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Abstract: Photocatalysis holds great promise for changing the way how value-added
molecules are currently prepared. However, many photocatalytic reactions suffer from lousy
quantum yields, hampering the transition from lab-scale reactions to large-scale or even
industrial applications. Molecular dyads can be designed such that the beneficial properties of
inorganic and organic chromophores are combined, resulting in milder reaction conditions
and improved quantum yields of photocatalytic reactions. We have developed a novel approach
for obtaining the advantages of molecular dyads without the time- and resource-consuming
synthesis of these tailored photocatalysts. Simply by mixing a cationic ruthenium complex with
an anionic pyrene derivative in water a salt bichromophore is produced owing to electrostatic
interactions. The long-lived organic triplet state is obtained by static and quantitative energy
transfer from the preorganized ruthenium complex. We exploited this so-called Coulombic dyad
for energy transfer catalysis with similar reactivity and even higher photostability compared to
a molecular dyad and reference photosensitizers in several photooxygenations. In addition, it
was shown that this system can also be used to maximize the quantum yield of photoredox
reactions. This is due to an intrinsically higher cage escape quantum yield after photoinduced
electron transfer for purely organic compounds compared to heavy atom-containing molecules.
The combination of laboratory-scale as well as mechanistic irradiation experiments with
detailed spectroscopic investigations provided deep mechanistic insights into this easy-to-use
photocatalyst class.
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Introduction

Catalytic transformations of small molecules via photoredox! and energy transfer®>’ catalysis
represent a rapidly growing research field.8® Scientists from several disciplines actively
contributed to this impressive development and recent breakthroughs in the sub-disciplines
mechanism development,'°-1° reaction engineering®-® and photocatalyst design'®-2® have been
achieved. However, many or even most of the photocatalytic reactions reported so far have to
rely on several hours of irradiation using high-power LEDs for transforming milligram
quantities of given substrates, which already implies very low overall quantum yields. The
reaction quantum vyield is frequently overlooked in the design of novel photoreactions but this
parameter will likely play a key role in the further development of industrially scalable
photoreactions.?” Deep mechanistic investigations using transient absorption (TA) spectroscopy
are a powerful tool not only to differentiate between different mechanistic scenarios but also to

optimize reaction steps and the overall reaction quantum yield.?-%2

Metal complexes having 4d® or 5d° valence electron configurations with corresponding metal-
to-ligand charge transfer (MLCT) states are among the best-investigated photocatalysts as a
result of their beneficial properties including visible-light absorptivity, quantitative triplet
formation and tunability.>%32° However, their triplet state lifetimes are frequently too short for
quantitative quenching via energy transfer (EnT) or electron transfer (ET) with a substrate or
additive in a catalytic cycle.®**” Additionally, ET quenching suffers from unproductive in-cage
recombination due to the heavy-atom effect and concomitant radical-pair intersystem crossing
(ISC).38** These issues reduce the achievable quantum vyields for many photoreactions
drastically. Tailor-made molecular dyads consisting of a metal complex (MC) unit and a
covalently linked organic chromophore (OC)**" have the potential to solve these efficiency
problems owing to the long-lived and heavy-atom free organic triplet being accessible after
intramolecular energy transfer (iEnT) from the photoexcited metal complex. Significantly
improved quantum yields for EnT and ET key reaction steps in photocatalysis were observed
when comparing dyads and parent metal complexes,®384857 put the required multi-step

syntheses of these improved bichromophoric photocatalysts hamper their broader usage.

Attractive and repulsive Coulomb interactions are among the most fundamental non-covalent
interactions and it comes to no surprise that they have been used extensively to control the
outcome of chemical reactions. Exploiting photocatalyst—quencher®®-%® Coulombic interactions
is a well-established strategy for improving the efficiency of photochemical key steps and the

reaction performance accordingly, either by accelerated diffusion between oppositely charged
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species or by static quenching owing to pre-aggregation. Furthermore, underexplored
counterion”®* as well as ion-pairing®®’>78 effects received some attention from the
photochemistry community in recent years. Herein, we demonstrate that the favorable
properties of MC—OC dyads can be obtained by exploiting Coulombic attraction between
commercially available ionic chromophores. As we will show, these readily accessible
Coulombic dyads clearly outperform the catalytic reactivity of the parent ruthenium(l1) and also
osmium(11) complexes. Using several spectroscopic techniques and test reactions, we compare
all key properties of a molecular and a Coulombic dyad based on a ruthenium-tris(diimine) unit
as MC and a pyrene moiety as OC (Figure 1). Despite the ongoing development in preparing
photoactive complexes based on Earth-abundant metals and recent breakthroughs in this
field,20-2224-26.7980 precious 4d® and 5d® metal complexes will most likely stay the workhorses
for most photoreactions in the near future. Concepts significantly improving the performance
of precious photoactive metal complexes that are easy to implement would thus have far-

reaching implications.
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Figure 1 Comparison of key properties of well-known, tailor-made molecular MC—OC dyads and novel
Coulombic dyads prepared by mixing commercially available chromophore-containing salts.
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Results and Discussion
Dyad Design

Guided by our recent studies with a water-soluble molecular dyad comprising a ruthenium-
tris(phenanthroline) (Ruphen) complex and a pyrene moiety,*°" hereafter referred to as
RuphenPy (see Figure 2), we aimed at mimicking its photophysical and photochemical

properties through intermolecular interactions without the necessity of a multi-step synthesis.
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Figure 2 Molecular structures of the main compounds of this study, together with corresponding abbreviations,
UV-vis absorption (solid line) and normalized emission spectra (dotted line). The spectra of the metal complexes
(as chloride salts) and the pyrene-derivative (as sodium salt) were recorded in MilliQ water. The excitation
wavelength for laser flash photolysis measurements (solid vertical line, Aexc = 532 hm) and the emission spectrum
of the LED used for lab-scale irradiation experiments (dotted green line, Aexcmax = 525 nm) are highlighted in the
spectrum.

Dicationic Ruphen is intrinsically suitable for using Coulombic interactions — as numerous
photoactive Ru, Ir and Os complexes are — to accelerate diffusion or to form a supramolecular
complex with a negatively charged OC salt. Regarding the triplet-energy adapted
pyrene,*7°78381-87 the tetrasodium salt of pyrene-1,3,6,8-tetrasulfonic acid (PTS), a low-cost
and commercially available compound with four negative charges, emerges as an ideal
aggregation counterpart for Ruphen. PTS has been used in different fields, including the
formation of charge transfer (CT) complexes,®® aggregation with enzymes,® integration into
2D metal-organic frameworks,* and participation in self-assembling supramolecular systems.%!
All of these applications exploit the high charge density of PTS. In addition, PTS is also widely
used as a fluorescence probe,®*% along with various other pyrene-based fluorophores.®
Considering the typically low pKa of aromatic sulfonic acids in water, it is very likely that PTS
is predominantly present in its fully deprotonated state, maximizing the attractive Coulombic

interactions with a positively charged sensitizer. Moreover, the water-soluble chloride salt of
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the ruthenium complex is commercially available, allowing straightforward preparation of a

Coulombic dyad of Ruphen and PTS by simply dissolving both salts in water.
Steady-State Absorption and Emission Properties

Ruphen exhibits a tMLCT absorption band in the visible region along with a *®MLCT emission
peaking at Amax ~ 594 nm.** In the molecular dyad RuphenPy, the MLCT absorption and
emission bands exhibit a slight red shift compared to those of Ruphen. This shift is due to
minor changes in the 3MLCT state energies caused by the covalently bound chromophore. The
RuphenPy absorption spectrum is basically a superposition of the Ruphen and pyrene ground
state absorption bands, confirming the presence of both chromophores (see Figure 2).%
Dissolved PTS shows a characteristic fine-structured pyrene (n-m)* absorption band®*®
located at the low-energy end of the UV spectrum. It also exhibits a fluorescence spectrum with
a Stokes-shifted fluorescence profile that accurately reflects the absorption features.®? Due to
the presence of four sulfonic acid groups, the absorption and emission characteristics of PTS
show a prominent red shift compared to the spectra of unmodified pyrene, which implies lower
excited-state energies for PTS. Upon the addition of PTS to a solution containing Ruphen, a
slight spectral broadening and a red shift of the MLCT absorption band become apparent, while
solubility issues do not occur for micromolar and lower millimolar concentrations. This initial
observation is a first indication of ground state aggregation involving both chromophores,

which will be discussed in the next subsection.
Ground State Association and Energy Transfer between Ruphen and PTS

In the molecular dyad RuphenPy (see Figure 2 for its structure), the organic triplet state is
produced through a sub-nanosecond intramolecular energy transfer from the 3MLCT state as
the energy donor.® This transfer leads to the formation of a (n-m)* state almost exclusively
localized on the pyrene moiety. To explore whether a similar phenomenon in the charge-
adapted Ruphen—PTS pair takes place, a classical Stern—\Volmer experiment was performed
investigating the quenching of the emissive 3SMLCT state upon the addition of PTS (see Figure
3 (a)). The experiments reveal distinct quenching characteristics for the charge-adapted Dexter
energy transfer pair: A shortening of the 3MLCT lifetime and a simultaneous decrease in the
initial emission intensity. The shorter lifetime of the SMLCT state is attributed to dynamic, i.e.
diffusion-based, quenching between dicationic *Ruphen and tetraanionic PTS. The calculated
quenching rate constant, kq = 2.5-10%° M-1s, clearly exceeds the conventional diffusion limit

in an aqueous medium (6.5-10° M~-1s1)®®. This pronounced difference is rationalized by
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Coulombic attraction between Ruphen and PTS, which effectively accelerates the dynamic
quenching process. For entirely diffusion-controlled quenching, the amount of SMLCT states
generated following laser pulses of constant energy would remain constant regardless of the
amount of quencher present, leading to identical initial emission amplitudes. However, we
observed a decrease in the initial emission amplitude that correlates with the amount of PTS
present, indicating the occurrence of quasi-instantaneous (on a sub-ns timescale) static
quenching. In molecular dyads, spatial proximity is ensured through covalent bonds, which
enable rapid intramolecular energy transfer processes. A similar process with predominantly
static quenching is seemingly achieved through strong attractive interactions®®®” in the
Coulombic dyad, resulting in intra-ion-pair energy transfer. Comparative investigations with
pyrene monosulfonic acid (PMS, monoanionic) and uncharged pyrene (see Sl, section S4)
showed less pronounced static quenching and the complete absence of static quenching,
respectively. These observations indicate that electrostatic interactions are in charge for the

prominent static quenching phenomenon.

To provide clear evidence for ion-pairing, an NMR titration®®% experiment (see section S2.2
in the SI) was carried out, which revealed that Ruphen and PTS aggregate predominantly in a
1:1 ratio. Based on this result and considering that the Ruphen molar absorption coefficient is
essentially identical in the aggregate at our excitation wavelengths (see also section S2.1 of the
SI), we employed the conventional equation for quantifying static quenching® in combination
with the initial emission intensity, which leads to an association constant of Ks = 6.1-10* M1,
Gratifyingly, both static and dynamic quenching contributions show a linear trend in the Stern—
Volmer plot (see inset in Figure 3 (a)). Moreover, a textbook-like quadratic trend is evident
when the total emission intensity is used as the basis for the Stern—Volmer plot, as illustrated
by the black curve. This result is consistent with the expected behavior for mixed dynamic and
static quenching.®” The quadratic dependency is also obtained in steady-state emission
guenching measurements, as explained in more detail in the SI (section S2.3). However, to
separate the effects of static and dynamic quenching, it is mandatory to utilize time-resolved
measurements. The high constants for dynamic and static quenching enable almost quantitative
quenching (> 95%) of *Ruphen already at PTS concentrations as low as 90 uM (88% static

quenching, 9% dynamic quenching).

Detailed TA studies with our nanosecond laser flash photolysis (LFP) setup’® (see Sl for details)
were carried out to obtain clear evidence for the underlying quenching mechanism and to

exclude undesired reaction pathways. After complete quenching, the TA spectrum exhibit the
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characteristic features of the PTS triplet state (see Figure 3 (b)).1°%1% The formation of PTS-
derived radical ions that could result from photoinduced electron transfer quenching can be
excluded with the literature-known reference spectra.’?®1%t The same results are obtained for
the molecular dyad RuphenPy, where the 3(n-m)* state is populated immediately after selective
excitation of the Ru complex unit.®® Figure 3 (c) shows the TA data sets monitored at the
isosbestic point of Ruphen and its triplet 3Ruphen (496 nm), allowing the observation of the
newly formed species 3PTS in isolation. Immediately after the laser pulse, an increase in the
transient absorption signal of *PTS can be detected due to the productive static quenching
process. This is followed by a much slower increase in absorption attributed to the 3PTS
formation via dynamic quenching. The relative contributions of dynamic and static quenching
to the formation of *PTS closely mirror their roles in the overall emission quenching
efficiencies, suggesting a highly efficient energy transfer mechanism from *Ruphen to PTS.
Quantitative LFP measurements®*1% using the molar absorption coefficients of the excited
states indicate that this initial energy transfer process proceeds with a near-quantitative quantum
yield of 0.94 under our conditions using 120 uM of PTS (see sections S7 and S8.1 in the SI).
Millimolar concentrations of a pyrene derivative would be required without exploiting
attractive electrostatic interactions and the resulting ion-pairing for achieving similar

efficiencies.386

The pyrene triplet state has an elongated triplet lifetime due to the much lower spin-orbit
coupling compared to the ruthenium complex.® For the molecular dyad, a lifetime of the mainly
pyrene-localized triplet on the order of 50 ps is achieved (see ref. * and Figure 4). However,
for PTS, an even longer triplet lifetime, of 355 s is detected (Figure 4). This can be explained
by the absence of back energy transfer to the inorganic chromophore. In the molecular dyad,
the energy difference between the *(n-n)* and SMLCT states is only about 0.1 eV, resulting
in a thermally activated intramolecular back energy transfer, depopulation the *(n-m)* state on
a microsecond timescale. PTS, on the other hand, bears four sulfonate groups, significantly
lowering its triplet energy as confirmed by 77 K phosphorescence measurements of PTS, which
gave a triplet energy of 1.80 eV (see SlI, section S10.1), and DFT calculations that predict the
PTS triplet at 1.85 eV (see Sl, section S10.2). This leads to an energy difference of about 0.4
eV between *Ruphen and *PTS rendering uphill back energy transfer infeasible under the given
conditions.%* Consequently, a purely pyrene-localized triplet is present in the Coulombic dyad,
while the molecular dyad under study serves as a triplet reservoir.®4’ The formation of the
pyrene triplets for the molecular or the Coulombic dyad is briefly summarized in Figure 3 (d).

After visible-light excitation, the ruthenium complex units undergo quantitative I1SC.
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Subsequently, quenching efficiencies of up to 100% can be achieved either by intramolecular
energy transfer (RuphenPy) or by highly efficient ion-pair and additional intermolecular
dynamic energy transfer processes (Coulombic dyad). Hence, almost every photon harvested
by the ruthenium complex leads to the generation of a long-lived organic triplet state, which
would not be possible with harmful UV light sources upon direct pyrene excitation owing to

inefficient ISC and side reactions.*>10010
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Figure 3 Coulomb-accelerated energy transfer. (a) Main plot; time-resolved emission traces of Ruphen (30 uM)
with increasing PTS concentrations (30 UM steps) in Ar-saturated water with their corresponding lifetimes after
laser excitation (A = 532 nm, ~5 ns pulses, 50 mJ). Inset: Stern—Volmer-plots for static quenching (intensity | at t
= 0 ps), dynamic quenching (z) and total emission quenching (F). (b) Transient absorption spectra of 3Ruphen
(c(Ruphen) = 30 puM, orange, delay 50 ns), *RuphenPy (c(RuphenPy) = 30 uM, blue, delay 50 ns) and °PTS
(c(PTS) =30 uM, c(Ruphen) =30 pM, cyan, delay 5 us) after laser excitation (A= 532 nm) in Ar-saturated water.
(c) Main plot: time-resolved transient absorption traces of the same solutions as in (a) at Aget = 496 nm with an
indication of sub-ns static energy transfer (dark green arrows). Inset: PTS concentration-dependent total transient
absorption signals at Aset = 496 nm with respective contributions of static quenching (dark green arrows) and
dynamic quenching (light green box). See text for further details. (d) Simplified energy diagram demonstrating the
formation of long-lived organic triplet states in ruthenium complex-pyrene dyads.
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Exploiting the Long 3PTS Lifetime for Photooxygenations

For excited-state quenching to be efficient, the product of the quenching rate kq, the natural
lifetime 7 of the excited state and the quencher concentration [Q] should be as high as possible.
If 7 is already very high, high quenching efficiencies are possible even with relatively small
values of kq or [Q]. This is demonstrated by the example of the quencher oxygen in air-saturated
water, which is present in a very small concentration (0.27 mM Oz in neat water at 25°C, see
sections S.3.2 and S5.2.4 kinetic simulations)®. The relatively short natural triplet lifetime of
Ruphen, 1.1 ps, leads to a maximum oxygen quenching efficiency 7 on the order of 50% under
our conditions.®® In contrast, the dyads, which are characterized by much longer triplet
lifetimes, exhibit remarkable quenching efficiencies approaching quantitative values even when
non-diffusion controlled quenching processes are considered. The experimentally measured

quenching efficiencies in air-saturated water are shown in Figure 4.
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Figure 4 Normalized time-resolved transient absorption traces of the same solutions as in Figure 3 (b) in Ar- or
air-saturated water with their corresponding lifetimes and calculated efficiencies for quenching by dissolved
oxygen. Complete raw data sets for the long-lived triplets can be found in Figure S55.

Quenching the triplet states of Ruphen or pyrene derivatives through Dexter energy transfer
with triplet oxygen results in the generation of singlet oxygen (*O.),%¢ an impactful species for
chemical synthesis, in medicine or the environment.!®-1! Dye to the very short lifetime and
the near-zero phosphorescence quantum yield of O, in water, it is difficult to detect and
quantify this species spectroscopically.!'? However, there are multiple techniques available to
confirm the presence of singlet oxygen in solution.’®” The RNO method, as developed by
Kralji¢ and Mohsni,'*® offers a reliable and specific way of detecting O, in aqueous
environments. Briefly, in this approach a nitrosyl compound (N,N-dimethyl-4-nitrosoaniline,
RNO) undergoes oxidation to generate the corresponding nitro compound, which is facilitated
by imidazole acting as a catalyst. The reduction in the RNO concentration can be quantified

through UV-vis spectroscopy and is directly proportional to the rate of 'O, formation.
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Consequently, this method enables a direct comparative analysis between the dyads regarding
their 1O production capabilities (see also section S3.1 of the Sl). In a recent comparative study,
we already investigated Ruphen and the molecular dyad RuphenPy employing the RNO
method® and observed a threefold *O, quantum yield increase for RuphenPy. This quantum
yield increase is clearly more pronounced compared to what would be expected from the
oxygen quenching efficiencies (Figure 4). This discrepancy is likely a result of the higher redox
reactivity of *Ruphen®”'* facilitating additional electron transfer quenching pathways with
dissolved oxygen that are less favored for a purely pyrene localized triplet. Interestingly, the
10, assay revealed that the Coulombic dyad possesses essentially the same 'O, formation
efficiency as the molecular dyad RuphenPy, which is displayed in the inset in Figure 5 (b).
These experiments further substantiate that the addition of a charge-adapted organic acceptor
to an ionic metal complex sensitizer can lead to superior photochemical properties resembling

those of more sophisticated dyads with covalent linkage of the two chromophores.

The outstanding ability of the Coulombic dyad to efficiently produce singlet oxygen in air-
saturated water prompted us to perform photooxygenation reactions of the promising platform
chemical 5-(hydroxymethyl)furan-2-carbaldehyde (5-HMF), which can be obtained from
sugars.'*>!1¢ The 5-HMF photooxidation yields the potential polymer precursor 5-hydroxy-5-
(hydroxymethyl)-furan-2(5H)-one,*'7 and the valuable C; building block formic acid as a by-
product in a 1:1 ratio. For a meaningful comparison with the molecular dyad, PTS was used
for the Coulombic dyad at the same concentration as Ruphen (60 pM), resulting in 92%
3Ruphen quenching even without a PTS excess. It was further shown that a catalyst loading of
only 0.2 mol% of the Coulombic dyad gives suitable conversion rates for our comparative
experiments, which is discussed in more detail in the SI (section S5.2.1). Using only Ruphen
(see Figure 5 (a), left panel) at a substrate concentration of 30 mM, a yield of 61% (with the
same conversion) is achieved after 5 h of 525 nm LED irradiation. Under identical conditions,
the molecular dyad RuphenPy exhibits a higher initial product formation rate than Ruphen,
but this advantage rapidly diminishes. After 5 h of irradiation, the molecular dyad reaches a
yield of 58% at a substrate conversion of 65%. The initially increased product formation rate is
consistent with previous 10, assay results and is in line with expectations.® However, the lower
performance of the molecular dyad under prolonged irradiation time may indicate a limited
photostability of this tailor-made molecule. In welcome contrast, the Coulombic dyad maintains
a high product formation rate such that the reaction approaches complete conversion after just
5 h, yielding a yield of 93% and a corresponding turnover number (TON) of 465. Control

experiments conducted in the absence of light or any constituent of the catalytic system,
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including oxygen, do not yield any product formation. For comparison, traditional organic
photocatalysts for singlet oxygen generation, such as rose bengal, methylene blue, and eosin
Y, 18125 \were employed in the experiments. However, their performance was notably lower,
with yields below 20% following irradiation under our standardized conditions (yellow, pink
and pale blue traces in Figure 5 (b)), despite their considerably higher extinction coefficients in
the green spectral region compared to the employed ruthenium complexes. This discrepancy is

attributed to the comparatively low (photo)stability of these organic photocatalysts.

Moreover, it was observed that the reaction rate in DO, where the lifetime of *O- is about
twenty times longer, is almost identical to that in H,O (see SI, section S5.2.2).1%6 This
observation rules out the [2+2] cycloaddition between 'O, and 5-HMF as the rate-determining
step of the reaction. Alternatively, it seems plausible that the oxygen uptake rate in water serves
as a limiting factor for the reaction rate. In this context, LFP was used to estimate the oxygen
concentration during the ongoing reaction (see Sl, section S5.2.3). An equilibrium oxygen
concentration is assumed to be reached, which is primarily influenced by the uptake of oxygen
from the atmosphere and its depletion as a result of the photoreaction. This analysis yields an
“in operando” oxygen concentration of 0.16 mM for the use of the Coulombic dyad and
0.23 mM for Ruphen, which is in line with the observed faster conversion rate for the former.
At an effective concentration of dissolved oxygen during irradiation as low as 0.16 mM, the
quenching efficiency of 3PTS still exceeds 90%. Thus, the Coulombic dyad maintains a high

performance even at very low quencher concentrations.

Under conditions of much higher substrate concentration (0.33 M instead of 30 mM 5-HMF),
the Coulombic dyad shows an impressive TON of 3000 (Figure 5 (c)). Remarkably, by
increasing the concentration of inexpensive PTS while keeping all other conditions identical, a
TON of 5400 with respect to the ruthenium catalyst was reached, which represents a 4.2-fold
increase compared to what was obtained with conventional Ruphen. The molecular dyad gives
a slightly higher TON (1700) than Ruphen, indicating that dyad degradation (likely via 10,) is
slower at very high substrate concentrations. Moreover, sunlight was used for sensitizer
excitation (see Sl, section S5.2.5). In this photoreaction, we observed a 2.4-fold increase in the
reaction yield (84% vs 35%) when using the Coulombic dyad instead of Ruphen,
demonstrating that the easy-to-use Coulombic dyad approach is also attractive for solar-driven

applications.

A variety of products can be obtained starting from 5-HMF.1® When the photooxygenation

process is carried out under alkaline conditions, it leads to in situ ring opening of 5-hydroxy-5-
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(hydroxymethyl)-furan-2(5H)-one, forming (Z)-5-hydroxy-4-keto-2-pentenoic acid (see Sl,
section S5.2.7).%¢ This product has direct potential as a monomeric building block for
biopolymers. Interestingly, under alkaline conditions, the Coulombic dyad shows the same
performance as under neutral-to-acidic conditions, which implies that the novel dyad approach
can be exploited regardless of the pH value of the solution. All these results not only confirm
the possibility to mimic the photophysical advantages of a molecular dyad by adding the
oppositely charged pyrene PTS to Ruphen solutions, but they also highlight that achieving
much higher reaction rates and TONs in practical applications are feasible by adding an
inexpensive additive (PTS, less than 0.3 € per mmol'?’ as sodium salt) to a precious

photocatalyst (Ruphen, 32 € per mmol*?’ as chloride salt).
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Figure 5 5-HMF photooxygenation in water. (a) Mechanism for conventional, less efficient (left) and improved,
efficient (right) generation of singlet oxygen in air-saturated water and (b) reaction equation for the 5-HMF test
reaction. Main plot: time-resolved product yield (lactone) during irradiation experiments (LED with Jmax.exc = 525
nm) with a solution of 5-HMF (30 mM), 0.2 mol% catalyst (orange: Ruphen, blue: RuphenPy, cyan: Ruphen
and PTS, magenta: rose bengal, pale blue: methylene blue, yellow: eosin Y, black: PTS) in air-saturated water at
20 °C. Inset: Relative singlet oxygen formation yields for the Coulombic and molecular dyad at the employed
catalyst concentrations determined by the RNO method. (c) Product yields and the resulting TON after 23 h of
irradiation with a higher substrate concentration (0.33 M).

Next, we extended our investigations to the synthesis of a sulfoxide in water. The sulfoxide
moiety is a highly important group in organic and medical chemistry.'?® One elegant and
selective way of forming this functional group from the respective thioether is the reaction with
10,.12° We selected the photooxygenation of thioanisole (TAN) as a test reaction, which cannot
be carried out in water at room temperature for solubility reasons, %% put the limited water
solubility of TAN can be addressed by increasing the temperature of the reaction mixture to 50
°C. The obtained product shows a better water solubility than TAN at room temperature and it

can be quantified via *H NMR spectroscopy under the chosen conditions (see section S5.3).
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Temperature variations lead to pronounced changes in the natural and oxygen-quenched
lifetimes of triplet states, which consequently results in different oxygen quenching efficiencies.
Complementary quenching studies at an elevated temperature of 50 °C revealed that the
quenching efficiencies of *PTS and *RuphenPy by O, remain remarkably high at 99% and
90%, respectively. In contrast, the quenching efficiency of 3Ruphen drops significantly to 43%
(see SI, section S3.3). In the course of the photooxygenation of TAN (Figure 6), a flattening in
the reaction progress curve is evident when Ruphen and RuphenPy are used as photocatalysts,
indicating incomplete conversion most likely as a result of catalyst photodegradation. This
phenomenon is most pronounced for Ruphen and related photoactive metal complexes, for
which photodegradation is known to proceed in a thermally activated manner via a metal-
centered excited state.’*>1%* In stark contrast, the Coulombic dyad shows a yield exceeding
90% and no discernible signs of degradation within the system. We attribute this resistance to
the rapid and quantitative quenching of *Ruphen by PTS, effectively preventing thermally
activated degradation. The improved stability of the catalytic system at higher temperatures is
also important for applications on larger scales, when heating can be a side effect of intense
photoirradiation. The photooxygenation results at elevated temperatures thus revealed another

advantage of Coulombic dyads over conventional metal complexes and molecular dyads.

0
525 nm 1
O™ 2
—-
H,0, air
TAN 50 °C
100
0.2 mol% catalyst
X 804 n(TAN) =0.15 mmol
T
© 60
>
g 401
5
o 20-
o
0 : ; ;
0 20 40 60

t/ min

Figure 6 Time-resolved product yields for the formation of methyl phenyl sulfoxide from TAN (30 mM in total)
with 0.2 mol% catalyst (orange: Ruphen, blue: RuphenPy, cyan: Ruphen and PTS) and LED irradiation (Amaxexc
=525 nm) in air-saturated water at 50 °C. See text for details.
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Improving the Electron Transfer Reactivity with Coulombic Dyads

Building on the substantial improvements of the photooxygenation efficiencies described in the
preceding section and encouraged by reports dealing with improved electron transfer
photoreactivity of molecular dyads,*°°52 we explored whether the Ruphen—PTS pair is a
superior catalyst for photoreductions. After excitation of the sensitizer Ruphen, the resulting
SMLCT state can be reductively quenched by the ascorbate monoanion HAsc™. This electron
transfer quenching process yields Ruphen' and HAsc" as a spin-correlated radical pair within
the so-called solvent cage, which is born in the same spin state as the photoexcited precursor,
i.e. in a triplet state.®3135137 Direct geminate recombination is spin-forbidden for a triplet pair,
which can enable quantitative cage escape yielding the desired “free” radicals/radical ions that
initiate photoreactions.*04+13813%° However, the high spin-orbit coupling caused by the heavy
atom ruthenium induces radical-pair ISC, and the singlet pair so obtained undergoes highly
efficient in-cage recombination. This mechanism is the reason for the frequently observed lousy
cage escape quantum yields for photoinduced electron transfer reactions with 4d and 5d metal
complexes.3842-44140 I the case of the reductive quenching of Ruphen (see Figure 7 (a)) by
HAsc™, Ruphen™ #1142 js produced with a cage escape quantum yield of 0.21 under our
conditions (SI, section S8.2). This means that unproductive back electron transfer within the
solvent cage dominates. The cage escape quantum yields were determined using the carefully
calibrated absorption spectra of the respective species (see sections S7 and S8 for further
explanations), which are displayed in Figure 7 (b). As we found, 3PTS generated by
sensitization with Ruphen with a nearly quantitative yield can also be effectively reduced by
HASsC™ in an agueous environment, giving rise to PTS'~ 101143 PTS™ exhibits a characteristic
absorption maximum at 510 nm with an extinction coefficient of 29000 M-tcm™ (SlI, section
S7.5). An outstanding cage-escape quantum yield close to unity (within the experimental error)
was determined for this process. In contrast to Ruphen, PTS lacks a comparable heavy atom,
making the rate of radical-pair ISC negligible, thereby ensuring a maximized quantum yield for

cage escape.

To test whether the divergent cage escape yields are accompanied by an improved
photocatalytic reactivity of the Coulombic dyad, the reductive dehalogenation of 2-
bromopyrazine (2-BP) was selected as the first benchmark reaction.!** Under our standardized
conditions, we used 10 mM 2-BP and one equivalent of NaHAsc, which is a common electron
donor in aqueous photocatalytic cycles.1314514 The ascorbate monoanion is a reversible

electron donor, ensuring that significant HAsc™ decomposition does not occur, and the stable
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ascorbyl radical undergoes disproportionation partially regenerating HAsc™.*® Hence, an
NaHAsc excess is not required. Under these specific conditions and in the absence of PTS, the
triplet state of pure Ruphen is reductively quenched with an efficiency of 0.84 (kq = 4.5-10°
M-1s-1, section S6.1). Taking the low cage-escape quantum yield of only 0.21 into account, a
theoretical Ruphen™ quantum yield of 0.18 is predicted, which is in close agreement with the
measured total quantum yield of 0.16, as demonstrated in Figure 7 (d). In stark contrast, when
the Coulombic dyad is used through the addition of PTS, the quenching of the *Ruphen occurs
predominantly by an energy transfer to give *PTS because dynamic quenching by HAsc™ cannot
compete with static quenching by PTS. Although *PTS is reduced by HAsc™ with a lower rate
constant (kq = 2.3-10” M™%, section S6.2) than *Ruphen, quantitative quenching is possible
owing to the much longer natural triplet lifetime of the organic chromophore. Combined with
the high cage escape yield for this step, an overall quantum yield for the formation of PTS™ as
high as 0.97 (expected relative error below 20%) is achieved. No electron transfer from PTS™
to the Ruphen ground state was observed, indicating that the reduction potential of PTS™ is
below that of Ruphen*. The addition of high salt concentrations might attenuate the attractive
interactions within the Coulombic dyad due to salt effects.®3>° However, under our conditions
with moderate salt concentrations (c¢(NaHAsc) = 10 mM), the static and dynamic quenching of
3Ruphen by PTS is hardly affected such that PTS™™ quantum yields close to unity are within

reach despite the seemingly complicated mechanism (Figure 7 ().

Next, the reactions between the radical ions Ruphen™ or PTS™ and the substrate 2-BP were
analyzed. After the 2-BP reduction by one of those radicals, a very rapid cleavage of the halide
and the formation of a pyrazine o-radical is expected to occur,'** which in turn abstracts an
hydrogen atom from HAsc™ or its oxidized products.'®* Ruphen® reacts with a rate constant of
kg ~ 3-10° M~1s1, which corresponds to essentially complete quenching considering the
Ruphen™ lifetime of about 200 ps at a chosen concentration of ¢(2-BP) = 10 mM. In line with
the lower redox potential, PTS™ is slowly intercepted by 2-BP at a rate of kq ~ 4-10° M-1s2,
Taking its prolonged lifetime exceeding 800 us, an efficiency of the 2-BP activation by PTS™
of 75% is calculated at the initial 2-BP concentration (10 mM). When comparing the
efficiencies of the individual steps in both catalytic cycles (Figure 7 (a)), the non-quantitative
quenching of *Ruphen by HAsc™ and the non-quantitative quenching of PTS™ by 2-BP almost
cancel each other out, so that the performance of the two photoredox cycles is mainly
determined by the cage escape efficiencies of the photoreduction steps. The time-resolved
yields of the lab-scale reaction confirm the trend previously characterized through LFP

measurements. In the presence of Ruphen only, the dehalogenation of 2-BP is quite slow,

https://doi.org/10.26434/chemrxiv-2024-vdsh1 ORCID: https://orcid.org/0000-0002-1026-1146 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-vdsh1
https://orcid.org/0000-0002-1026-1146
https://creativecommons.org/licenses/by-nc/4.0/

-17-

resulting in a yield of 16% after 3 h of irradiation. Gratifyingly, when utilizing the Coulombic
dyad, a yield as high as 94% is achieved after the same irradiation duration (Figure 7 (c)). The
slightly higher efficiency increase when using PTS (compared to what can be estimated from
the LFP studies in MilliQ water) can be explained by the fact that DO was used as the solvent
for the irradiation experiments, whereas the mechanistic studies were carried out in H20. This
remarkable reaction quantum yield enhancement clearly demonstrates the advantages of a

Coulombic dyad, which are simply achieved through the addition of an inexpensive additive.

(a) Ng = 0.84 5 Nq = 1
nce=0.21 HAsc™ < HAsc™ 7ce =1
HAsc A"m - \VH Asc'
inefficient efficient
direct path Ruphen’™ PTS ~ indirect path
2-BP 4///- 2-BP
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2-BP~ 2-BP~
(b) (c) (d)
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Figure 7 Efficient electron transfer reactions enabled by a Coulombic dyad. (a) Mechanism for inefficient (left)
and efficient (right) reductive dehalogenation of 2-BP. (b) Calibrated transient absorption spectra of *Ruphen
(orange), °PTS (cyan), Ruphen™ (ochre) and PTS™ (petrol,) after laser excitation (532 nm) in Ar-saturated water.
See Sl for details regarding the spectral calibration. (c) Reaction equation with pertinent conditions and time-
resolved product yield of the dehalogenation of 2-BP (10 mM) with 0.3 mol% Ruphen (orange)/0.3 mol%
Ruphen and 1.2 mol% PTS (cyan)/1.2 mol% PTS (black) upon LED irradiation (Amax.exc = 525 nm) in Ar-saturated
water (D,0) at 20 °C. (d) Transient absorption traces monitoring the concentrations of key species of solutions
containing Ruphen (30 uM, Aget = 455 nm, orange), Ruphen and NaHAsc (30 uM and 10 mM, respectively, Aget
=496 nm, ocher), Ruphen, PTS and NaHAsc (30 pM, 120 uM and 10 mM, Aget = 510 nm, petrol) after the laser
pulse (Zexc = 532 nm). Red boxes indicate the maximum TA values used for quantum yield determinations of
Ruphen™or PTS™ formation.

Finally, the Coulombic dyad was also employed for pinacol coupling reactions®?1%* of
fluorinated benzaldehyde derivatives. The catalytic cycle of reductive substrate activation is the

same as above for the 2-BP dehalogenation,%*'% and the electron transfer from Ruphen®™ or

https://doi.org/10.26434/chemrxiv-2024-vdsh1 ORCID: https://orcid.org/0000-0002-1026-1146 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-vdsh1
https://orcid.org/0000-0002-1026-1146
https://creativecommons.org/licenses/by-nc/4.0/

-18-

PTS™ to the model substrate 2-fluorobenzaldehyde (2-FBA) exhibits similar efficiency values
(see Sl, sections S6.5 and S6.6) approaching quantitative quenching. The exclusive presence of
the pinacol product produced by dimerization of one-electron reduced substrate molecules is
confirmed by both *H NMR and *°F NMR analyses after the reaction. Ruphen irradiation in
the presence of ascorbate led to yields ranging from 25% to 35% for the different derivatives,
while the Coulombic dyad gave remarkable results ranging from 70% yield to quantitative
conversion. In the context of pinacol coupling, a non-linear or even quadratic correlation
between the overall reaction rate and the concentration of the 2-FBA radical (anion) is expected.
Based on our quantitative LFP measurements, reaction rates being faster by one order of
magnitude could in principle result with the Coulombic dyad. However, the substantial but less
pronounced difference in reaction rates, a factor of 3.3 within the first hour of photoirradiation
(Figure 8 (b)), can be attributed to the slow decomposition of PTS in this particular example as
confirmed by NMR experiments. Nevertheless, the catalyst decomposition products do not
cause significant problems and the addition of inexpensive PTS clearly leads to a reactivity

boost.

It is worth mentioning that successful transformations of practically water-insoluble
benzaldehyde derivatives bearing a CFs group are feasible through the utilization of the
promising food additive hydroxypropyl-g-cyclodextrin (HPCD), which seemingly does not
interfere with the Coulombic dyad and the catalytic cycle. This cyclic sugar possesses the ability
to encapsulate hydrophobic substances within its interior, thereby facilitating their
solubilization in water.?>>1° A dynamic equilibrium exists between the encapsulated and “free”
forms of the substrates in solution. The reaction of the aldehyde with the activated catalysts
Ruphen™ or PTS™ likely occurs with the non-complexed substrate present in solution. The
highly hydrophobic pinacol product is also encapsulated within HPCD, which avoids solubility
issues throughout the photoreaction. Hence, the Coulombic dyad has been effectively employed
for pinacol coupling reactions — even with water-insoluble carbonyl compounds — resulting in
significantly enhanced reaction kinetics and a much more efficient use of the precious

ruthenium sensitizer.
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Figure 8 (a) Pinacol coupling of different benzaldehyde derivatives in neat DO or D,O containing HPCD. (b)
Time-resolved product yield of the pinacol coupling of 2-FBA (10 mM) with 0.3 mol% Ruphen (orange)/0.3
mol% Ruphen and 1.2 mol% PTS (cyan)/1.2 mol% PTS (black) upon LED irradiation (Amax.exc = 525 nm) in Ar-
saturated D,0 at 20 °C.

It seems natural to assume that a delicate balance between the solvent and both ionic
chromophores is essential for realizing dyad properties without a covalent bond. In a recent
study in which we focused on upconversion with [Ru(phen)s]*" and the charge-adapted
mediator pyrene-1-sulfonate (PMS), we did not observe static (i.e. dyad-like) energy transfer
in DMF, neither upon mixing commercially available salts nor by using the synthesized salt
[Ru(phen)s](PMS). lacking non-chromophoric counterions.®® However, when dichloromethane
is used as the solvent, that [Ru(phen)s](PMS). salt undergoes highly efficient static formation
of long-lived 3PMS upon selective excitation of the ruthenium unit in the visible (see SI, section
S9.2). These findings unambiguously establish that Coulombic dyads are more than a lab
curiosity in agueous solutions. To demonstrate that the Coulombic dyad concept is not limited

to ruthenium sensitizers in combination with pyrene derivatives, initial investigations with a
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dicationic osmium sensitizer were carried out. Highly efficient and predominantly static energy
transfer quenching was observed with [Os(phen)s]?* and the anionic triplet energy-matched
perylene-3,4,9,10-tetracarboxylate (section S9.1 of the Sl). An impressive energy transfer
reactivity improvement by as much as a factor of 15 was observed for this Coulombic dyad
compared to [Os(phen)s]?* alone (SI, Figure S49), which we attribute to the even shorter
unquenched lifetime of the photoexcited metal complex in this case. Considering that numerous
photoactive metal complexes are cationic in nature, the experiments of this section illustrate the
potential of Coulombic dyads for versatile photochemical applications in different solvents.

Conclusions

In summary, we have demonstrated that efficient inorganic-organic hybrid photocatalysts with
photochemical properties reminiscent of tailor-made bichromophores are formed simply by
mixing commercially available salts in aqueous solution. As a result of Coulombic attraction,
the organic triplet is produced with efficiencies close to unity upon visible-light excitation of a
photoactive metal complex and a subsequent Dexter-type energy transfer. Compared to the
triplet-excited metal complex, the organic triplet so obtained undergoes highly efficient energy
and electron transfer key reaction steps owing to its longer lifetime and inherently more efficient
cage escape Yyields. Both lab-scale irradiation experiments and detailed spectroscopic
investigations highlight the beneficial properties of Coulombic dyads as easy-to-prepare
catalysts with improved reaction quantum yields. Initial studies with other chromophore
combinations and in other solvents imply that Coulombic dyads can be developed into a
versatile catalyst class for efficient applications in the greater context of photochemical energy

conversion.
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