NMR (400 MHz, 298 K, CDCl3, δ/ppm): 8.71-8.68 (m, 1H), 8.02-7.95 (m, 2H), 7.80-7.70 

(m, 2H), 7.53-7.47 (m, 2H), 7.26-7.22 (m, 1H), 4.55 (s, 2H).  
13C {1H} NMR (101 MHz, 298 K, CDCl3, δ/ppm): 156.8, 149.9, 139.6, 138.6, 137.0, 129.6, 

127.5, 122.5, 120.7, 33.3. 

 

Sodium (4-(pyridine-2-yl)phenyl)methanesulfonate (sCH2ppyH) 

 
2-(4-(Bromomethyl)phenyl)pyridine (7, 1.04 g, 4.19 mmol, 1.0 eq.) and Na2SO3 (583 mg, 

4.63 mmol, 1.1 eq.) were dissolved in a H2O/acetone mixture (21 mL, 1:2). The solution 

was heated to 80 °C for 40 h. After cooling to rt, the solvent was evaporated. The crude 

product was recrystallized from EtOH (80 °C), collected by filtration and washed with EtOH 

(3 × 5 mL) to afford sodium (4-(pyridine-2-yl)phenyl)methanesulfonate (sCH2ppyH, 

781 mg, 2.88 mmol, 69%) as a white solid. 

C12H10NSO3Na (271.3 g mol-1):  
1H NMR (500 MHz, 298 K, DMSO-d6, δ/ppm): 8.65 (d, J = 4.3 Hz, 1H), 7.97 (d, J = 8.2 Hz, 

2H), 7.93 (d, J = 7.8 Hz, 1H), 7.86 (pseudo-td, J = 7.5 Hz, 1.8 Hz, 1H), 7.40 (d, J = 8.2 Hz, 2H), 

7.32 (ddd, J = 7.4 Hz, 4.8 Hz, 1.2 Hz, 1H), 3.76 (s, 2H). 



Supporting Information 

143 
 

13C {1H} NMR (126 MHz, 298 K, DMSO-d6, δ/ppm): 156.2, 149.5, 137.1, 136.7, 136.6, 130.6, 

125.7, 122.3, 120.0, 57.3. 

ESI-HRMS (m/z): calcd. for C12H10NSO3NaH [M+H]+: 272.0352; found: 272.0355. 

 

[Ir(ppy)2Cl]2  

  
The synthesis of [Ir(ppy)2Cl2] was adapted from a previously published protocol.[112] 

IrCl3∙H2O (2.24 g, 7.07 mmol, 1.0 eq.) and 2-phenylpyridine (ppyH, 2.41 g, 15.5 mmol, 

2.2 eq.) were dissolved in 2-ethoxyethanol (100 mL) and H2O (33 mL) under nitrogen 

atmosphere. The reaction mixture was degassed for 10 min and heated to 105 °C for 

3 days. The formed yellow precipitate was collected by filtration and washed with H2O 

(3 × 10 mL) and Et2O (3 × 10 mL) to afford [Ir(ppy)2Cl]2 (2.78 g, 2.59 mmol, 73%) as a 

yellow solid. Analytical data matches the literature.[277] 

C44H32Cl2Ir2N4 (1072.1 g mol-1):  
1H NMR (400 MHz, 298 K, CD2Cl2, δ/ppm): 9.30-9.22 (m, 4H), 7.94 (d, J = 8.0 Hz, 4H), 7.80 

(pseudo-td, J = 7.7 Hz, 1.6 Hz, 4H), 7.56 (dd, J = 7.8 Hz, 1.4 Hz, 4H), 6.88-6.78 (m, 8H), 6.61 

(pseudo-td, J = 7.5 Hz, 1.4 Hz, 4H), 5.88 (dd, J = 7.8 Hz, 1.2 Hz, 4H).  
13C {1H} NMR (101 MHz, 298 K, CD2Cl2 δ/ppm): 168.6, 152.0, 145.4, 144.6, 137.2, 130.9, 

129.6, 124.2, 123.2, 121.9, 119.3. 

 

Ir(sCH2ppy)ppy2  

 
[Ir(ppy)2Cl]2 (100 mg, 92.3 µmol, 0.6 eq.), sodium (4-(pyridine-2yl)phenyl)methane-

sulfonate (sCH2ppyH, 42.2 mg, 155 µmol, 1.0 eq.) and AgOTf (59.9 mg, 233 µmol, 1.5 eq.) 

were suspended in 2-ethoxyethanol (1.5 mL) under nitrogen atmosphere. The mixture 

was stirred at 135 °C for 19 h. The solvent was evaporated under reduced pressure and 

the crude product was purified by two gradient flash columns (first column: SiO2, 

DCM/MeOH, 20:1 then pure MeOH, second column: SiO2, acetonitrile/H2O/MeOH 50:5:1) 

to afford Ir(sCH2ppy)ppy2 (33.8 mg, 43.9 µmol, 28%) as a yellow solid. 
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C34H25IrN3SO3Na (770.8 g mol-1): 
1H NMR (600 MHz, 298 K, CD3OD, δ/ppm): 8.00-7.96 (m, 3H), 7.69-7.65 (m, 6H), 7.54-7.52 

(m, 2H), 7.50 (ddd, J = 5.6 Hz, 1.7 Hz, 0.8 Hz, 1H), 7.13 (dd, J = 8.1 Hz, 1.9 Hz, 1H), 6.96-

6.91 (m, 3H), 6.83-6.78 (m, 3H), 6.77 (d, J = 1.8 Hz, 1H), 6.74 (dd, J = 7.6 Hz, 1.3 Hz, 1H), 

6.72-6.65 (m, 2H), 3.83 (d, J = 13.5 Hz, 1H), 3.77 (d, J = 13.5 Hz, 1H).  
13C {1H} NMR (151 MHz, 298 K, CD3OD, δ/ppm): 168.1, 168.1, 167.9, 162.4, 162.1, 148.3, 

148.3, 148.2, 145.3, 145.2, 144.6, 140.6, 138.4, 138.1, 137.4, 137.4, 137.4, 134.9, 130.4, 

130.3, 125.1, 124.9, 124.8, 123.0, 123.0, 123.0, 122.8, 120.8, 120.7, 120.0, 119.9, 199.8, 

118.2, 58.9.  

ESI-HRMS (m/z): calcd. for C34H25IrN3SO3H [M-Na+H]+; C34H25IrN3SO3Na [M]+; 

C34H25IrN3SO3Na2 [M+Na]+: 749.1319; 771.1138; 794.1036; found: 749.1315; 771.1134; 

794.1036. 

EA calcd. for C34H25IrN3SO3Na.7H2O: C, 45.53; H, 4.38; N, 4.68; found: C, 45.83; H, 3.98; N, 

4.94.  

 

S2.2 Synthesis of the Rh Derivatives 

 
Scheme S1. Synthesis of [Cp*Rh(phen)Cl]Cl. 

 

[Cp*Rh(phen)Cl]Cl 

 
[Cp*RhCl2]2 (8, 100 mg, 162 μmol, 0.5 eq.) and 1,10-phenantroline (phen, 78.2 mg, 

437 μmol, 1.4 eq.) were dissolved in dry DCM (6.0 mL). The red solution was stirred at rt 

overnight under nitrogen atmosphere. The solvent was evaporated under reduced 

pressure. The crude product was redissolved in minimal amounts of DCM and added 

dropwise to Et2O. The formed orange precipitate was collected by filtration and washed 

with Et2O to afford [Cp*Rh(phen)Cl]Cl (121 mg, 241 μmol, 77%) as an orange-yellowish 

solid. Analytical data matches the literature.[197]  

C22H23Cl2N2Rh (489.3 g mol-1): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 9.43 (d, J = 5.1 Hz, 2H), 8.71 (dd, J = 8.2 Hz, 

1.3 Hz, 2H), 8.29 (dd, J = 8.2 Hz, 5.1 Hz, 2H), 8.11 (s, 2H), 1.88 (s, 15H). 
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Scheme S2. Synthesis of [Cp*Rh(TfEn)Cl]. 

 

N-(2-Aminoethyl)-4-(trifluoromethyl)benzenesulfonamide (TfEn)  

 
The synthesis of N-(2-aminoethyl)-4-(trifluoromethyl)benzenesulfonamide (TfEn) was 

adapted from a previously published protocol.[278] A solution of ethylenediamine (9, 

2.00 g, 33.3 mmol, 2.0 eq.) and triethylamine (5.05 g, 49.9 mmol, 3.0 eq.) in dry DCM 

(60 mL) was cooled to 0 °C and stirred at this temperature for 15 min. 4-(Trifluoromethyl)-

benzylsulfonyl chloride (10, 4.07 g, 16.6 mmol, 1.0 eq.) in dry DCM (6.0 mL) was added 

dropwise, the reaction was allowed to warm to rt and was stirred at this temperature 

overnight. Aq. sat. Na2CO3 solution (60 mL) was added, and the layers were separated. 

The organic layer was washed with H2O (3 × 20 mL), dried over anhydrous sodium sulfate 

and the solvent was evaporated under reduced pressure to afford TfEn (3.16 g, 

11.8 mmol, 71%) as a white solid. Analytical data matches the literature.[278]  

C9H11F3N2O2S (268,3 g mol-1): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 8.01 (d, J = 8.0 Hz, 2H), 7.78 (d, J = 8.0 Hz, 2H), 

3.18–2.92 (m, 2H), 2.92–2.73 (m, 2H), 2.54 (s, 3H). 

 

[Cp*Rh(TfEn)Cl] 

 
The synthesis of [Cp*Rh(TfEn)Cl] was adapted from a previously published protocol.[186] 

[Cp*RhCl2]2 (8, 100 mg, 162 μmol, 1.0 eq.) and N-(2-aminoethyl)-4-(trifluoromethyl)-

benzenesulfonamide (TfEn, 86.8 mg, 324 μmol, 2.0 eq.) were dissolved in dry DCM 

(50 mL). Triethylamine (90.0 µL, 65.6 mg, 647 µmol, 4.0 eq.) was added and the solution 

was stirred at rt overnight under nitrogen atmosphere. Brine (15 mL) was added and the 

layers were separated. The organic layer was washed with brine (15 mL), dried over 

anhydrous sodium sulfate, and the solvent was evaporated under reduced pressure. The 



Supporting Information 

146 
 

crude product was recrystallized from MeOH to afford [Cp*Rh(TfEn)Cl] (34.5 mg, 

63.9 μmol, 20%) as orange crystals. Analytical data matches the literature.[186]  

C19H24ClF3N2RhSO2 (539.8 g mol-1): 
1H-NMR (400 MHz, 298 K, CDCl3, δ/ppm): 8.06 (d, J = 8.1 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 

3.25 (s, 2H), 2.65 (m, 3H), 1.76 (s, 15H).  

 

S2.3 Synthesis of 1,4-BNAH 

 
Scheme S3. Chemical reduction of BNACl to 1,4-BNAH. 

1-Benzyl-1,4-dihydronicotinamide (1,4-BNAH) 

 
1-Benzyl-3-carbamoylpyridin-1-ium chloride (BNACl, 500 mg, 2.01 mL, 1.0 eq.) was 

dissolved in H2O (10 mL) and the solution was degassed by bubbling nitrogen through the 

solution for 15 min. Na2CO3 (1.09 g, 10.3 mmol, 5.1 eq.) was added and the reaction 

mixture was stirred at rt for 30 min. Na2S2O4 (1.40 g, 8.04 mmol, 4.0 eq.) was added and 

the resulting suspension was stirred at rt overnight. The formed yellow precipitate was 

collected by filtration, washed with water (10 mL) and dried in vacuo to afford 1-benzyl-

1,4-dihydronicotinamide (1,4-BNAH, 323 mg, 1.51 mmol, 75%) as a light yellowish solid. 

Analytical data matches the literature.[279]  

C13H14N2O (214.3 g mol-1):  
1H NMR (400 MHz, 298 K, CDCl3, δ/ppm): 7.50-7.18 (m, 5H), 7.15 (d, J = 1.7 Hz, 1H), 7.52 

(pseudo-dq, J = 8.0 Hz, 1.7 Hz, 1H), 5.65-5.40 (m, 2H), 4.74 (dt, J = 8.0 Hz, 3.4 Hz, 1H), 4.28 

(s, 2H), 3.16 (dd, J = 3.4 Hz, 1.7 Hz, 2H).  
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S3 Photochemical Regeneration of 1,4-BNAH 

S3.1 General Procedures 

General Procedure for the Photochemical Regeneration of 1,4-BNAH - UV-Vis 

Experiment 

To determine the photochemical formation of 1,4-BNAH by UV-Vis spectrometry, BNACl 

(1 mM, 1.0 eq.), the Rh catalyst (100 µM, 10 mol%), the photocatalyst (10 µM, 1 mol%), 

and TEOA (0.5 M) were dissolved in aq. phosphate buffer (0.1 M, pH 7). 3.0 mL of the 

reaction mixture were transferred to a Schlenk-cuvette and the solution was degassed 

using the freeze-pump-thaw technique and set under argon atmosphere. The reaction 

mixture was irradiated at 455 nm using a collimated LED (see section S1 for details about 

the LED) and the UV-Vis spectrum of the reaction mixture was measured after different 

time intervals. The formation of 1,4-BNAH was determined based on the characteristic 

absorption band of 1,4-BNAH arising at 358 nm (ε358 = 5070 M-1 cm-1, see section S3.3).  

 

General Procedure for the Photochemical Regeneration of 1,4-BNAH - NMR Experiment 

To determine the photochemical formation of 1,4-BNAH by 1H-NMR spectroscopy, BNACl 

(10 mM, 1.0 eq.), the Rh catalyst (1 mM, 10 mol%), the Ir sensitizer (0.1 mM, 1 mol%), and 

TEOA (1.0 M) were dissolved in a 1:1 mixture of aq. phosphate buffer (0.1 M, pH 7) and 

CD3CN. The solution was degassed using the freeze-pump-thaw technique and 0.5 mL of 

the reaction mixture were transferred to an NMR-tube while maintaining an argon 

atmosphere. The reaction mixture was then irradiated at 455 nm for 6 h at rt using a 

collimated LED (see section S1) and the conversion was determined by 1H-NMR 

spectroscopy. 
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S3.2 Turnover Numbers and Turnover Frequencies 

The turnover number (TON) describes the amount of cycles a catalyst can perform before 

it gets deactivated, i.e the amount of the product being formed divided by the amount of 

the catalyst in the reaction mixture. Note that for the photocatalysts this ratio was 

multiplied with 2, because it undergoes two cycles per equivalent of 1,4-BNAH being 

formed. In the UV-Vis experiments, this catalyst characteristic can be determined from 

the change in absorbance at 358 nm (A358), the extinction coefficient of 1,4-BNAH (ε358), 

the path length (d) and the concentration of the photocatalyst (c(PC)). This results in the 

following equations to determine the TON of the Ir sensitizer (eq. S1) and the TON of the 

Rh catalyst (eq. S2)  

TON (PC) = 
2∙c(1,4-BNAH)

c(PC)
=

2∙A358

ε358∙d∙c(PC)
          (S1) 

TON (Rh) = 
c(1,4-BNAH)

c(Rh)
=

A358

ε358∙d∙c(Rh)
          (S2) 

The initial turnover frequency was determined as the amount of cycles that the catalyst 

could perform within the first 30 min. of the experiment:  

    initial TOF (PC) = 
2∙c(1,4-BNAH)

c(PC)∙t
=

2∙A358

ε358∙d∙c(PC)∙t
          (S3) 

    initial TOF (Rh) = 
c(1,4-BNAH)

c(Rh)∙t
=

A358

ε358∙d∙c(Rh)∙t
          (S4)  

 

Table S1. Summary of the different yields, turnover numbers (TONs) and initial turnover frequencies (TOFs) obtained 
with the different photocatalysts and Rh catalysts in the photochemical formation of 1,4-BNAH.a 

Photocatalyst 

(PC) 
Rh catalyst 

Yield of 

1,4-BNAHb / % 
TONc (PC) TONc (Rh) 

Initial TOFd 

(PC) / h-1 

Initial TOFd 

(Rh) / h-1 

Irsppy [Cp*Rh(bpy)Cl]Cl 46 92 5 80 4 

Irsppy [Cp*Rh(phen)Cl]Cl 42 84 4 57 3 

Irsppy [Cp*Rh(TfEn)Cl] 31 62 3 38 2 

IrFsppy [Cp*Rh(bpy)Cl]Cl 56 113 6 111 6 

IrdFsppye [Cp*Rh(bpy)Cl]Cl 64 128 6 146 7 

[Ru(bpy)3]2+ [Cp*Rh(bpy)Cl]Cl 13 26 1 16 1 
a A reaction mixture containing BNACl (1.0 mM), an Ir sensitizer (10 µM), a Rh derivative (0.1 mM) and TEOA (0.1 M) in  
  deaerated aq. phosphate buffer (0.1 M, pH 7) was irradiated at 455 nm for 150 min. 
b The yield of photochemical 1,4-BNAH formation was determined by UV-Vis spectroscopy based on the characteristic  
  absorption band arising at 358 nm (ε358 = 5070 M-1 cm-1).  
c The different turnover numbers (TONs) were determined based on the yield of 1,4-BNAH obtained after an irradiation  
  time of 150 min.  
d The different initial turnover frequencies (TOFs) were determined based on the yield of 1,4-BNAH obtained after an                    
  irradiation time of 30 min.  
e A slightly higher yield and higher TONs were obtained for IrdFsppy after an irradiation time of 120 min: yield (1,4- 
  BNAH) = 66%, TON (IrdFsppy) = 131, TON ([Cp*Rh(bpy)Cl]Cl) = 7. 
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S3.3 Determination of Extinction Coefficient of 1,4-BNAH 

The extinction coefficient ε358 of 1,4-BNAH was determined by measuring UV-Vis spectra 

at varying BNAH concentrations. The absorbance of 1,4-BNAH at λmax = 358 nm was 

plotted against the concentration of 1,4-BNAH and the extinction coefficient could be 

determined from the slope of the linear fit (ε358 = 5.070 mM-1 cm-1 = 5070 M-1 cm-1). 

 
Figure S1. UV-Vis spectra of 1,4-BNAH in deaerated phosphate buffer (0.1 M, pH 7) at varying concentrations of 1,4-
BNAH. 

 
Figure S2. Plot of the absorption of 1,4-BNAH at 358 nm in aq. deaerated phosphate buffer (0.1 M, pH 7) vs. the 
concentration of the sample. The extinction coefficient was determined to be ε358 = 5070 M-1 cm-1 from the slope of the 
linear fit. 
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S3.4 Additional UV-Vis Spectra 

 

Figure S3. UV-Vis spectra of the visible-light driven 1,4-BNAH-regeneration: Irradiation of a mixture consisting of BNACl 
(1.0 mM), Irsppy (10 µM), [Cp*Rh(phen)Cl]Cl (0.1 mM), and TEOA (0.5 M) in deaerated phosphate buffer (0.1 M, pH 7) 
at 455 nm. 

 
Figure S4. UV-Vis spectra of the visible-light driven 1,4-BNAH-regeneration: Irradiation of a mixture consisting of BNACl 
(1.0 mM), IrFsppy (10 µM), [Cp*Rh(TfEn)Cl] (0.1 mM), and TEOA (0.5 M) in deaerated phosphate buffer (0.1 M, pH 7) 
at 455 nm. 
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Figure S5. UV-Vis spectra of the visible-light driven 1,4-BNAH-regeneration: Irradiation of a mixture consisting of BNACl 
(1.0 mM), IrFsppy (10 µM), [Cp*Rh(bpy)Cl]Cl (0.1 mM), and TEOA (0.5 M) in deaerated phosphate buffer (0.1 M, pH 7) 
at 455 nm. 

 
Figure S6. UV-Vis spectra of the visible-light driven 1,4-BNAH-regeneration: Irradiation of a mixture consisting of BNACl 
(1.0 mM), IrdFsppy (10 µM), [Cp*Rh(bpy)Cl]Cl (0.1 mM), and TEOA (0.5 M) in deaerated phosphate buffer (0.1 M, pH 7) 
at 455 nm. 
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Figure S7. UV-Vis spectra of the visible-light driven 1,4-BNAH-regeneration: Irradiation of a mixture consisting of BNACl 
(1.0 mM), [Ru(bpy)3]Cl2 (10 µM), [Cp*Rh(bpy)Cl]Cl (0.1 mM), and TEOA (0.5 M) in deaerated phosphate buffer (0.1 M, 
pH 7) at 455 nm. 

S3.5 NMR Experiments 

Table S2. Photochemical formation of 1,4-BNAH analyzed by 1H-NMR spectroscopy. 

 

entrya Ir photosensitizer Rh catalyst Yield of 1,4-BNAH / % 

1 Irsppy [Cp*Rh(bpy)Cl]Cl 82 

2 IrFsppy [Cp*Rh(bpy)Cl]Cl 86 

3 IrdFsppy [Cp*Rh(bpy)Cl]Cl 83 

4 Irsppy [Cp*Rh(phen)Cl]Cl 84 

5 Irsppy [Cp*Rh(Tfen)Cl] 6 

a A reaction mixture containing BNACl (10 mM), the Ir sensitizer (0.1 mM), the Rh catalyst (1.0 mM), and TEOA (1.0 M)  
   in a deaerated 1:1 mixture of phosphate buffer (0.1 M, pH 7) and CD3CN was irradiated at 455 nm for 6 h. The different  
   yields were determined based on relative integration of the different characteristic signals.  
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S4 Mechanistic Studies 

S4.1 Thermodynamic Considerations 

 
Figure S8. Thermodynamic considerations for the photochemical regeneration of 1,4-BNAH based on electron transfer 
processes. The different energy diagrams are shown for A) Ir(sCH2ppy)ppy2, B) Irsppy, C) IrFsppy and D) IrdFsppy in 
combination with [Cp*Rh(bpy)(H2O)]2+ as a Rh precursor and TEOA as a sacrificial donor. The driving forces ΔGET,3 for 
the electron transfer from the excited states of different Ir sensitizers to [Cp*Rh(bpy)(H2O)]2+ (Rhbpy) are strongly 
exergonic. The driving forces ΔGET,4 for the reductive quenching of Irsppy+ with TEOA range from +0.20 eV to -0.29 eV 
depending on the Ir sensitizer. All potentials are given in V vs SCE. 

According to one possible scenario, the photochemical reduction of BNA+ can take place 

via electron transfer from the excited Ir sensitizer to the Rh catalyst (main part, Figure 

29B). To gain further insight into the plausibility of the proposed mechanism, the driving 

forces of the different electron transfer steps involved in the catalytic cycle were 

calculated for all four Ir sensitizers (Figure S8).  

Calculations were based on general equation S5, where ΔG is the Gibbs free energy (i.e., 

the driving force) of the reaction, e is the elementary charge, E0
red is the redox potential 

of the reduction half-reaction and E0
ox is the redox potential of the oxidation half-reaction.  

∆G=-e∙ (E0
red-E0

ox)             (S5) 
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Based on the general equation, the driving force ΔGET,3 for the electron transfer from the 

excited Ir sensitizer to the Rh catalyst (E0(RhIII/RhII) = ─0.74 V vs SCE)[50] can be determined 

as follows:    

          ∆GET,3=-e∙(E0(RhIII/RhII)-E0(IrIV/*IrIII))            (S6) 

Accordingly, the driving force ΔGET,4 for the electron transfer from TEOA 

(E0(TEOA+/TEOA) = +0.76 V vs SCE )[217] to the oxidized Ir sensitizer is defined as:    

      ∆GET,4=-e∙(E0(IrIV/IrIII)-E0(TEOA+/TEOA))            (S7) 

S4.2 Additional Transient Absorption Spectra 

 
Figure S9. A) Transient absorption spectra of a solution containing IrFsppy (100 µM) and [Cp*Rh(bpy)Cl]Cl (1.0 mM) in 
deaerated phosphate buffer (0.1 M, pH 7). The spectra were measured at different time delays after excitation at 
420 nm (7 mJ) and were time-integrated over 50 ns. B) Transient absorption spectrum of a solution containing IrFsppy 
(30 µM) in deaerated NaOH solution (50 mM) depicting the characteristic spectroscopic signature of 3IrFsppy. The 
spectrum was measured immediately after excitation at 420 nm (14 mJ pulses) and was time-integrated over 100 ns.  

 
Figure S10. A) Transient absorption spectra of a solution containing IrdFsppy (100 µM) and [Cp*Rh(bpy)Cl]Cl (1.0 mM) 
in deaerated phosphate buffer (0.1 M, pH 7). The spectra were measured at different time delays after excitation at 
420 nm (7 mJ) and were time-integrated over 50 ns. B) Transient absorption spectrum of a solution containing IrdFsppy 
(42 µM) in deaerated NaOH solution (50 mM) depicting the characteristic spectroscopic signature of 3IrdFsppy. The 
spectrum was measured immediately after excitation at 420 nm (14 mJ pulses) and was time-integrated over 100 ns. 
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S5 Spectra of New Compounds 

  
Figure S11. 1H NMR spectrum of Irsppy in D2O. 

  
Figure S12. 13C {1H} NMR spectrum of Irsppy in D2O. 
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Figure 35: 1H NMR spectrum of IrFsppy in D2O.  

 

 

 
Figure S13. 19F {1H} NMR spectrum of IrFsppy in D2O. 
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Figure S14. 13C {1H} NMR spectrum of IrFsppy in D2O.  

 

 

 
Figure S15. High-resolution ESI mass spectrum of IrFsppy (top) in comparison to the calculated spectrum (bottom). 
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Figure S16. 1H NMR spectrum of IrdFsppy in D2O. 

 

  
Figure S17. 19F {1H} NMR spectrum of IrdFsppy in D2O.  
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Figure S18. 13C {1H} NMR spectrum of IrdFsppy in D2O. 

 

 
Figure S19. High-resolution ESI mass spectrum of IrdFsppy (top) in comparison to the calculated spectrum (bottom).  
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Figure S20. 1H NMR spectrum of sodium (4-(pyridine-2-yl)phenyl)methanesulfonate (sCH2ppyH) in DMSO-d6.   
 

  
 

 

 
Figure S21. 13C {1H} NMR spectrum of sodium (4-(pyridine-2-yl)phenyl)methanesulfonate (sCH2ppyH) in DMSO-d6.  
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Figure S22. High-resolution ESI mass spectrum of sodium (4-(pyridine-2-yl)phenyl)methanesulfonate (sCH2ppyH, top) 
in comparison to the calculated spectrum (bottom). 

 

 
Figure S23. 1H NMR spectrum of Ir(sCH2ppy)ppy2 in CD3OD.    
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Figure S24. 13C {1H} NMR spectrum of Ir(sCH2ppy)ppy2 in CD3OD.    

 

 
Figure S25. High-resolution ESI mass spectrum of Ir(sCH2ppy)ppy2 (first panel) in comparison to the calculated spectra 
of the different species. 
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