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Abstract: A new design concept for organic, strongly oxidizing photocatalysts is described based

upon dicationic acridinium/carbene hybrids. A highly modular synthesis of such hybrids is
presented and the dications are utilized as novel, tailor-made photoredox catalysts in the direct
oxidative C-N coupling. Under optimized conditions, benzene and even electron-deficient arenes
can be oxidized and coupled with a range of N-heterocycles in high to excellent yields with a single
low-energy photon per catalytic turnover, while commonly used acridinium photocatalysts are
not able to perform the challenging oxidation step. In contrast to traditional photocatalysts, the
here reported hybrid photocatalysts feature a reversible two-electron redox system with regular
or inverted redox potentials for the two-electron transfer. The different oxidation states could be
isolated and structurally characterized supported by NMR, EPR and X-ray analysis. Mechanistic
experiments employing time-resolved emission and transient absorption spectroscopy
unambiguously reveal the outstanding excited-state oxidation potential of our best-performing

catalyst (+2.5 V vs. SCE) and they provide evidence for mechanistic key steps and intermediates.
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INTRODUCTION: Photoredox catalysis employing metal-based as well as organic photocatalysts
has developed into a modern, powerful toolbox for synthetic organic chemistry.[!l The direct
oxidative functionalization of benzene and its derivatives to replace the C-H bond by a C-N bond
is a challenging and synthetically highly useful reaction. It represents a short-cut to the widely
utilized Buchwald-Hartwig amination which requires pre-functionalized starting materials and
transition metal catalysts. Nicewicz and co-workers developed the oxidative amination of
electron-rich arenes utilizing acridinium based photocatalysts in combination with oxygen and
TEMPO as an additional additive (Scheme 1A).[2] Initially, the transformation was limited to
electron-rich arenes such as anisole but was not performed with benzene or electron-deficient
derivatives, since the oxidation potentials are too high. To access such high oxidation potentials
other concepts are required (Scheme 1B). Wickens and co-workers developed arene azolation
reactions using an organic photocatalyst utilizing the consecutive Photoinduced Electron Transfer
(conPET) mechanism,3l which was also exploited by Wagenknecht for challenging oxidations.!*]
The method was effective for benzene or methylated arenes, whereas the oxidation of electron-
deficient arenes, such as PhCl, produced a low yield of only 22% of the azolated product. An
alternative to the conPET process has been recently reported by the Lambert and Barham groups
using a photo electrocatalytic approach.l5] However, this method requires specific, additional
electrochemical equipment and is technically more complex compared to Nicewicz's arene
amination involving a purely photochemical process.[*26] Without electrochemical conditions, no
products or a very low yield were observed and in general very long reaction times were required.
Thus, promoting this transformation using photochemical strategies would be a synthetically

convenient addition to existing processes.
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Figure 1. A: Amination by oxidative C-H functionalization. B: Concepts for strongly oxidative photocatalysis. C:
Design of acridinium based photocatalysts.
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The aim of developing a photocatalyst system that can efficiently oxidize feedstock aromatic
compounds like benzene, as well as electron-deficient arenes, through a single photoexcitation
remains an exciting challenge. To achieve strongly oxidative redox potentials, new photocatalyst
design concepts are highly desired, especially since organic chromophores offer plenty of space
for structural design. In contrast to more sophisticated conPET and photo electro chemistry
concepts, we envisioned the modification of the well-known Fukuzumi catalyst I (Figure 1C).[7]
While there have been modifications to the Fukuzumi catalyst, 8 those structural changes typically
relate to rather minor changes of the acridinium core in order to increase the photochemical
stability (Nicewicz's catalysts II).[ Here, we present a strong modification exchanging the mesityl
fragment with a cationic heterocycle. Note, this exchange is not trivial since the mesityl group plays
a crucial role in accessing the long-lived charge-transfer Acr--Mes*+ state.[”.10] The idea was to
access highly electron-deficient catalysts in the ground-state based upon dications thereby raising
the ground-state oxidation potential. When excited by a single photon, they should become a
powerful photocatalyst for oxidative photocatalysis, bypassing conPET and photo electro
mechanisms (Figure 1B). Here we describe the photocatalyst synthesis, application and

photochemical characterization including mechanistic studies of a dicationic photocatalyst design.

RESULTS AND DISCUSSION

Design and Characterization of the Photocatalyst Redox-System

To access the desired dicationic acridinium salts, a simple and easily tunable synthetic pathway
was envisioned, allowing a rapid synthesis of a diverse set of new chromophores. Inspired by our
previous work on pyrylium and pyridinium carbene hybrids,['1l we targeted a carbene
addition/deprotonation protocol utilizing N-substituted acridinium salts.[8al Upon addition of
IMes carbenel!2] to a solution of N-Me acridinium 1a, the addition product 2 could be isolated
(Scheme 1). Deprotonation of intermediate 2 with a strong base such as KHMDS or a second
equivalent carbene gives rise to the neutral IMes/acridinium hybrid 3a in 64% yield over two
steps. In analogy, the synthesis of the N-arylated 3b or longer N-alkyl hybrids 3¢ can be performed
simply by starting from the corresponding N-Ph/N-alkyl acridinium salts 1b/1c. Next, a selection
of two stable carbenes featuring a different degree of m-accepting properties, CAACI!3land DACI!4
were investigated. Both were reacted with N-Me as well the N-Ph acridinium salts to give the
hybrids 4a/4b and 5a/5b in good yields of 63-84% in a one-pot strategy. Due to convenience,
two equivalents of carbene were utilized in which the second equivalent deprotonates the
intermediate 2, circumventing its isolation. The protonated carbene side product can be easily
separated by extraction and reused. Subsequently, the electrochemistry of the new hybrid

molecules was investigated by cyclic voltammetry (Figure 2; for 3c see the SI). While the N-Me vs.
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N-Ph substitution had rather a minor impact on the relative redox properties (AE < 100 mV), a

dramatic effect was observed for exchanging the carbene entities.
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Scheme 1. Synthetic approach towards acridinium/carbene hybrids. X- = OTf~ or BFs~.
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Figure 2. Comparison of cyclic voltammograms (CVs) for the redox systems 3a/3b-5a/5b in THF (0.1 M n-
BusNPFs) at room temperature; scan rate 200 mV s-1.
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In case of IMes hybrid 3a, two well separated reversible redox-events at El1/; = -=1.24 V and E2/;
=-0.45V (vs. Fc/Fc*) were observed to give the radical cation and dication, respectively. In stark
contrast CAAC and DAC hybrids 4a and 5a only feature a single two-electron oxidation at -0.36 V
and -0.18 V. The general trend of more negative redox potentials for the IMes hybrid is in
agreement with the low m-accepting properties as observed for pyrylium and pyridinium
hybrids.[11l Note, in those cases no potential compressions/inversions have been observed in
which the second electron transfer proceeds at the same redox event. In order to investigate the
difference in redox properties, we performed spectroelectrochemical measurements for all
systems (Figure 3A). As indicated by the spectroelectrochemistry (SEC) data in the case of IMes
hybrid 3a (for 3b see Figure S44), the radical cation appears with a very characteristic strongly
bathochromic shifted UV-Vis absorption at A ~ 600 nm. In case of 4a and 5a, only the UV-Vis
absorption of the neutral and dicationic oxidation states could be observed in agreement with the
CV data. Next, the stoichiometric synthesis of all oxidation states was targeted for the hybrid
molecules. Since the CV data of 3a and 3b indicated the possibility to generate the radical cations
3a*+ and 3b-+, we first attempted their stoichiometric synthesis. Upon addition of one equivalent
of AgSbF to 3a, 3a°* SbFs- could be isolated as an intensely purple colored solid in 92% yield. In
case of neutral 3a and its radical cation 3a** we were able to obtain single crystals suitable for X-
ray diffraction (Figure 3B). Quite strikingly, neutral 3a is distorted in a butterfly fashion with a
strongly pyramidalized N-Me group (sum of angles around N3: 349.1°). In the radical cation 3a**
a major structural reorganization took place in which the imidazolium heterocycle is twisted by
59.1(3)° to the acridinium plane. The simulated EPR spectra of the respective radical cations are
in good agreement with the experimentally measured EPR spectra of the monomeric radical
cations in solution (Figure 3C; for the EPR of 3b*+ and 3¢+ see Figures S51-S54). The calculated
SOMO shows spin density distributed largely over the acridine heterocycle. Oxidation of 3a or 3b
with two equivalents of AgSbFs or AgBF, cleanly afforded the dications 3a2+/3b2+ as SbF¢~ or BF4-
salts in high yields (see SI).
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Figure 3. A: Spectroelectrochemistry of hybrids 3a-5a; blue: neutral; green: radical cation; red:
dication. B: X-ray solid-state structures of neutral 3a, radical cation 3a* containing the SbFs-
counter anion, neutral 4a and dication 4a2* containing the BF4- counter anion. Thermal ellipsoids
are shown with 50% probability. Hydrogen atoms and solvent molecules (CH:Clz) are omitted for
clarity. Selected bond lengths and angles in [A] and [°]: Top left (3a) C1-C2 1.384(4), C2-C3
1.482(3), C3-C4 1.419(4), N3-C5 1.450(4), N1-C1-C2-C3 -3.1(4); Top right (3a+) C1-C2
1.467(3), C2-C3 1.430(3), C3-C4 1.425(3), N3-C5 1.497(7), N1-C1-C2-C3 59.1(3); Bottom left
(4a) C1-C2 1.360(3), C2-C3 1.496(3), C3-C4 1.416(3), N2-C5 1.450(3), N1-C1-C2-C3 9.9(4);
Bottom right (4a2+) C1-C2 1.505(4), C2-C3 1.430(5), C3-C4 1.441(4), N2-C5 1.383(4),
N1-C1-C2-C3 94.8(3). C: Calculated (B3LYP/def2TZVPP//B3LYP-D3BJ/def2SVP) SOMO
(isovalue of 0.4); EPR-spectrum of radical cation 3a** SbFs fitted EPR parameters in [MHz]: 1xN
12.9, 1xN 9.6, 1xN 8.3, 1xH 4.0, 1xH 6.3; 1xH 8.0, 1xH 4.8; 3xH 6.2.

Next, we investigated the oxidation of 4a/4b and 5a/5b by two equivalents of silver salts
(AgBF4/AgSbFe). In analogy, all dications 4a2+/4b2+ as well as 5a2+/5b2+ could be isolated and
characterized. In the 'H NMR all the acridinium related signals are significantly downfield shifted
compared with the neutral compound, which is in line with an increase of aromaticity upon

oxidation. In case of the CAAC system 4a, we were able to obtain single crystals of the neutral and
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dicationic oxidation states that were suitable for X-ray diffraction (Figure 3B). Again, a striking
large structural reorganization is detected upon oxidation, which agrees with a potential
compression/inversion mechanism.[151 The neutral oxidation state is highly distorted in a butterfly

shape while in the dication the two heterocyclic planes are oriented in a perpendicular fashion.
Oxidative Photocatalysis by Tailored Photocatalysts - Benzene Oxidation and Beyond

The electron deficient ground state of the dications [E ~ -0.45 V (3a2+), -0.36 V (4a2+), -0.18 V
(5a%+)] is by more than 500 mV positively shifted compared to monocationic Fukuzumi or
Nicewicz catalysts (ca. —=1.0 V, Figures S38 and S40). This significant increase in the ground-state
oxidation potential matches with the outlined motivation of accessing high oxidation potentials
upon single photon excitation (Figure 1B). Due to its electron deficiency, we investigated the
application of the dications as catalysts in strongly oxidizing photocatalysis. We selected oxidative
arene azolation reactions as model transformations. Benzene was selected as the oxidative

coupling partner and investigated in a Stern-Volmer experiment (Figure 4).
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Figure 4. Fluorescence emission spectra and Stern-Volmer plot of 4a2+ (0.51 pM) in CH2Clz with different amounts of
benzene.

Indeed, we were delighted to observe that the fluorescence signal of dication 4a2+ was linearly
quenched upon addition of benzene (Figure 4; inset) suggesting the possibility to oxidize benzene
[Eox(benzene) ~ 2.5 V vs. SCE;B] vide infra]. We then investigated trapping of the benzene radical
cation with 1H-pyrazole-4-carboxylate (6) as a coupling partner under Kessil lamp irradiation
(390 nm) employing catalytic amounts (5 mol%) of dication 4a%* and oxygen (1 atm) as
stoichiometric oxidant at 25 °C in CH2Cl,. To our pleasure, the desired product ethyl 1-phenyl-1H-
pyrazole-4-carboxylate 7 was obtained in 29% yield after 12 h (Table S3, entry 1, see the

Supporting Information). Encouraged by this initial result, a further optimization of the reaction
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conditions was performed. Different light sources, solvents, oxidants, light intensity, catalyst
loadings, additives, and low-temperature effects were screened (see Table S1-S8, Supporting
Information). Gratifyingly, after these optimizations, the yield of the desired azolation product 7
increased to 93% in the presence of 5 mol% catalyst 4a2* 2SbF¢-, and 20 mol% LiClO4, in a solvent
mixture trifluoroethanol (TFE):hexafluoroisopropanol (HFIP) (9:1) under 390 nm blue LED Kessil
lamp irradiation for 12 h at 25 °C (Table 1, entry 1).

Table 1. Reaction conditions and control experiments.2

4a%* 2SbF4 (5 mol%)

@ ) N//TCOZB 390 nm Kessil Lamp, 25 °C E}COzEt
N LiCIO, (20 mol%) @
H 9:1 TFE:HFIP
6 0, (1 atm), 12 h 7
Entry Deviation from the optimized Yield of 7° (%)
conditions
1 none 93
2 without LiClO4 84
3 under argon
4 in dark
5 without catalyst
6 I/1I instead of 4a2+ 4/6
7 ac instead of 4a2+ 0
8 3a2+ (5 mol%) 57% (82%)¢
9 5a2+ (5 mol%) 51% (81%)¢
10 440 nm 63%

]
CH3 2 SbFg R?  BF,

4a2* R'=H, R? = Me (I)
R"=1'Bu, R?=Ph (Il

[aReactions were performed using 0.4 mmol of pyrazole 6, benzene (8 mL), catalyst (5 mol%), LiCl04 (20 mol%), solvent
mixture TFE:HFIP (9:1) and irradiated with two 390 nm Kessil lamps (40 W) for 12 h providing external water cooled
chiller support to maintain the reaction temperature at 25 °C. [PlYields determined by 'H NMR using mesitylene as an
internal standard. [lIncreased reaction time to 24 h.

Previous reports(316] motivated us to screen the optimization in the presence of fluorinated
solvents which offer higher stability of the involved radical cations. Only a slight reduction in yield
(84%) was observed when the reaction was carried out without LiCl04 (Table 1, entry 2). Note,
without any additives, Nicewicz and N-phenylphenothiazine catalysts failed to activate arenes
with a satisfactory yield.l231 To confirm if air was required for the photocatalytic reaction, the
reaction was carried out under an argon atmosphere. As expected, the desired product 7 did form
only in traces (2%) in the absence of air (Table 1, entry 3). No product was formed in the dark
confirming a light-mediated transformation (Table 1, entry 4). The requirement of light was

additionally verified by light on/off experiments, which showed the constant requirement of
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irradiation over 12 h reaction time, disfavoring radical chain reactions (Figure S63). Only trace
amounts of the product formed in the absence of the catalyst (Table 1, entry 5). Importantly, under
otherwise identical reaction conditions, the substitution of 4a2+ by other acridinium-based
photocatalysts such as Fukuzumi catalyst (I) or Nicewicz catalyst (II) resulted in only trace yields
of azolation product (Table 1, entries 6-7). Replacement of 4a2+ by acridone (ac) provided no
product, confirming the importance of the cationic heterocycle in the 9-position of the acridinium
core. A screening of the three acridinium/carbene hybrids 3a2+-5a2+ (Table 1, entries 8-9)
identified 4a2+* to be superior compared to the other dicationic hybrids 3a2+ and 5a2+ although the
catalysts also afforded high yields especially upon prolonged irradiation times for 24 h (Table 1
and Figure S62). Next, under identical conditions, the influence of the N-substitution was
investigated by using catalysts 4a2+ (N-Me) and 4b2+ (N-Ph). We reasoned that N-Ph substitution
should be superior in its performance since the N-Me group could be prone to dealkylation as
potential catalyst decomposition pathway. Gratifyingly, both catalysts performed similarly well
93% (4a2*) and 91% (4b2+), most likely since with 5 mol% catalyst loading the catalyst
decomposition is not yet relevant. In fact, we investigated lowering both catalyst loadings of 4a2+
and 4b2*to 0.25 mol% to still obtain slightly reduced yields of 51% and 76% (Table S7). The better
performance of the N-Ph catalyst at low catalyst loadings agrees with a more robust catalyst
system similar to the Fukuzumi/Nicewicz catalyst comparison.[82171 That reasoning is further
substantiated by an assay comparing the inherent stability of both catalysts upon blue cw laser
excitation (Figure S74). Under these conditions, 4b2+ is more photostable than 4a2* by almost one

order of magnitude.

In order to judge the stability, we investigated catalyst longevity experiments. Three successive
catalytic runs by using 5 mol% of catalyst 4a2+ were performed (see the SI for details). After three
catalytic reactions, the yield of the desired product remained constantly high (90%; Figure S64).
This result validates that the catalyst stays active for three consecutive catalytic runs and further
encouraged us to check the catalyst’s recovery ability after successful catalysis. We also performed
a control experiment to check if the catalyst remains intact throughout the catalysis. The catalyst
loading was increased to 40 mol% under otherwise identical photocatalysis conditions. tH NMR
in CD3CN of the reaction mixture showed a clean conversion with an unaltered catalyst structure
(Figure S65), indicating good stability in the reaction mixture and disfavoring an assumption in
which a decomposition product could be photochemically active. Finally, we also investigated the
influence of the catalyst’s counter anion,['% but noticed no significant influence on the
performance employing dicationic catalysts 4a2+ with two SbF¢~ (93%) or BF4 (88%) counter
anions. Additionally, it was tested if we could start the catalysis directly from the neutral oxidation
state of the catalyst. Employing neutral 4a, we only achieved a 25% yield of the desired C-N

coupled product, confirming the need for dication-based catalysts (Figure S62).
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After extensive optimization and control experiments, the scope of the catalysis was investigated

(Scheme 2).
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Scheme 2. Substrate scope of arene C—H amination. All isolated yields. Reactions were performed
using 0.4 mmol of heterocycle, arene (8 mL), catalyst 4a2+ (5 mol%), LiClO4 (20 mol%), solvent
mixture TFE:HFIP (9:1) under irradiation with two 390 nm Kessil lamps for 12 h providing
external chiller support to maintain the reaction temperature at 25 °C. [IWithout LiClO4. 11:1

HFIP:PhH solvent. [c5 eq. arene. 4110 eq. arene. [cIReaction time 24 h. [fiCatalyst 4b2+.

Pyrazole derivatives bearing electron-withdrawing moieties such as -CO:Et, —-CF3, -CN, and
-COMe at the C4 position of pyrazole underwent smooth reaction with benzene to deliver the
corresponding N-Ph pyrazole products (7-10) in excellent isolated yields (74-87%). We were
delighted to discover that even the oxidation-prone carbaldehyde (-CHO) at the C4 position of the
pyrazole (11, 72%) was well tolerated. Synthetically significant C4-halo substituted pyrazoles (12,
52% and 13, 61%) were also effectively coupled. Parent pyrazole and its derivative featuring
electron-donating methyl substitution at the C4 position reacted smoothly with benzene to afford
the coupling products 14 (78%) and 15 (45%), respectively. Next, we investigated other N-
heterocycles than pyrazoles as coupling partners. Unsubstituted 1,2,3-triazole and acceptor
substituted 1,2,3-triazole (-CO;Me) afforded the N-phenylated products 16 and 17 (N1:N2:N3 =
0.21:0.04:1) in 40% and 68% yields, respectively. Benzotriazole and 5-methyltetrazole were also
well suited as a coupling partner to provide the desired products 18 and 19 (N1:N, =1:1) in 71%
and 65% isolated yields, respectively. Next, we focused on highly challenging electron-deficient
substrates to oxidize. We were delighted to observe that electron-deficient arenes such as
chlorobenzene and bromobenzene reacted smoothly with ethyl 1H-pyrazole-3-carboxylate to

furnish the desired products 20 (p:o = 1:0.3) and 21 (p:o = 1:0.3) in 62% and 55% yields,
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respectively. N-Ph catalyst 4b2* provided in case of the oxidation of chlorobenzene slightly

improved yields (65%) with the same isomer ratio (p:o = 1:0.3).

Remarkably, even fluorobenzene could be successfully employed as an arene source to give the
desired product 22 in 42% yield as a mixture of isomers in combination with the defluorinated
product 7 (p:o:m:7 = 1:0.15:0.08:1). The catalytic system was even effective to oxidize ethyl
benzoate to give 23 in 41% yield as a mixture of isomers (0:m:p = 1:1:0.28). Electron-rich arenes
such as mesitylene, toluene, and m-xylene afforded the corresponding pyrazole coupling products
24 (75%), 25 (71%, o:p:m = 1:0.6:0.24 and 26 (72%, C1:C; = 3.5:1) in high yields, respectively.
Finally, we investigated more complex heterocycles and selected halogenated purines as coupling
partners. In this case, both the coupling with benzene or mesitylene resulted in the isolation of 27

(79%, No:N7 = 1:1), 28 (75%, No:N7 = 1:1) and 29 (51%) in good yields.

In our reaction protocol, we discovered that N-heterocyclic nucleophiles such as 2-
chlorobenzimidazole can be directly coupled to an arene such as mesitylene, resulting in a yield of
52% of 30. When the catalytic activity was checked without any additional additives, we found
that our catalytic system can even deliver nearly the same yield without any additional additives
such as LiClO4. The coupling between benzene and 1H-pyrazole-4-carboxylate provides 7 with
87% and 80% yield with and without LiClO4 respectively. Additionally, the coupling of mesitylene
and 1H-pyrazole-4-carboxylate provides 75% and 71% yield of 24 with and without LiClO4

respectively.

Mechanistic Investigations

Evidently, 4a2+ and 4b2+are potent catalysts for oxidative C-N coupling reactions with challenging
substrates. Initial mechanistic irradiation experiments with different output power settings of the
LEDs and shorter reaction time (5 h, to avoid saturation effects, Table S6) did not show a
pronounced power-dependence, indicating a one-photon mechanism.['8] However, the results
presented so far do not provide clear mechanistic insights, in particular as (i) the radical cations
4a+/4b+ could not be characterized (spectro)electro-chemically and (ii) the role of O; in the
mechanism has to be clarified. First, we had a closer look at the properties of the emissive excited
singlet states of 4a2+/4b2+. The excited-state energies Eqo are on the order of 2.5 eV and very
similar for both compounds (Figure 5). The excited states decay monoexponentially with a typical
lifetime of a few nanoseconds. That lifetime is shorter in MeCN compared to CH:Cl; by a factor of
~3 and we observed a dependence on the counteranion in the latter solvent (see Table S12 for
details and the discussion below).['9 Importantly, there is essentially no quenching of excited 4a2+
or 4b2+ by dissolved oxygen (inset Figure 5 and Table S12-14), which was an important

mechanistic step in a recent study on light-induced benzene oxidation.3]
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In contrast to what has been observed for some acridinium(®! and structurally related
isoacridonel2%] dyes, we did not observe any long-lived signals in the transient absorption (TA)
spectra recorded upon direct excitation of 4a2*/4b2+ (regardless of the counteranion and the
solvent), allowing us to exclude triplet formation. The absence of triplet states likely contributes

to the outstanding robustness of this new photocatalyst class.
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Figure 5. Calibrated UV-Vis absorption spectra and normalized emission spectra of 4az+/4b2+ in

MeCN, along with the Eoo determination. Inset: Excited-state lifetime upon 446 nm excitation in

Ar- and O;- saturated solution.

As the two-electron oxidation/reduction potential (Figure 2) seems inappropriate for the
determination of the required potential for the 4a2+/4a*+ couple and the excited-state reduction
potential E(*4a2+*/4a**) accordingly,2llwe carried out a detailed Rehm-Weller(22l analysis to obtain
that quantity. For that, we carried out time-resolved quenching experiments with nine different
benzene and biphenyl derivatives and analyzed the resulting quenching rate constants as a
function of the oxidation potential of the quencher (Figure 6 and Figure S79). These studies were
carried out in MeCN because reliable quencher oxidation potentials, which are crucial for this
analysis, are available in this solvent.[231 In line with the expected quenching through the transfer
of a single electron from the quencher to the excited catalyst, the bimolecular rate constants
decrease with increasing oxidation potentials of the former. The E(*4a2+/4a**) resulting from a fit
based on the Rehm-Weller model is as high as +2.52 V vs. SCE (corresponding to +2.14 V vs.
Fc/Fc*).[241 Subtracting Eoo from that quantity yields E(4a2+/4a**)= -0.02 V vs. SCE (-0.40 V vs.
Fc/Fc*) for the reduction potential of 4a2+, which is extremely close to the value obtained for the

two-electron reduction (-0.36 V vs. Fc/Fc).
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Figure 6. Kinetic determination of the excited-state reduction potential of 4aZ* with various
benzene and biphenyl derivatives in acetonitrile. Inset: TCSPC measurements of lifetime reduction
of *4a2* with increasing biphenyl (BP) concentration and the corresponding Stern-Volmer plot as

an example. See Sl for details.

The excited-state reduction potential of 4a2* compares favorably with that of most known
photocatalystsiob.16a25] and it seems that only the 3-cyano-1-methylquinolinium ion, which does
not absorb visible light, is a significantly stronger photooxidant.26l Moreover, the oxidative power
of 4a?+ is comparable to what is obtained with two-photon excitation schemes34271 or via

photoelectrochemistrylsb5d.28 systems as motivated in the introduction (Figure 1).

For our initial substrate, benzene, several Stern-Volmer quenching studies were carried out (Table
S16) using different solvents (CH:Cl; and MeCN), 4a2+ as well as 4b2+ and both counter anions
(SbFg¢~ or BF4-). All quenching rate constants kq so obtained are in the range from 1.5 to 5.0 x
108 M1 s+, i.e. slightly below the diffusion limit. Under all conditions investigated, the excited N-
Ph-derivative 4b2+ has a shorter lifetime than the N-Me-derivative 4a2+, but this is usually
compensated by a faster kq for 4b2+ such that the overall quenching efficiencies are comparable
for both catalysts. An extrapolation of these results to the actual irradiation conditions (5.6 M of
benzene) gives quenching efficiencies on the order of 90%, which implies high quantum yields for
the overall reaction and short irradiation times. Nanosecond laser flash photolysis (LFP) studies
upon 355 nm excitation of 4a2+ in the presence of benzene concentrations allowing up to 90%
*4a2+ quenching were carried out to detect both quenching products. However, we only observed
baseline-like spectra without any evidence for the benzene radical cation/26] and 4a*+, despite the
high sensitivity of our LFP setup.[291 Unproductive and ultrafast back-electron transfer in the so-

called solvent cage is spin-allowed for this reaction, which can be regarded as a general problem
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for photoinduced electron transfer reactions with photoexcited singlet states.[30 In this particular
case, the quantum yield for productive cage escapel31lto yield radical ions that can be detected and
intercepted seems to be very low (< 5%).

To obtain clear spectroscopic evidence for substrate oxidation via single-electron transfer, we
tested biphenyl BP (which was among the quenchers in Figure 6) because the corresponding
radical cation absorbs more strongly, 234l facilitating its detection even at very low concentrations.
Upon selective 355 nm excitation of 4a2* and efficient quenching by BP, we unambiguously
identified BP** in the TA spectra through its characteristic absorption band in the red spectral
region (lower part of Figure 7). A spectral separation with the literature-known BP+* spectrum/23al
clearly indicates that the quenching by-product, 4a**, has an absorption band between 500 and
650 nm. The observed ground-state bleach (GSB) between ~410 and ~480 nm reveals that 4a2+
absorbs more strongly than 4a+ in this wavelength range. However, the overall TA intensities are
low, likely as a result of inefficient cage escape. Given that (i) the ground state of neutral 4a does
not absorb above 400 nm and (ii) triplet photoreactions typically proceed with higher quantum
yields than singlet reactions, we were looking for a suitable triplet chromophore to obtain a
reliable spectrum of 4a°+ in the visible range via reductive quenching upon selective excitation of

the triplet sensitizer.

The excitation of [Ru(bpy)sz]?+, which is a sufficiently strong photooxidant for the desired reaction,
with 532 nm in the presence of 4a gave the expected post-quenching spectra with a superposition
of [Ru(bpy)sz]+ and 4a** (upper part of Figure 7). The sensitizer-derived photoproduct (gray
spectrum in Figure 7) with a well-known TA spectrum showing an absorption band peaking at
~510 nm and a characteristic ground-state bleach at ~440 nml[31¢32] decays on a microsecond
timescale. The remaining TA signals are attributed to the quenching by-product 4a‘*. This
assignment is based on (i) the similarity to the UV-Vis spectrum of 3a** (Figure 3A), (ii) our
successful spectral separation displayed in the upper part of Figure 7 and (iii) additional kinetic
TA measurements (Figure S82). Taking the known difference molar absorption coefficient for
[Ru(bpy)s]*+ at 500 nm (~12000 M-! cm1),331 where 4a+ is essentially transparent, the 4a**
spectrum can be calibrated. The calibrated absorption spectra of the hybrid 4a and its oxidation
states are shown in Figure 7 (middle). While 4a‘+ is inaccessible by electrochemical
oxidation/reduction, our investigations clearly demonstrated its photochemical generation from
both 4a and 4a2+, also via a challenging arene oxidation with the singlet-excited state of the latter
species. However, the difficulties in obtaining high concentrations of 4a** under conditions similar
to those used for catalysis hamper further meaningful spectroscopic investigations. We, therefore,
performed mechanistic irradiation experiments to obtain (indirect) evidence for the 4a2+

regeneration in the catalytic cycle under study.
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Figure 7. Determination of the spectroscopic signatures of 4a*+. Top: Transient absorption spectra
of a solution containing [Ru(bpy)s]?* (30 uM) and 4a (300 pM) in Ar-saturated acetonitrile after
laser excitation (532 nm, 5 ns pulse duration) recorded at different delay times. 3[Ru(bpy)s]?+
quenching efficiency under selected conditions, 60%. Middle: UV-Vis spectra of 4a, 4a** and 4a2*
in acetonitrile. Bottom: Transient absorption spectra of a solution containing 4a2+ (35 uM) and
biphenyl (BP, 200 mM) in Ar-saturated acetonitrile after laser excitation (355 nm, delay: 50 ns) as

well as a BP** reference spectrum(23al (violet) and the resulting difference spectrum (brown).

Irradiation of an Ar-saturated solution of 4a2+ with a green LED in the presence of a high benzene
concentration leads to rapid catalyst decomposition, most likely via 4a*+, given that the catalyst is
completely stable in the absence of the quencher benzene (Figure 8A/B). However, 4a2+ is almost
photostable when the solution is additionally saturated with oxygen, suggesting that an electron
transfer with 4a-+ regenerates 4a2+. Related catalyst regeneration steps starting from acridinium
radicals were observed previously.234 LiCl04 slightly improves the stability of 4a2* under our
conditions, but O clearly has a more pronounced effect. Similar observations were made during
NMR-scale irradiation experiments (see above). In addition to the catalyst regeneration step, O is
assumed to facilitate the formal hydrogen atom elimination being required for the formation of
the stable C-N coupling product (Figure 8C).[235] This reasoning is in agreement with the above-

mentioned NMR-scale experiments, which only gave traces of the desired azolation product 7.
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Figure 8. A: UV-Vis spectra of Ar-saturated solutions of 4a2+ in acetonitrile in the presence of
benzene (200 mM) before and after 5 minutes of irradiation (525 nm, dotted line: emission
spectrum of the LED). B: Light-induced decrease of the absorption band of 4a2+ in percent at 379
nm in the presence or absence of oxygen and/or LiClO4 (20 mol%). C: Proposed mechanism for

the C-N coupling reactions. The effect of LiClO4 is described in Ref. 3.

Taking into account all experiments presented herein and the findings from prior studies on this
reaction class with highly oxidizing catalytic systems,[23] the mechanism can be summarized as
displayed in Figure 8C. Interestingly, neither multi-photon nor electrochemical strategies are
required for the formation of the arene radical cation. This straightforward and versatile
monophotonic C-N coupling approach was enabled through the development of novel hybrid

catalysts.

CONCLUSIONS

In summary, we report on the design of novel strongly oxidizing photocatalysts based on dicationic
chromophors. The dications were rapidly assembled by a building block approach from stable
carbenes and acridinium salts followed by two-electron oxidation. In contrast to typical organic
photocatalysts such as Fukuzumi or Nicewicz catalyst, the here described hybrids feature three or
two stable redox states depending on the carbene moiety chosen. We show by X-ray diffraction
that upon oxidation, a large structural reorganization takes place which agrees with a potential

compression/inversion mechanism in the CV. We subsequently applied the dicationic hybrids as
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photocatalysts in the oxidative C-N coupling with N-heterocycles. Extensive optimization, control
experiments as well as a large substrate scope containing even electron deficient arene coupling
partners, which are not possible to activate with traditional acridinium photocatalysts, clearly
underline the importance of the tailored hybrid photocatalysts. The combination of time-resolved
spectroscopic techniques with preparative and mechanistic irradiation experiments provided a
clear mechanistic picture and revealed the outstanding excited-state redox potential (E ~ +2.5V
vs. SCE) as well as the excellent photostability of the novel photocatalyst. Excitingly, transient
absorption spectroscopy even allowed the UV-Vis identification of the radical cation oxidation

state which is not accessible by CV or spectroelectrochemical studies.

Considering the large amount of available carbenes as well as substituted acridinium salts, this
work just opens up a large structural space of readily accessible photocatalysts. Especially the
design of dicationic and thus intrinsically electron-deficient photocatalysts is yet unexplored and
should be applicable to other chromophore cores. Additionally, photocatalysts with inverted redox
potentials have been largely overlooked. We are currently investigating novel applications for such
strong oxidative photocatalysts and try to deepen our mechanistic understanding by utilizing

multi-electron redox systems as photocatalysts.
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