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Abstract

Unequivocal assignment of rate limiting steps in supramolecular photocatalysts is of utmost
importance to rationally optimize photocatalytic activity. By spectroscopic and catalytic analysis of a
series of three structurally similar [(tbbpy),Ru-BL-Rh(Cp*)Cl]** photocatalysts just differing in the
central part (alkynyl, triazole or phenazine) of the bridging ligand (BL) we were able to derive design
strategies for improved photocatalytic activity of this class of compounds (tbbpy = 4,4"-tert-butyl-
2,2"-bipyridine, Cp* = pentamethylcyclopentadienyl). Most importantly, not the rate of the transfer
of the first electron towards the Rh"' center but rather the rate at which a two-fold reduced Rh'
species is generated can directly be correlated with the observed photocatalytic formation of NADH
from NAD*. Interestingly, the complex which exhibited the fastest intramolecular electron transfer
kinetics for the first electron is not the one that allowed the fastest photocatalysis. With the
photocatalytically most efficient alkynyl linked system, it was even possible to overcome the rate of
thermal NADH formation. Moreover, for this photocatalyst loss of the alkynyl functionality under

photocatalytic conditions was identified as an important deactivation pathway.
1



Introduction

One of the biggest challenges of the century is to turn the currently unsustainable energy production
upside down.! Therefore, renewables such as wind or solar power have to meet a large share of the
energy needs of economy and private households in the near future. A promising approach to deal
with the inherent intermittencies of renewable energies is to store them in chemical bonds.?
Photocatalytic water splitting using molecular components could represent one of many viable
solutions to this goal.?? In this context, di- or oligonuclear supramolecular photocatalysts consisting
of a chromophoric moiety and a catalytic center connected by an electron transporting bridging

ligand might represent a very promising approach.?

Much work has been performed to understand the molecular prerequisites for optimized
photocatalytic output using supramolecular photocatalysts.>® As the organic bridging ligand is at the
heart of such oligonuclear photocatalysts, it is essential to fine tune this component in order to allow
for multiple unidirectional electron transfers between chromophore and catalyst.” Thus, a plethora of
synthetic optimization work, supported by (time-resolved) spectroscopy has been done to
understand the correlation of structural changes of the bridging ligand and photocatalytic output
measured in terms of turnover number (TON) or turnover frequency (TOF).5%% Examples for such
rational synthetic approaches, are the introduction of bromine moieties in the (paradigm) tpphz
bridging ligand by Karnahl et al., which led to a decrease in electron transfer rate and in turn lowered
catalytic activity.® Another approach was taken by Ishitani et al. comparing the orientation of an
asymmetric bridging ligand. While one orientation led to electron density being mainly localized on
the photosensitizer, thereby inhibiting catalytic turnover, the other orientation, while enabling

efficient electron transfer, led to a decreased reducing power of the catalyst.!

However, the complexity of the investigated light-driven multielectronic processes, quite often

renders the assignment of the bottleneck in photocatalysis difficult, i.e. identifying the one most



critical parameter to lift limitations in the photocatalytic activity is — generally speaking — an unsolved
problem. In many cases it is not clear whether e.g. the sum of various visible light-driven electron
transfer processes to activate the catalyst or turnover at the photochemically activated catalyst
represented the bottleneck. This is because the light-independent turnover rate at the catalytically

active center has so far only been investigated for water oxidation catalysts.'*3

In order to unequivocally clarify for a model series of supramolecular photocatalysts whether initial
photochemical reduction of the catalyst or subsequent turnover at the catalytically active species
represents the rate-limiting step, it is important to select systems where these two processes are
principally decoupled from each other. A very promising example are [(NN)Rh(Cp*)Cl]-based
catalysts (NN = a-diimine ligand, Cp* = pentamethylcyclopentadienyl) which are well understood in
terms of their redox chemistry*1¢ and the mechanism of photochemical or thermal selective
nicotinamide reduction.?"*® Hence, such [(NN)Rh(Cp*)Cl]-based catalysts have found widespread
applications in the area of cofactor recycling for enzymatic reactions.?>* As shown in Figure 1, only
after a two-fold photochemical reduction of the Rh"" center, the light-independent hydride transfer
onto the nicotinamide derivative takes place, initiated by proton addition to the photochemically

generated Rh' species.’®

Furthermore, these [(NN)Rh(Cp*)Cl]-based systems feature the possibility that both photochemical

1825 can be evaluated independently from each other (see

formation of Rh'?* and catalytic turnover
Figure 1). However, the reactivity of the [(NN)Rh(Cp*)Cl]-based systems heavily depends on the
direct coordination environment, i.e. the choice of the NN-ligand.*® Therefore, we designed two
structurally related photocatalysts utilizing a modular composition of the bridging ligands. The two
systems feature 1,10-phenanthroline (phen) coordination spheres on both the (tbbpy),Ru
chromophore moiety as well as the RhCp* catalyst subunit and are either linked via an alkyne or a
triazole linker in the easy to modify 5-position (see Figure 1).25% In combination with the recently

reported bridging ligand, a tpphz (tetrapyridophenazine) derivative,?>?* this allowed us to clearly

assign for the first time photocatalytic reactivity changes in [(NN),Ru-BL-Rh(Cp*)CI]** systems
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(bridging ligand = BL) to the different photophysics and photochemistry in these molecules caused by

altered molecular structures of the intramolecular bridge.

X =soly, Cl

thermal catalysis @

Figure 1: Top: Depiction of the photocatalytic and thermal catalytic hydrogenation of nicotinic amides by rhodium
catalysts.17-19 Photocatalysis: 1) photocatalytic two electron reduction of Rh', I1) oxidative addition of a proton under
formation of a Rh"(Cp*)-hydride and equilibrium with isomeric Rh'(Cp*H), Ill) coordination of the nicotinic amide and
hydride transfer, 1V) dissociation of the product and regeneration of the Rh" starting state; Thermal catalysis: I:)
coordination of formate and elimination of CO,, Il1)-1V) identical to the photocatalytic mechanism. Bottom: Molecular
structure of the new photocatalysts 2 and 4.



Results

Synthesis.

Both catalysts were prepared via chemistry on the complex. The starting complexes for catalysts 2
and 4 were (tbbpy),Ru(5-bromo-1,10-phenanthroline) and (tbbpy).Ru(5-ethinyl-1,10-phenanthroline)
available from previous work, respectively.?®?® To access complex 1 we decided to construct the
bridging ligand directly on the complex, although the ligand itself has been prepared before.?® The
bromo derivative was subjected to Sonogashira reaction on the complex with 5-ethinyl-1,10-
phenanthroline in 55% yield.*® Complex 3 was accessible via click reaction using the ethinyl
substituted complex as an alkyne and 5-azido-1,10-phenanthroline®! as azide in 63% yield. For
introduction of the Rhodium center, complexes 1 and 3 were combined with [Rh(Cp*)Cl,]; in
methylene chloride to give nearly quantitative yields. All complexes were characterized via NMR

spectroscopy and high-resolution mass spectrometry (Figures S1-8).

N\ 7\ /

Figure 2: Synthesis of complexes 1, 2, 3 and 4 i) 1. 5-ethinyl-1,10-phenanthroline, THF, diisopropylamine, (PPhs),Pd°, Cul,
60°C, 24h 2. KCN, dichloromethane/H,0, rt, 1h ii) 1. 5-azido-1,10-phenanthroline, CuSQ,4, sodium ascorbate,
H,O/dichloromethane, rt, 24h 2. KCN, dichloromethane/H,0, rt, 1h iii) [Rh(Cp*)Cl>],, dichloromethane, rt, 24h.



Electrochemistry.

The complexes dissolved in acetonitrile containing n-BusNPFs were investigated by cyclic
voltammetry. The Rh containing complexes show a reversible reduction at -1.16 (2) and -1.13 V (4)
vs. Fc*/Fc due to a two electron reduction of the Rh"'/Rh' couple.3*3 At more negative potentials, i.e.
between -1.6 and -2.2 V vs. Fc*/Fc, 1-4 feature three reduction waves. At-1.9 V and -2.2 V vs. Fc*/Fc

the terminal bipyridine ligands become reduced,?*3°

while the first reduction is localized on the
bridging ligand. For the alkynyl complexes 1 and 2, this reduction (-1.6 V vs. Fc*/Fc) is shifted
anodically by ca. 100 mV compared to the triazole complexes 3 and 4 at -1.7 V vs. Fc*/Fc. All
complexes feature a reversible Ru"/Ru" oxidation at around 0.8 V vs. Fc*/Fc. The broad irreversible

oxidation at ca. 0.6 V vs. Fc*/Fc stems from oxidation of the chloride anions.3%%’

]‘muA
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Figure 3: Cyclic voltammograms of separate 1 mM acetonitrile solutions of 1 (blue), 2 (orange), 3 (green) and 4 (red) at room
temperature with nBusNPFg as supporting electrolyte (0.1 M). Ag/AgCl is used as reference electrode, Pt wire as the counter
electrode and glassy carbon as the working electrode. All data referenced against Fc*/Fc; scan rate = 100 mV s,

Absorption and Emission.

Figure 4 depicts the absorption and emission data recorded for the complexes under investigation.
All four complexes feature very similar absorption properties characteristic for Ru polypyridine
complexes. In acetonitrile, MLCT absorption bands with their maxima in the range of 452 to 454 nm

are observed, regardless of the substituent in 5-position of the phenanthroline. Even the further
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expansion of the m-system in case of complexes 1 and 2 via the alkyne bond does not cause a
significant change of the MLCT absorption band which is reminiscent of similar complexes with free
alkyne substituents.?®3 For the alkyne based complexes 1 and 2, a broad absorption band at 345 nm
is visible. Due to its absence in complexes 3 and 4, we can assign this to a ligand centered n-mt*
transition of the delocalized alkyne bridged phenanthrolines.?® Additionally, a typical strong
absorption band at 280 nm is visible for all complexes caused by n-i* transitions on the bpy and

phen ligands.

All complexes show phosphorescence centered at ca. 620 nm as typically observed for
Ru(bpy).(phen)-derived complexes.3**? Despite the very similar shape of the emission spectra, the
emission intensity of 1 and 2 is reduced compared to their triazole-containing counterparts. Very
intriguingly, comparing the emission intensities for the mononuclear ruthenium complexes with the
corresponding heterodinuclear ruthenium-rhodium complexes, significant differences become
visible. The emission intensity in dichloromethane of 1 drops by 82% in comparison to 2 upon
introduction of the Rh" center. In contrast, the emission intensity in dichloromethane of 3 does only
drop by 12% upon introduction of the Rh" center (4). Similar behavior of emission quenching upon
introduction of a second metal center has been shown in the past.3243~% Significant loss of emission
intensity has been associated with high likelihood of electron transfer to the catalytic center.**! This
behavior is not mirrored by the lifetime of the emissive state where for the alkynyl bridged-systems
slightly larger lifetimes (124 ns for 1 and 136 ns (slow lifetime component) for 2) compared to the
triazole-containing complexes (114 ns for 3 and 113 ns for 4) could be observed. Together with the
higher emission intensity observed for 3 and 4 this indicates that the radiative rate in the alkynyl
bridged-systems is lower than in the triazole-linked complexes. We ascribe this finding to a more
delocalized long-lived 3MLCT state in the alkynyl bridged systems. Such electronic delocalization
lowers the LUMO and causes the minute bathochromic shift of the emission spectra of 1 and 2 when
compared to 3 and 4. However, the electronic delocalization also partially removes electronic density

from the nitrogens coordinating the Ru" ion and hence reduces the oscillator strength of the



3MLCT-S, transition. The bi-exponential emission decay for the binuclear alkynyl complex 2 with a
fast decay time of 18 ns is indicative of a second decay channel for the emissive state, which we
attribute to electron transfer to the Rh sphere. The fact that such fast decay component is not
observed in 4 indicates that the triazole bridge, as opposed to the alkynyl bridge, efficiently blocks

electron transfer towards the Rh center.

bih Tew =124 ns
10ns 10ns A
——100 ns 100 ns \\
80 ~-300ns 300 ns N
- ~—
Vol
s, T;a=133ns

60 +

£/10° cm'm!

T =114ns

Tegw=113ns

n'e / UOISSIWa
emission Intensity (normalized)

20+

(1]
(pazijewuou) sqey / Ajsuaju| uoissiwe

e
V4 Tra=120ns
/ Tya=118ns
y
04 ; .
300 400 500 600 700 800 500 600 700 8000 200 400 600 80O
wavelength / nm wavelength / nm time / ns

Figure 4: A: UV/vis absorption (solid) and emission (dashed) spectra (Aexc = 450 nm) of the samples. B and D: Time resolved
emission spectra of 1 (blue), 2 (orange), 3 (green) and 4 (red) (experimental data) in acetonitrile excited at 470 nm. C and E:
Emission decay profiles of the transient species and normalized transient absorption kinetic traces recorded in the region of
the ground state bleach at 450 nm and the corresponding fit (cyan, dashed). The respectively fitted emission and transient
absorption lifetimes are indicated in the plots.

Catalysis.

To evaluate the photocatalytic performance of the novel heterodinuclear RuRh catalysts (2 and 4),
first the principal activity of the catalytic center towards NAD* reduction was considered. This was
accomplished by running light-independent thermal catalysis with sodium formate as reducing agent,
which allowed to derive the effect of different bridging ligands on the efficiency of the structurally

similar catalytic centers for nicotinamide reduction.




Activity of the Catalytic Center. Thermal, formate-driven NAD* reduction by 2, 4 and previously
reported [(tbbpy).Ru(tpphz)Rh(Cp*)CI]CI(PFs). (5) % used as reference was performed at 25-50 °C.2>>2
The effect of different temperatures on the catalytic activity was screened in intervals of 5 °C

(Figure S10). All three complexes performed equally over the investigated temperature range and
showed temperature dependence (Figure 5) in accordance with an Arrhenius plot (Figure S11). The
average turnover frequency (TOF) during catalysis increased 19-fold from 25 °C to 50 °C for 2, 4 and
5, respectively. This equivalent behavior between all three heterodinuclear complexes 2, 4 and 5
shows that the catalytic activity of the rhodium center is determined by the phenanthroline
coordination, while the actual structure of the investigated modular bridging ligands does not
influence the catalytic properties of the Rh center. This is in line with the very similar redox potentials
of the Rh"/Rh' couples of the dinuclear complexes®® (see Table S2) and thus allows to assign the

different photocatalytic activities of the systems (vide infra) to the distinct design of the bridging

ligands.
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Figure 5 (A) TONs (solid dots, dotted lines as visual aid) and TOFs (hollow dots, dotted lines as visual aid) during formate
driven catalysis at 45 °C of complexes 2 (orange), 4 (red), and 5 (grey). (H.O/acetonitrile 9/1 (v/v), 50 mM NaHCO,, 5 uM
catalyst, 250 uM NAD*) (B) average TOF (within 90 minutes or until substrate limitation) during formate driven catalysis of
complexes 2 (orange), 4 (red), and 5 (grey) at temperatures ranging from 25 °C to 50 °C (dotted line added as a visual aid).
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In-situ UV//vis spectroscopy. The first step in the photocatalytic mechanisms is the photochemical
reduction of the Rh" center to the catalytically competent Rh' as depicted in Figure 1. This process
can easily be monitored with UV/vis spectroscopy.?* Sample solutions in acetonitrile were irradiated
at 470 nm in presence of TEA as sacrificial donor. Photochemical reduction of the catalysts yield the
Rh' species, which reveal a broad absorption band at 680 nm due to a Rh'-phen MLCT transition.?*
An in situ monitoring of the absorbance at 680 nm thus allows us to study the concentration of the
Rh' species over time (Figure 6, S12). In 2 the rate of Rh' formation during the initial 20 seconds is up
to 6 times higher than in 4 and 5. Thus, by changing the molecular structure of the bridging ligand,
significant differences in the formation of the catalytically competent two-fold reduced Rh!
intermediate can be observed. As the redox potentials for the corresponding Rh"/Rh' couples as well
as the Ru"/Ru" couples do only differ among all three photocatalysts 2, 4 and 5 on maximum by

70 mV and 60 mV, respectively (see Table S2), the observed effect can clearly be associated with the
bridging unit. In 5 accumulation of Rh' intermediates is followed by photochemical reduction of the
tpphz ligand, which further adds to the increasing absorbance at 680 nm at longer times.?* However,
the initial rate of Rh' formation in 5 is comparable to that of 4. Under the investigated conditions that
resemble the ones used for photocatalytic experiments in terms of donor concentration, initially ca.
3.5%, 0.5% and 0.6% of the photocatalysts 2, 4 and 5 are doubly reduced per second which would
allow ca. 130, 18 and 22 turnovers per hour as long as the photochemical reduction of the catalyst

represented the rate determining step of the overall process.
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Figure 6 Absorbance at 680 nm during irradiation (470 nm, 54 mW/cm?) of deaerated photocatalyst solutions (0.12 M TEA,
acetonitrile/water (1/9, v/v)). Complexes 2, 4 and 5 are represented by orange, red and gray solid lines, respectively.

Photocatalysis. Above it was shown that all three RuRh complexes did show very similar behavior in
the thermal catalytic process using sodium formate as chemical reductant. Furthermore, having
established that the photochemical formation of the catalytically competent Rh' state is feasible in all
three heterodinuclear complexes with very different kinetics, we investigated their potential in light-
driven catalysis. It was already established with the experiments of the thermal formate-driven
catalysis that the catalytic performance of the rhodium center is strongly influenced by temperature.
Thus, also for the photocatalytic reactions using triethylamine as sacrificial reductant, a temperature

range between 25 °C and 50 °C was screened in 5 °C intervals.

For the light-independent reaction discussed above, B-hydride elimination from metal bound
formate has been shown to represent the rate-limiting step (see Figure 5S9).52 Nevertheless, also for
the hydride transfer from the reductively activated Rh center to the nicotinamide substrate, a non-
negligible kinetic barrier might exist. Thus, albeit following a slightly different mechanism (see
Figures 1 and S13) avoiding the energy demanding -hydride elimination step, also photocatalysis
was anticipated to display temperature dependence. However, a large effect of thermal acceleration
on the photocatalytic reaction would only be observable if the necessary two-fold photochemical
reduction of the catalyst is significantly faster than catalytic turnover at the Rh center itself.
Otherwise photochemical two-fold reductive activation of the Rh center would represent the

bottleneck of the overall photocatalytic process.
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As shown in Figure 7a, of the three photocatalysts 2, 4 and 5 the alkyne moiety containing system 2
exhibited the highest initial TOF which also led for most investigated temperatures to the highest
TON after 90 min (see Figure 7b). To ensure that the catalytic process proceeded at all temperatures
with the same regioselectivity for the NADH formation, emission spectroscopy was employed to
monitor the purity. For all three systems the NADH formation selectivity is close to 100 % (see

Table S3). Moreover, a strong temperature dependence on the photocatalytic reaction rate was
observed for 2. Between 25 °C and 50 °C, the initial reaction rate was increased 6.5-fold, whereas for
the other heterodinuclear complexes 4 and 5 this increase was only 2.5-fold. However, between

25 °Cand 45 °C, the increase of the initial photocatalytic reaction rate for all three complexes was ca.

2.5-fold.

Photocatalyst 2 is the only catalyst which exhibited a faster initial catalytic NADH formation in the
photocatalytic approach compared to the formate-driven thermal catalysis (see Figure 5b). This is
opposite to catalysts 4 and 5 which performed worse in the photocatalysis compared to thermal

catalysis.

In order to explain why the vastly different initial TOF values of the various catalysts did not affect
the TON after 90 min to an equal degree, we performed detailed catalytic measurements at different
temperatures, see Figures 7c-d. Whereas the tpphz bridged catalyst 5 produced NADH in a nearly
constant rate, novel photocatalysts 2 and 4 exhibited significantly decreasing photocatalytic output
with progressing irradiation time. As 2 reaches substrate limitation at 50 °C already after 20 minutes,
we increased the substrate concentration by a factor of 4. However, this led to an increase in

attainable TONs to 60, i.e. by only 42% (Figure S15).

12



180 40

160 a a5 b I
140 30 8.
| ¢
E 120 q 257 @, '
= 100 4 - E @
e 8 20 p
w 80 g L
o 8 15
= 601 = o i, ®
0 . 1“1 P .
VS S R G .
204 e Yo RLEA 5
o %...;::’.118.... Qs 1] 0 ? 0
25 35 a5 25 35 45
temperature/°C temperature//°C
40 - 40 80
(-]
s 25°C C 35 450 c d [
30 30 @60
25 - 25 ¢ 50 v
= F3 > 5 ® £
o 2 ~ 02 i ™ 40 ~
= @, l.ol. = ° lol-
15 o) = 15 . '30 =
10 o o ® 10 (- TARC NPt ~ SO St SR )
(I Sk 10 s B genlY 10
W 8 8 e BILO UGG | g T Q- @ v o
0 Qe r x . . . r | 0 . v - r r . v ]
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
time / min time/ min

Figure 7 Temperature dependent photocatalysis of complexes 2 (orange), 4 (red) and 5 (grey). TON as solid dots, TOF as
hollow dots (dotted lines added as a visual aid). (A) Temperature dependent TOF within the first 10 minutes of
photocatalysis. Average TOF of 2, 4, 5 (within 90 minutes or until substrate limitation) in formate driven catalysis (blue) for
comparison. (B) TON after 90 minutes of photocatalysis for the three complexes (H,O/acetonitrile 2/1 v/v, 0.12 M TEA,

0.1 M NaH2PQOy4, 5 uM catalyst, 250 uM NAD*). (C) Photocatalysis at 25 °C (D) Photocatalysis at 45 °C

In order to identify important deactivation pathways of catalyst 2 under photocatalytic conditions
the alkynyl vibration was monitored in resonance Raman experiments (i) first during irradiation with
405 nm (0.12 M TEA, acetonitrile/water, 1/2, v/v) (Figure $S20a) and (ii) second in presence of a
proton source (TFA) during reduction of the catalytic center (Figure S20b). The significant loss of the
alkynyl band intensity at 2200 cm™ upon irradiation of 2 under catalytic conditions and during
electrochemical reduction in presence of protons proves the loss of the activity boosting alkynyl

functionality as one important deactivation pathway.

From experimental design of the resonance Raman experiments it is thus concluded that
hydrogenation of the alkynyl bridge occurs. This may take place either by a hydride donating Rh
species® or by consecutive reactions induced by an excess of electrons stored on the bridging ligand
upon photoexcitation and in the presence of protons. To corroborate these findings by additional
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experimental evidence, we performed catalysis experiments in absence of substrate while
monitoring the absorption spectra of the catalyst. During formate driven catalysis conditions of
complex 2, the i-t* band, which we assign to the conjugated bridging ligand of complex 2, degrades
within 60 minutes (Figure S20a), suggesting loss of the interconnecting alkyne functionality by a
hydride donating Rh species. This can be replicated by an intramolecular approach for complex 1 if
[(phen)RhCp*Cl]Cl is used as hydrogenation catalyst under similar conditions (Figure S20b). The same
behavior, although significantly faster can be found for 2 upon irradiation under photocatalytic
conditions in the absence of substrate (Figure S20c). Subsequent addition of substrate to this
solution after photochemical loss of the alkyne functionality led to a catalytic performance similar to

that of late stages of catalysis for complex 2 (Figure 7, S20d).

Photoinduced Charge Transfer Dynamics. To corroborate the catalytic evaluation of the catalysts
with mechanistic information on the intramolecular light-driven charge transfer we will now consider

resonance Raman and transient absorption spectroscopy.?*

Resonance Raman spectroscopy. Resonance Raman (rR) spectra reveal the structure of the Franck-
Condon point of absorption and as such the starting geometry for electron transfer in the
electronically excited state. rR spectra of 1-4 have been recorded at 405 nm and 473 nm excitation,
i.e. in resonance with the *MLCT transition, and reveal characteristic differences between the
complexes bearing the alkyne and the triazole linkage. This is exemplified in Figure 8, which

compares the rR spectra with the spectrum of [Ru(tbbpy).(phen)](PFs). as reference.

14
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Figure 8: RR spectra of 1 and 2 in acetonitrile upon excitation at 405 nm (a) and 473 nm (d). RR spectra of 3 and 4 in
acetonitrile excited at 405 nm (b) and 473 nm (e). RR spectrum of [Ru(tbbpy),(phen)]?*, excited at 405 nm (c) and 473 nm (f)
for comparison. Characteristic Raman modes assigned to bipyridine, phenanthroline and alkyne are highlighted in blue,
yellow and purple, respectively.

First, the spectra of triazole moiety containing 3 and 4 are very similar irrespective of the excitation
wavelengths (Figures 8b and e). In addition, the spectra closely resemble the spectrum of the
reference compound [Ru(tbbpy).phen]*(compare Figures 8b and c, e and f).3>°*>’ This indicates that
the localization of the Franck-Condon region and spatial extension of the !MLCT state within the
complexes remains unchanged upon introducing the (phen)RhCp*Cl (or the phen fragment only) via
Click-chemistry. The situation is different for 1 and 2, for which the Raman spectra are not only
distinct from each other, e.g., at around 1400 cm™, 1450 cm™ and 1600 cm?, but also differ from
[Ru(tbbpy).phen]?. Specifically, the relative intensity ratio of the Raman bands is different, e.g., the
strongest band of [Ru(tbbpy).phen]?* at 1490 cm™ at 405 nm excitation is weaker than the bands at
1550 and 1600 cm™ in the alkyne linked complexes. This indicates, that the *MLCT of the alkyne-
linked complexes differs from the *MLCT of [Ru(tbbpy).phen]?. The -C=C- triple bond stretching
vibration is visible as a prominent band in the resonance Raman spectrum both in 1 and in 2 at

405 nm and as weak band at 473 nm excitation. This indicates that the -C=C- motif allows for

interaction of the two phen spheres in the !MLCT localized on the bridging ligand. We speculate that
15



the MLCT is delocalized across the -C=C- bridge, and hence has distinctly different spectral features
than in [Ru(tbbpy).phen]?. This is in line with results on the first reduction of 1, i.e. reduction of the
bridging ligand, in a spectroelectrochemical resonance Raman experiment.2*>*58-%% Here the
vibrational mode associated with the -C=C- triple bond is shifted to lower wavenumbers upon
reduction (Figure S21). This further corroborates that extension of the phen-ligand by the alkynyl
functionality extends the chromophoric system of the ligand enabling it to function as an electron
acceptor in a MLCT transition even if reduced once by electrochemical means.% The downshift of the
respective vibrational mode upon reduction of 1 reflects the increased electron density across the -
C=C- triple bond upon electrochemical reduction of the complex. Another spectral feature is the
band at 1400 cm™, which is only visible in 1 upon 405 nm excitation. We associate the band with a C-
N vibration of uncoordinated phenanthroline ligand. Upon complexation with the RhCp*Cl center the
band disappears. The absence of the 1400 cm™ band in the rR spectrum of 1 recorded upon 473 nm

excitation shows a less extended *MLCT upon red-shifting the excitation wavelength.

Femtosecond pump-probe spectroscopy. To investigate differences not only in the initially populated
IMLCT state but also in the subsequent intramolecular relaxation, femtosecond transient absorption
spectroscopy was performed in acetonitrile and dichloromethane upon excitation at 400 and at

470 nm, i.e. in the high and low energy flank of the *MLCT absorption band. Reminiscent of the
findings from the rR data, triazole bridged 3 and 4 reveal an excited state dynamics, which is very
much alike the dynamics observed for [Ru(bpy).phen]?*. The corresponding data is summarized in
Figures $22-S25. Irrespective of the RhCp*Cl center being present or not, the ground state bleach,
reflecting the !MLCT absorption band, is accompanied by a broad and unstructured excited state
absorption at wavelengths longer than ca. 500 nm, which stems from ligand-to-metal charge transfer
transitions, characteristic for 3MLCT states in [Ru(bpy).phen]?* complexes.*>®>¢ The more intense
excited state absorption at ca. 360 nm is due to ™ transitions of the reduced phen-sphere — also

characteristic for [Ru(bpy)phen]? complexes.?®®” The transient absorption data — irrespective of
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solvent and excitation wavelength — show that excited state relaxation in 3 and 4 does not involve
the peripheral phen motif or the (phen)RhCp*Cl center, respectively. Thus, the data line up with the
emission data (see Figure 4), which show comparably high emission of 3 and 4, barely influenced by

the introduction of the RhCp*Cl center.
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Figure 9: Transient absorption spectra recorded for 1 (a) and 2 (c) in acetonitrile upon pumping at 400 nm at different delay
times. Kinetic traces of 1 (Inset in a) and 2 (Inset in c) at selected wavelength. Decay-associated spectra and corresponding
time constants of 1 (b) and 2 (d) derived from a global multiexponential fit applied on the transient absorption data.
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Figure 10: Transient absorption spectra recorded for 1 (A) and 2 (C) in dichloromethane upon pumping at 400 nm at
different delay times. Kinetic traces of 1 (Inset in A) and 2 (Inset in C) at selected wavelength. Decay-associated spectra and
corresponding time constants of 1 (B) and 2 (D) derived from a global multiexponential fit applied on the transient
absorption data. (C)

The transient absorption data of 1 and 2 are shown in Figures 9 and 10. Compared to the spectra of 3
and 4, the pronounced transient absorption feature at 360 nm, characteristic for the nn* absorption
of the reduced phen, is absent. Instead, a broad and flat excited state absorption is visible on the
short wavelength side of the ground state bleach, indicating a more delocalized excess charge
density in the long-lived 3MLCT compared to [Ru(bpy).phen]?, 3 or 4. The formation of the long-lived
3MLCT state is reflected in the transient absorption kinetics. Upon excitation of the MLCT transition
at either 400 or 470 nm in 1 and 2, a kinetic component is visible, which is characterized by a positive
AOD signature in the range of the ground state bleach. For 1 and 2 dissolved in dichloromethane the
decay of this component is characterized by a characteristic time constant of ca. 250 ps (1) and ca.
220 ps (2, see Tables S4 and S5 for a summary of the characteristic time constants describing the
kinetic components underlying the sub-ns processes in the complexes). For dichloromethane as
solvent the respective component has a large spectral contribution and a characteristic maximum at

about 605 nm. This component is atypical for [Ru(bpy).phen]?* complexes and is assigned to
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electronic relaxation on the alkynyl-extended phen-ligand. Spectrally, the component is associated
with a decay of the phen®-associated ESA at 360 nm and a build-up of an excited state absorption on
the short-wavelength flank of the accessible probe window. For the mononuclear species 1 the long-
lived differential absorption spectrum shows stronger contributions below 360 nm than the dinuclear
species 2. However, in both complexes this resulting “plateau-like structure” of the AOD spectra
below ca. 400 nm is distinct from the isolated differential absorption peak at 360 nm, which is
observed for 3 and 4. In addition, the 220 ps/250 ps component causes a red-shift of the ESA in the
visible, which also becomes increasingly flat and unstructured during the underlying process. Keeping
in mind the rR spectra indicating excitation of a *MLCT state, which is already initially delocalized
involving the -C=C- bond, and the reduced emission yield of 1 and 2, we assign the 220 ps/250 ps
processes to charge-density relaxation on the bridging-ligand. This charge density relaxation
redistributes the electron density over the two phen spheres and as a consequence a long-lived
SMILCT state is formed, which shows altered ligand-associated n* absorption. The different spectral
contributions at below 360 nm, when comparing 1 and 2, might indicate an enhanced charge

localization on the phenanthroline of the (phen)RhCp*Cl fragment upon Rh coordination.

Also for 1 dissolved in the more polar solvent acetonitrile the “plateau-like structure” of the AOD
spectra below ca. 400 nm is visible at long delay times, indicating that a similar long-lived state is
populated as in dichloromethane. However, the characteristic kinetic processes yielding the build-up
of this long-lived state are different. A sub-10 ps component (the actual value depending on the
pump wavelength, for comparison see Figures S26 and S27) jointly with a 280 ps reflect (i) a decay of
an ESA in the range of the GSB, reminiscent of the spectral features causing the red-shift of the ESA
in the visible spectral range for 1 in dichloromethane and (ii) the decay of the phen*-associated ESA
at 360 nm and a build-up of ESA on the short-wavelength flank of the accessible probe wavelength.
For 2 dissolved in acetonitrile the data indicates only minor ground state recovery and the loss of the
ESA peak at ca. 570 nm, yielding a long-lived species, whose UV-ESA reveals a localized phen® radical.
Taken together with the rR data indicating an initially excited state being delocalized over the -C=C-
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band of the bridging ligand and the minute emission intensity of 2 we suggest that the phen* radical
is centered on the (phen)RhCp*Cl sphere. The localization of the excess electron density of the long-
lived 3MLCT state in 2 on the (phen)RhCp*Cl fragment of the complex is assisted by the high polarity

of the solvent favoring the population of electronic states with increased dipole moments.

Considering the spectroscopic characterization, we would like to point out that for 1 and 2 the
excited state electron density already at the Franck-Condon point of absorption is (partially)
extended over the alkynyl bond. In contrast, the rR spectra of 3 and 4 strongly resemble the
spectrum of the reference compound [Ru(tbbpy).phen]¥, i.e. pointing to the access electron density
being localized on the phen-sphere coordinating the Ru ion at the Franck-Condon point. Also, the
emission properties of 3 and 4 are essentially similar, while coordination of the Rh center to 1
(yielding 2) yields to a fast 18 ns emission deactivation component. We relate this additional
emission decay channel to electron transfer from the emissive 3MLCTnen, With its access electron
density localized on the phen-sphere coordinating the Ru, to the coordination sphere of the Rh
center — an electron transfer that is apparently inhibited in the presence of the triazole-bridge.
Judging by the same lifetimes as obtained from time-resolved emission and ns time-resolved
transient absorption experiments, the charge separated state is short lived, such that its decay is

hidden beneath its 18 ns formation kinetics.

The pivotal role of the bridging architecture is also reflected in the sub-ns transient absorption
kinetics. This kinetics show a charge density shift within the bridging ligand of 1 and 2 (220 ps/250 ps
component, respectively) likely associated with structural relaxation of the alkynyl bridge. As inferred
from the excited state absorption band below 400 nm, this charge density shift leads to a partial
electron transfer from the phenanthroline sphere coordinating the Ru ion to the secondary
coordination sphere. This charge density shift diminishes the contribution of Ru-MLCThen to the
long-lived excited state and consequently reduces the emission quantum yields of 1 and 2 when

compared to 3 and 4.
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Discussion

As raised above, the fundamental catalytic activity of the [(phen)Rh(Cp*)CI] moieties towards NADH
formation in the heterodinuclear complexes 2, 4 and 5 is equal. Thus, the different photocatalytic
activity can be ascribed to the impact of the altered structure of the bridging ligand on the
photochemical reduction of the catalyst. The investigations on the rate of Rh' formation showed
(Figure 6), that in case of catalyst 2, the transfer of two electrons towards the rhodium center occurs
most effectively. For the other photocatalysts 4 and 5 the photochemical formation of the Rh' state
was similar and approximately 6-7 times slower compared to 2. This correlates well with the differing
initial TOF values obtained in the photocatalytic process, where 2 performed ca. 6 times faster than
the two other investigated systems. Thus, it is evident that the improved photocatalytic activity of 2

is due to its superior ability to photochemically form the active Rh' state.

Moreover, the strong increase in the rate of NADH formation of 2 between 45 °C and 50 °C might
indicate that only after this additional thermal input, catalytic turnover at the Rh center is sufficiently
fast to keep up with the efficient photochemistry of the system and to release its full potential. This
is well-reflected by the results of the photochemical reduction of 2 (Figure 6) which suggested a TOF
of at least ca. 130 h™* under only photochemistry-limited conditions. Thus, at lower temperatures
than 50 °C, the catalytic turnover at the Rh center limits the photocatalytic NADH formation rate of

the overall process in catalyst 2.

However, it should be noted that the rate of forming the Rh' state is not strictly correlating with the
rate of the first electron transfer to the Rh center. Albeit this is true when comparing novel
photocatalysts 2 and 4, the previously reported tpphz based system does not follow this trend. In the
latter photochemical reduction of the Rh'" center with the first electron occurs within less than

0.5 ns.2* In order to explain the observed differences in forming the Rh' state it is thus clear that
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other factors need to be considered as well such as charge recombination rates or electronic

communication between the two metal centers in their onefold or twofold reduced intermediates.?

Lastly, the different time profiles of the photocatalytic NADH formation among the three investigated
catalysts moreover indicates that the stabilities of the systems are vastly different. Whereas the
tpphz based catalyst 5 generates NADH with a constant TOF, novel compounds 2 and 4 show a
decreasing activity with increasing irradiation time. Although by increasing substrate availability 4-
fold an increase of the overall TON by more than 40% was observed for catalyst 2, the catalyst
deactivates rather rapidly within about 20 minutes. By the various experimental evidence presented
above, it is concluded that loss of the alkyne functionality via a hydrogenation process is one
important process responsible for the inactivation. Thus, by replacing the tpphz bridging ligand with
the new alkyne bridged bis-phenanthroline motif, long-term stability is lost but efficient catalysis for

a short period of time is gained.

Conclusion

In summary we presented two novel heterodinuclear [(tbbpy),Ru-BL-Rh(Cp*)CI]** photocatalysts 2
and 4 which were spectroscopically analyzed in detail. Moreover, the heterodinuclear complexes
were used for selective thermal and photocatalytic formation of biologically relevant NADH and the

efficiency of this process was compared to a known benchmark photocatalyst (5).

It was shown that the actual molecular structure of the unit connecting the two phenanthroline
spheres of the bridging ligands drastically impacts the photophysical properties as well as the
photocatalytic activity. Whereas the alkyne linker in 2 allows for intramolecular electron transfers to
the Rh center via formation of a 3MLCT state involving the triple bond within ca. 20 ns, the triazole in
contrast acts as an insulator prohibiting similarly efficient reductive activation of the catalyst via an

oxidative quenching pathway.
22



Furthermore, as the thermal catalytic activity of all three complexes was very similar these catalysts
proved to be ideally suited for a detailed comparison of the impact of the linking strategy within the
bridging ligand on their photocatalytic activity. An important finding was, that the rate of
photochemical formation of the two-electron reduced, catalytically fully competent Rh' center could
directly be correlated with the photocatalytic activity. For the less active triazole and phenazine
linked systems 4 and 5, sluggish photochemical activation of the catalyst was identified as the major
activity limiting step. In contrast, at temperatures up to 45 °C, catalytic turnover at the
photochemically activated Rh center in the alkyne linked system 2 represented its bottleneck.
Nevertheless, by circumventing the energy demanding B-hydride elimination of metal bound
formate, the light driven NADH formation by complex 2 was at every temperature investigated more
efficient that the mechanistically much simpler thermal process. This highlights that by careful design
of the molecular structure of supramolecular photocatalysts, photocatalytic processes are able to

compete with classical light-independent catalytic processes.

Finally, in combination with the identification of deactivation processes, the easy to analyze
separation of photochemical activation and catalytic turnover using [(NN)Rh(Cp*)Cl] based
supramolecular photocatalyst renders them among the best to mechanistically analyze systems. The
results at hand clearly showed that for future optimized photocatalytic activity a high rate for two-
fold reductive activation of the Rh center — not a high rate for the first electron transfer —and

chemical inertness under catalytic conditions need to be combined.
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