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Inspired by the synthetic potential of organic photoredox catalysts, we synthesised and characterised a
series of 5,10-dihydrophenazine derivatives that bear heterocycles as electron-withdrawing groups. Upon
exploring their photocatalytic behaviour, we discovered that these compounds exhibit Janus-type reactiv-
ity, enabling both oxidative C(sp®)—H cyanation and reductive aryl halide cleavage. We investigated their
photophysical and electrochemical properties through cyclic voltammetry (CV), transient absorption
spectroscopy (TA) and UV-Vis spectroelectrochemistry (SEC). Time-resolved UV-Vis spectroscopy and
electron paramagnetic resonance (EPR) provided valuable information on excited-state dynamics and
radical cation formation. This revealed that the catalysts act as effective reductants for C(sp®)—I bond clea-
vage, generating aryl radicals. Furthermore, the excited-state radical cation facilitates the oxidative
C(sp®)—H cyanation of tertiary amines. Our mechanistic studies confirm the dual redox nature of these
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Introduction

Catalysts play a crucial role in chemical reactions by providing
efficient pathways that lower activation energy and enhance
reaction kinetics, facilitating ~ product  formation.
Consequently, the development of catalysts has become a
major focus in chemistry." Among the various types, photoca-
talysts have attracted considerable attention due to their
unique reactivity, which enables the synthesis of complex
organic molecules that would otherwise be unattainable.>™ In
line with the growing demand for sustainable and green
chemical processes, organic photoredox catalysts have
emerged as viable alternatives to traditional metal-based
systems. In line with the growing demand for sustainable and
green chemical processes, organic photoredox catalysts have
emerged as a viable alternative to traditional metal-based
systems. Initially, research focused on using dyes as visible
light-promoted catalysts in chemical transformations,® but the
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catalysts, thereby expanding the utility of 5,10-dihydrophenazine derivatives in photoredox catalysis.

limited structural diversity of commercially available dyes
necessitated the development of novel chromophore-based
photocatalysts with broader applicability in various chemical
processes.® To advance metal-free photoredox catalysis,
reduced phenazines and their analogues with a 5,10-dihydro-
phenazine core have been introduced as efficient photocata-
lysts. One noteworthy approach to replacing traditional
iridium (Ir)- or ruthenium (Ru)-based complexes involved
using 5,10-dihydrophenazine derivatives as strong reducing
agents, as demonstrated by Miyake et al. In their study, white
light-emitting diode (LED) excitation facilitated the direct
reduction of trifluoromethyl iodide (CF;I), generating trifluoro-
methyl radicals that subsequently participated in substitution
or addition reactions with unsaturated substrates.” Another
innovative strategy by the same group used 5,10-dihydrophena-
zine derivatives in atom transfer radical polymerisation
(ATRP").>° Their proposed mechanism suggested that the
excited states of the catalyst participated in an oxidative
quenching pathway with alkyl bromides, effectively minimis-
ing side reactions.”' Based on literature examples, the activity
can be summarised as shown in Fig. 1. The excited states of
5,10-dihydrophenazine derivatives can undergo photoinduced
electron transfer (PET), which results in the one-electron
reduction of substrates and the formation of radical cations
(i.e. oxidative quenching). These radical cations can then
regenerate their neutral ground states via electron transfer
from donor molecules. Under certain conditions, 5,10-dihydro-
phenazine derivatives can undergo further oxidation to form
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Fig.1 General mechanism for oxidation of 5,10-dihydrophenazine
derivatives (solid arrows) and reduction of cationic species (dashed
arrows).

the highly reactive pyrazinium dication, which requires two
electrons to return to its neutral ground state.

The PET step must be thermodynamically favorable,
meaning that the redox potentials of the excited photocatalyst
(PC*) and the substrate must be compatible. In particular, PC*
can only reduce the substrate if the substrate’s reduction
potential (E..q) of is more positive than the oxidation potential
(Eox) of PC*.'" Consequently, exciting PC with light increases
its reducing power compared to the ground state.'> The elec-
tronic state of PC* also influences its redox potential. In the
triplet state (T,), the contribution to the excited state energy is
lower than in the singlet state (S;). Consequently, S, relaxes to
the ground state via fluorescence, whereas T; undergoes
phosphorescence.'"'> However, due to its longer lifetime, the
T, state plays a crucial role in PET by increasing the probability
of interaction between the substrate and PC*.'* Furthermore,
the intramolecular charge transfer character significantly
extends the lifetime of the excited state, making it a key factor
in the design of organic photoredox catalysts. Consequently,
tuning the charge-transfer properties has become a major
focus of catalyst structural modification.*

Several structural modifications to 5,10-dihydrophenazines
have been introduced to take advantage of changes in photo-
physical properties, such as core extension and the incorpor-
ation of N-aryl substituents. Strategically altering the positions
of these substituents results in observable changes in photo-
physical behaviour upon irradiation. Specifically, introducing
N-aryl groups at nitrogen atoms or directly onto the core led to
a red-shift in absorption due to stabilisation of the n* orbital
by extended conjugation."® Extended-core N,N-diaryl-5,10-dihy-
drophenazines exhibited longer maximum absorption wave-
lengths compared to their non-extended counterparts.
Additionally, significant differences in molar absorptivity
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(émaxabs) Were noted between core-extended and non-core-
extended derivatives. Interestingly, core-extended 5,10-dihydro-
phenazines substituted with electron-donating (OCHj;) or elec-
tron-withdrawing (CF;) groups on the aryl ring showed only
minor variations in absorption wavelength. This suggests that
these substituents only slightly perturbed the electronic
structure."

Another intriguing feature of photocatalysts, beyond struc-
tural modification, is their ability to be tuned by external
stimuli. For instance, the reduction potential of Rhodamine
6G (Rh-6G) varies depending on the redox state and the wave-
length of the absorbed light. For instance, under visible-light
irradiation, the reduction potential of Rh-6G*/Rh-6G™ is
approximately —0.8 V vs. SCE,"® but shifts to approx. —1.0 V vs.
SCE under green-light irradiation and to —2.4 V vs. SCE when
irradiated with blue light.'®'” Using this tunability, Konig
et al. successfully employed blue-light irradiation to modulate
the reduction potential of Rh-6G, enabling di-substituted C-H
arylations using aryl bromides, a reaction that did not proceed
under green-light irradiation.’® Similarly, switching catalyst
roles via multi-photon excitation has emerged as an effective
method for oxidising substrates with highly positive oxidation
potentials. For instance, Wickens et al. showed that the
excited-state N-phenylphenothiazine (PTH) radical cation
(formed by photooxidation) acts as a powerful oxidising agent,
capable of oxidising benzene (Eox = +2.5 V vs. SCE) and various
benzene derivatives, including toluene, m-xylene, and mesity-
lene."® Achieving these potentials with conventional photoca-
talysts is very challenging and requires high-energy
illumination.™

Inspired by these developments and the use of excited 5,10-
dihydrophenazines in ATRP,” as well as our own experience of
using 5,10-dihydrophenazine radical cations as catalysts under
thermal conditions (both in homogeneous and heterogeneous
systems),”° > we hypothesised that both the neutral and the
radical cation excited states of 5,10-dihydrophenazines could
function as a photoredox catalyst (PC, Fig. 2). Upon absorving
a photon, the excited state can exhibit Janus-type reactivity,
acting as either a strong reductant (path 1, where A serves as
the electron acceptor), or a strong oxidant. The resulting open-
shell species can undergo further photoexcitation, followed by
electron transfer with an organic substrate, ultimately regener-
ating the catalyst (path 2, where D serves as the electron
donor).

Results and discussion
Catalyst synthesis

Although studies have explored 5,10-dihydrophenazine deriva-
tives with common electron-withdrawing groups (CF;, CN) via
N-aryl substitution,”° the incorporation of electron-withdraw-
ing heterocycles into the 5,10-dihydrophenazine core remains
unexplored. Pyridine and pyrimidine are electron-poor hetero-
cycles, meaning their electron density is lower than that of
typical aromatic rings, resulting in inherent n-deficiency. In
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Fig. 2 The Janus-type reactivity of the 5,10-dihydrophenazine-derived
photocatalyst (PC): when a photon is absorbed, the excited state (PC*)
acts as a strong reductant (path 1), with A serving as the electron accep-
tor. The resulting open-shell species can undergo further photo-
excitation, becoming a strong oxidizing agent that can accept an elec-
tron from a donor (D, path 2), ultimately regenerating the catalyst.

view of this interesting property, we sought to incorporate
these heterocycles into the 5,10-dihydrophenazine framework
as an alternative to conventional electron-withdrawing groups.
We employed the Buchwald-Hartwig cross-coupling reaction
for the synthesis of these compounds, following a previously
reported procedure (see Table 1).° In our case, this method
proved effective for synthesising of 5,10-dihydrophenazine
derivatives bearing 2- or 3-bromopyridine. Specifically, introdu-
cing of 2-bromopyridine produced compound 1a with an 89%
yield, whereas using 3-bromopyridine produced compound 1b
in 60% yield. In contrast, applying this strategy to pyrimidine
derivatives was less effective, highlighting the limitations of
the cross-coupling approach for these substrates.

The yield of cross-coupling products decreased as the nitro-
gen content of aromatic heterocycles increased. Transitioning
from pyridine to pyrimidine derivatives resulted in greater
n-deficiency, which may have hindered the C-N cross-coupling
reaction. For instance, using 5-bromopyrimidine instead of
2-bromopyridine to synthesise compound 1c resulted in a sig-
nificantly lower yield of 7%. Additionally, the position of the
nitrogen atoms affected the success of cross-coupling with the
reduced phenazine core. Specifically, 2-bromopyrimidine
yielded the monosubstituted product 1g more efficiently than
the disubstituted product 1h, whereas 5-bromopyrimidine
favoured the formation of the disubstituted product 1c.
Furthermore, the cross-coupling reaction between 2-bromopyr-
imidine and 5,10-dihydrophenazine exhibited reduced
efficiency. The twofold cross-coupling product 1h (see Fig. 3
and Fig. S6) formed in a yield of less than 5%, while the mono
C-N coupling product 1g was obtained in a yield of 32%.
Attempts to synthesise 1h from 1g or to improve the yield of 1c
were unsuccessful, as 1h appears unstable under the selected
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reaction conditions. This was confirmed by the isolation of the
corresponding decomposition product, 1i, which was formed
by the ring opening of 1h via a 1,3-N sigmatropic shift (see the
single crystal X-ray structure in Fig. S7). To compare the photo-
physical and electrochemical properties with those of the
other compounds, we synthesised 1d and 1f, incorporating an
electron-donating tolyl group and a =n-delocalised system
(2-naphthyl), yielding 50% and 51%, respectively. Additionally,
we included the commercially available compound 1e in our
study for reference. Finally, we anticipated that these cross-
coupling products might exhibit similar properties to 5,10-
dihydrophenazine analogues bearing CF; or CN substituents,
where n* orbital stabilisation is enhanced through delocalisa-
tion on the phenyl rings rather than the 5,10-dihydrophena-
zine core.’

Interestingly, most 5,10-dihydrophenazine derivatives are
typically found to adopt an almost planar conformation, with
the aromatic groups at positions 5 and 10 oriented almost per-
pendicular to the phenazine backbone.*® In contrast, com-
pound 1H displays a pronounced saddle-shaped distortion,
which is likely to be caused by the effect of the nitrogen atoms
in the ortho positions of the heteroaromatic rings (Fig. 3).

Photophysical and electrochemical studies

Absorption spectra were recorded for these compounds to
evaluate their light-absorbing capabilities (see Fig. 4A).
Overall, the compounds showed absorption in the near-UV
region. Compounds 1la-c exhibited absorption maxima
ranging from 310 to 365 nm, whereas compounds 1d and 1f
showed notable red-shifted absorption. Compound 1c is par-
ticularly expected to exhibit an increased contribution from
n,m* excitation compared to compounds 1a-b, resulting in a
wavelength  shift.  However, introducing  additional
n-conjugation in compounds la-b did not increase their
absorption maxima compared to compound 1e, which lacks
such conjugation. Similarly, no clear correlation was found
between electron-donating substituents or extended conju-
gation systems and the light-absorbing properties of com-
pounds 1d and 1f. In contrast, radical cations (1™) and dica-
tions (1**) exhibited significantly red-shifted absorption
extending into the visible range, in contrast to their neutral
analogues (see below). This observation highlights the poten-
tial of using radical cations (or dications) as effective photoca-
talysts due to their broader visible-light absorption.

The CV results demonstrate that compounds 1a-g undergo
chemically reversible oxidation processes, characterised by two
distinct and well-defined redox couples resulting from two
consecutive single-electron oxidation events (see SI, Section
10). This chemical reversibility indicates a relatively high stabi-
lity of the radical cations and dications, which is a basic
requirement for use in photocatalysis. The ground-state oxi-
dation potentials for the first oxidation step (1/1"*) ranged
from +0.14 to +0.33 V vs. SCE, whereas the second oxidation
step (1"*/1%*) occurred between +0.56 and +1.09 V vs. SCE (see
Table 2).

This journal is © the Partner Organisations 2025
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Table 1 Preparation of 5,10-dihydrophenazine derivatives via Pd-catalyzed Buchwald—Hartwig cross-coupling®?
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% General reaction conditions: 5,10-dihydrophenazine (1.2 mmol, 1.0 eq.), RuPhos (0.044 mmol, 4 mol%), RuPhos precatalyst (0.043 mmol,
4 mol%), NaOtBu (4.5 mmol, 4.0 eq.), (het)aryl halide (4.5 mmol, 4.0 eq.), in THF or 1,4-dioxane, stirred at reflux temperature for up to 48 h.
Complete experimental details for each product including isolated yields can be found in the SI. ” Obtained from commercial sources.

Fig. 3 Single crystal X-ray Molecular structure of 1h. Displacement
ellipsoids correspond to 30% probability.

This journal is © the Partner Organisations 2025

The photophysical properties of the radical cations and
dications derived from the selected compounds 1a, 1d, 1e and
1f (which exhibited greater stability and could be synthesised
in larger quantities) were investigated using UV-Vis spectro-
electrochemistry (SEC) at potentials close to Eo(1). This deter-
mined their absorption maxima within the visible spectrum.
Fig. 4B shows the absorption spectra of the pure components
of the radical cations (1'*), highlighting their red-shifted
absorption extending into the visible range, particularly within
the red spectral region.”* These radical cations generally dis-
played weak, low-intensity absorption in the UV range, but
exhibited characteristic absorption profiles in the visible
region, showing distinct maxima in both the blue and red

Org. Chem. Front,, 2025, 12, 6798-6819 | 6801
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Fig. 4 Normalized UV-Vis absorption spectra of 5,10-dihydrophenazine derivatives measured in MeCN (la—e, 1g) and in THF (1f) in their neutral state
(A), as well as pure component spectra obtained from UV-Vis SEC data for selected electro-generated radical cations (B) and dications (C). Resonance
Raman spectra of 1a™* in MeCN upon excitation at 473 nm (purple line, dashed-dotted) and 643 nm (green line), as well as of 1a upon excitation at
643 nm (purple line) (D). UV-Vis and rR SEC were carried out in acetonitrile (0.1 M BusNPFg/CH3CN) except for 1f (for details, see the SI).

regions. Specifically, radical cation 1a™ exhibited strong
absorption peaks at 472 nm (blue region) and at 684 nm and
753 nm (red region). Other radical cations showed similar
absorption maxima in the blue region, ranging from 457 to
468 nm, and in the red region, ranging from 659 to 754 nm.
These findings highlight their potential as open-shell photoca-
talysts operating within the visible region.

Fig. 4C shows the absorption spectra of the dications (1°*).
These dications generally exhibited maximum absorption
wavelengths at approximately 430 nm, with no observable
absorption in the red region. The absence of absorption in the
red region likely results from the loss of two electrons from the
nitrogen atoms within the 5,10-dihydrophenazine core, which
prevents n—r* transitions.

We performed resonance Raman (rR) spectroelectrochemis-
try further to characterise the Franck-Condon states of the
radical cations 1a™", 1d"" and 1f" upon excitation at 473 and

6802 | Org. Chem. Front, 2025, 12, 6798-6819

643 nm. Upon oxidation and excitation at 473 nm, all of the
three compounds show peaks around 1290 cm™, 1345 cm™,
and 1490-1500 cm ™" (see Fig. 4D and Fig. S25A-C). Based on
literature,>® these bands are associated with the C-C stretching
vibrations localised on the dihydrophenazine core. Another
oxidation-induced band at 1040 cm™" is observed for 1a™ and
1d™. It is associated with a C-N stretching and C-H in-plane
bending mode.?*® Such a vibrational band may also be present
in 1f" as well, as deduced from the slight increase in signal
intensity at around 1024 cm™" (Fig. S25C). However, the strong
solvent peak prohibits definitive conclusions. A band unique
to 1a™ evolves at 1203 cm™ .

Upon excitation at 643 nm, peaks at 1175 cm~
1350 ecm™' dominate the spectra, with new bands evolving
around 1600 cm™" due to ring C-C stretching (see Fig. 4D and
Fig. S25D-F). Some of the peaks observed at 473 nm remain
visible, albeit at much lower intensity. The data suggest that

1 and

This journal is © the Partner Organisations 2025
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Table 2 UV-Vis absorption maxima and redox potentials at ground and excited states of compounds 1la-1g

1a 1b 1c 1d 1le 1f 1g
Jmax, abs (1) (nm) 310 320 365 370 336 341 —
Jmax, abs (1) (nm) 472 — — 466 450 465 387
Amax, abs (17) (nm) 425 — — 419 419 423 463
E(1/1") (V vs. SCE) 0.32 0.30 - 0.16 0.14 0.33 0.33
E(17/1**) (V vs. SCE) 1.08 1.09 — 0.98 0.94 0.95 0.56
E(1*/1") (V vs. SCE) —2.38% — — -2.81% —2.93° —-2.36% —
E([17*]*/1)" (V vs. SCE) +2.03 (+1.65)° — — +1.84° — +1.65° —

“ Excited wavelength for emission at 340 nm. ? Excited wavelength for emission at 350 nm. ° Excited wavelength for emission at 360 nm. ¢ Excited
wavelength for emission at 473 nm. ® Excited wavelength for emission at 643 nm.

both excitation wavelengths result in optical transitions associ-
ated with the 5,10-dihydrophenazine core. This reflects the
fact that the absorption spectra of the radical cations are not
significantly affected by the substituent. However, the spectral
patterns observed at 643 nm differ from those recorded at
473 nm. This indicates that the Franck-Condon points for the
different wavelengths are distinct, i.e. different excited states
are populated when the wavelength of excitation is shifted
across the absorption band. This conclusion is consistent with
quantum chemical calculations on related 5,10-dihydrophena-
zines, which predict an S; « S, transition upon excitation at
643 nm, with population of a higher-lying S,, state with higher
energy excitation.”®

Although the excited-state redox potentials (E(1/1")) cannot
be directly measured by cyclic voltammetry (CV), they can be
estimated by combining ground-state oxidation potentials with
the corresponding excited-state energies (g). The latter are
determined from the Stokes shift, which is calculated as the
difference between the absorption and emission maxima (see
SI for details)."* Using this approach, the excited-state oxi-
dation potentials of compounds 1a, 1d, 1e, and 1f were esti-
mated to range from —2.36 to —2.93 V vs. SCE (see Table 2),
indicating that these excited states are strong reductants.
These values are significantly influenced by substituents: com-
pounds 1a and 1f, which bear electron-deficient groups or
extended n-conjugation, are slightly weaker reductants com-
pared to 1d and 1e, which incorporate electron-donating
groups. A similar trend has been reported for N,N-diphenyl-
5,10-dihydrophenazine derivatives bearing methoxy (OMe), tri-
fluoromethyl (CF3), or cyano (CN) substituents.® Moreover, the
excited-state redox potentials of these compounds are
higher than those of traditional metal-based photocatalysts
such as [Ru(bpy)s]** (E,, = —0.81Vvs.SCE) and Ir(ppy)s
(E;x = —1.73Vvs.SCE),””  highlighting highlighting their
superior reducing power in the photoexcited state.

Additionally, the excited-state redox potentials of radical
cations [17]* were also investigated. Using the Stokes shift
(calculated as the difference between the absorption and emis-
sion maxima; see SI for details),"" the excited-state redox
potentials ([17"]*/1) were estimated to range from 1.65 to 2.03 V
vs. SCE (Table 2). These values highlight the significant capa-
bilities of excited radical cations as strong oxidants in chemi-
cal transformations.

This journal is © the Partner Organisations 2025

As mentioned above, N-aryl substitution causes a change in
the photophysical properties of 5,10-dihydrophenazine com-
pounds. More specifically, the lowest excited state in deriva-
tives with electron-donating groups is a locally excited (LE)
state. Conversely, N-aryl substituents with an electron-with-
drawing effect or extended z-conjugation result in a lowest-
energy excited state with charge-transfer (CT) character. In
order to gain insight into photoinduced excited-state dynamics
and learn about the role of the pyridine substituent as an
alternative to conventional electron-withdrawing groups, fem-
tosecond transient absorption (fs-TA) spectroscopy was per-
formed on 1a and 1d-f in acetonitrile (MeCN) and N,N-di-
methylformamide (DMF). For 1f, tetrahydrofurane (THF) was
used instead of MeCN due to the molecule’s poor solubility in
the latter. The following discussion will focus primarily on the
DMF measurements, which were used in the dehalogenation
reaction to be discussed later. Immediately after photo-
excitation, 1d exhibits excited-state absorption (ESA) consisting
of a double peak between 400 and 480 nm, as well as a feature-
less band between 500 and 670 nm which increases towards
longer wavelengths (see Fig. 5A). Within 8 ns of excitation, the
450 nm band increases, while the 420 nm band and the
feature in the red spectral region decrease. This general spec-
tral shape is very similar to that reported for N,N-diphenyl-
5,10-dihydrophenazine and other analogues with electron-
donating substituents.”®*® These electron-rich N,N-diphenyl-
5,10-dihydrophenazines usually possess S;/T; states of LE
character, i.e., electron density changes upon optical excitation
are localized on the phenazine core.'®*® Considering the spec-
tral similarity, as well as the relatively electron-donating effect
of the tolyl substituent, we also attribute the spectral features
of 1d to LE states. For further analysis, a global triexponential
fit was applied to the data.

The fit yielded characteristic time constants of 7; = 5 ps,
7, = 88 ps, as well as a long 73, which lies beyond the range
accessible by our setup. The first process reflects internal con-
version (IC) from a higher-lying singlet state to the lowest
excited and emissive singlet state and the timescale deter-
mined experimentally agrees with reports in the literature for
IC of similar derivatives.”® This interpretation is further sup-
ported by the decrease in the TA signal between 450 and
580 nm, which accompanies the process and coincides with
the steady-state emission of the compound (see Fig. S24).

Org. Chem. Front, 2025, 12, 6798-6819 | 6803
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Fig. 5 Transient absorption spectra of 1d in DMF at selected delay times after excitation (A), kinetic traces at selected wavelengths (B) and corres-
ponding DAS (C) obtained from global analysis. Transient absorption spectra of 1f in DMF at selected delay times after excitation (D), kinetic traces at
selected wavelengths (E) and corresponding DAS (F) obtained from global analysis. Transient absorption spectra of 1a in DMF at selected delay times
after excitation (G), kinetic traces at selected wavelengths (H) and corresponding DAS (l) obtained from global analysis.

Therefore, the spectral change can be understood as an
increase in emission from the S; state. The second process
(72), which takes place on a similar timescale to that reported
for vibrational cooling in the S; state of other N,N-diphenyl-
5,10-dihydrophenazine derivatives,?® was observed to acceler-
ate in MeCN (~35 ps, see Fig. $26). As DMF and MeCN have
similar polarities, this difference is probably due to the higher
viscosity of DMF (7 = 0.92 mPa-s) compared to MeCN ( =
0.35 mPa-s). The results suggest a structural change associated
with the vibrational relaxation of the excited molecule. The lit-
erature reports that the bending angle of the phenazine core is
reduced in the excited state,>® which may represent the intra-
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molecular motion associated with z,. This flattening would
also affect the position and geometry of the substituents rela-
tive to the phenazine core (bending motion and/or rotation;
see Fig. 6). This internal structural change is slowed in the
more viscous DMF.

On a nanosecond timescale, an increase in the 455 nm
band at is observed while the other spectral features decrease.
As previously mentioned, this spectral change is not accurately
reflected in the fit and is most clearly visible in the TA spectra
(Fig. 5A and B). The signal at 455 nm is characteristic of the
triplet state of phenazine derivatives,”*'** so we attribute the
spectral change to intersystem crossing (ISC).
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Fig. 6 Schematic representation of the flattening of le (A) in the excited state (B) and the simultaneous bending/rotation of the substituent (C).

The TA spectra for 1a (electron-withdrawing substituent)
and 1f (extended n-system) are dominated by a band around
455 nm (see Fig. 5D and G). Additionally, a broad absorption
feature increases towards longer wavelengths above 500 nm
and shows a weak shoulder at around 605 nm. This spectral
shape is similar to that of the radical cation (see Fig. 4D and
Fig. S26), where the positive charge is primarily located on the
phenazine core. This indicates that a CT state is formed upon
optical excitation, whereby charge is transferred from the phe-
nazine core to one or both N-substituents. These results are
consistent with those reported for 5,10-dihydrophenazines
with electron-withdrawing or n-extended aryl
substituents.'®*®3? The faster overall decay of the transient
absorption features compared to 1d—the decrease in differen-
tial absorbance to below 50% occurs within 1.6 ns (compared
to ESA intensity at 10 ps)—is explained by stronger CT state
stabilisation in polar solvents. This results in a smaller energy
gap between the S; and S, states, leading to faster non-radia-
tive decay in accordance with the energy gap law. This behav-
iour has also been reported for other N,N-disubstituted 5,10-
dihydrophenazines when the substituents are changed from
electron-donating to electron-accepting groups.'®**** In DMF,
the datasets of both compounds are best fitted by a sum of
four exponentials.

For 1f, the corresponding characteristic time constants are
71 = 2 ps, 7, = 122 ps and 73 = 2.8 ns while the fourth process
takes place on a timescale beyond the dynamic range accessi-
ble by our setup. Despite the CT character of the excited states
of 1f, the processes associated to 7; and 7, seem to be identical
to the ones observed in 1d. As previously discussed, we attri-
bute these processes to IC in conjunction with solvent reorgan-
ization (7;) and (structural) relaxation within the S, state (z).
The hypsochromic shift of the ESA band associated with 7y
(see the corresponding decay-associated spectrum in Fig. 5F)
is consistent with IC and solvent reorganization. The process
associated with 7, shows the same solvent dependence as that
observed for 1d, i.e., the process is slowed down in the more
viscous DMF compared to THF (z, = 55 ps, see Fig. S26D-F).
Again, this behaviour suggests structural reorganization,
although the smaller polarity of THF may also affect the
excited-state dynamics. The characteristic time constant z; is
similar to the lifetime of the S; state of 1f in dimethyl-
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acetamide (DMAc).>® Considering the similar dielectric con-
stants of DMAc (¢ = 37.8) and DMF (¢ = 36.7), it is reasonable
to assume that the S; lifetime does not change drastically in
the latter. We therefore attribute 7; to the depopulation of the
S; state (and the formation of the triplet state). This is reflected
in the peak at 455 nm, which persists at delay times beyond 5
ns (see Fig. 5D and F). The triplet state decays with a time con-
stant (z,), which exceeds the dynamic range of our experiment
by far. The given interpretation is supported by the fit of the
data measured in THF (see Fig. S26D-F), which does not yield
a component of ~3 ns. According to the energy gap law, the
depopulation of the S; state is slowed down due to the less
stable CT state in the less polar THF.

For 1a, global analysis yields the characteristic time con-
stants 7; = 0.7 ps, 7, = 5 ps and 73 = 1.6 ns in addition to a
long-lived component. In line with the arguments presented
above for 1d and 1f, 7, is assigned to IC and solvent reorganiz-
ation and 73 is interpreted as ISC from the S; state to a long-
lived triplet state. A significant difference between 1a and 1f is
the process associated with z,, which proceeds one order of
magnitude faster (z, = 5 ps in DMF, 7, = 5 ps in MeCN) and is
not affected by the solvent (see Fig. 5G-I and Fig. S26G-1). It is
hypothesised that an H-bond forms between the nitrogen of
the pyridyl substituent of 1a and a hydrogen atom of the outer
ring of the phenazine core. This hydrogen bond hinders the
structural change observed in the other two compounds and
results in less geometric rearrangement in the excited state.
Consequently, the process is much faster in 1a and not slowed
down by a higher solvent viscosity. As with 1d and 1f, the
455 nm band of the long-lived species is indicative of the
triplet state so that z; describes the depopulation of S; by
radiative and non-radiative decay to S, as well as by ISC.

In addition to the neutral compounds, we investigated the
excited-state dynamics of the radical cations 1a™*, 1d™", 1e”*
and 1f", which play an integral role in the photocatalytic cycle.
Femtosecond transient absorption spectroelectrochemistry
(TA-SEC) was performed upon excitation at two different wave-
lengths (i.e., 460 and 680 nm) to investigate the photophysics
of the cations.

The general shape of the TA spectra is very similar across
the different compounds. They are dominated by an ESA below
420 nm, a GSB between 420 and 490 nm and an ESA between
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500 and 580 nm. Another GSB region is observed above
580 nm, but the low oscillator strength of the transition(s) and
the limited signal-to-noise ratio mean that the latter do not
contribute significantly to the experimental data. Comparing
the spectra after excitation at 460 and 680 nm reveals differ-
ences in the band ratios and spectral evolution for all
compounds.

For 1a™ (see Fig. 7), the ESA maximum around 500 nm
shifts dynamically to shorter wavelengths by 15 nm (i.e. 0.08
eV) within the first 40 ps after excitation at 460 nm. Moreover,
the band around 380 nm decreases so that the peak ratio of
the bands at 380 and 500 nm (i.e. Asgo:A4500) decreases from
12.5 after 5 ps to ~5.7 after 55 ps. After excitation at 680 nm,
the blueshift of the maximum around 500 nm is less pro-
nounced (5 nm; 0.03 eV) and the change in the ratio of the
peak intensities at 380 nm and 500 nm (Azg: As00) is smaller
(~4.9 at 5 ps and 5.4 at 57 ps after excitation). This indicates
that 1a™ undergoes excitation wavelength-dependent relax-
ation pathways.

Global analysis of the excitation wavelength-dependent data
also reflects these relaxation pathways. Upon excitation at
680 nm, only two characteristic time constants are required to
appropriately describe the data: 7, = 18 ps and 7,, = 62 ps.
However, the data recorded upon excitation at 460 nm require
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an additional component yielding 7, , = 4 ps, 7, = 19 ps and
73 = 56 ps. The characteristic time constants of the slowest
process in each dataset as well as the spectral shapes of the
corresponding DAS match so that, regardless of the excitation
wavelength, they are assigned to the same process. This
process is characterised by a concomitant decay of the ESA
bands and the GSB and, therefore, ascribed to ground-state
relaxation from the D, state (see Fig. 8A). For 680 nm exci-
tation, 7, reflects the vibrational relaxation within the D, state.
The assignment is based on DFT calculations on similar
derivatives,”® which predict population of the lowest excited
state (D;) upon excitation at 680 nm, as well as on the DAS,
which does not exhibit GSB decay. The latter indicates that
relaxation in the excited state is occurring.

Although the process described by 7,;, proceeds with a
similar characteristic time constant, i.e., 7, = 19 ps compared
to 7, = 18 ps, it is accompanied by different spectral changes
(see Fig. 7). Therefore, 7, is not assigned to relaxation within
the D, state. It can be concluded that 7, ;, and 7, , describe pro-
cesses that are not initiated by 680 nm excitation. While
absorption of red light directly populates the D, state, absorp-
tion of blue light populates higher-lying Dy states. This is
reflected in our rR-SEC measurements, which show excitation
wavelength-dependent rR features. Based on that and the
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Fig. 7 Transient absorption spectra of 1a™* in MeCN obtained via TA-SEC at selected delay times after excitation at 460 nm (A), kinetic traces at
selected wavelengths (B) and corresponding DAS (C) obtained from global analysis. Transient absorption spectra of 1a™* in MeCN obtained via
TA-SEC at selected delay times after excitation at 680 nm (D), kinetic traces at selected wavelengths (E) and corresponding DAS (F) obtained from

global analysis.
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Fig. 8 Jablonski diagram showing the relaxation pathway of the radical cations (except for 1f*) upon excitation at 473 nm in acetonitrile (A).
Jablonski diagram showing the relaxation pathway of 1f* upon excitation at 473 nm in tetrahydrofuran (B).

value of 7, ;,, we assign the corresponding molecular process to
IC (see Fig. 8). The remaining characteristic time constant 7, ,
seems to originate from excited-state branching and to be
related to an additional state Dy, which is only populated
from higher-lying excited states. Further studies are required
to characterise this additional state in detail.

The excited-state behaviours of 1d™* (see Fig. 9) and the
alkyl-substituted 1e™ (see Fig. S28) resembles those of 1a™*. In

addition to the spectral features, i.e., ESA maxima at 380 nm
and 490 nm and GSB between 410 and 480 nm, the excited-
state dynamics are also excitation wavelength-dependent. As
before, this conclusion is based on the differing peak ratios
found for excitation in the blue and in the red spectral region
and on the fit of the data. Data obtained upon excitation at
680 nm are best fitted by a sum of two exponentials, while the
data upon excitation at 470 nm are best fitted by a sum of
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Fig. 9 Transient absorption spectra of 1d"* in MeCN obtained via TA-SEC at selected delay times after excitation at 460 nm (A), kinetic traces at
selected wavelengths (B) and corresponding DAS (C) obtained from global analysis. Transient absorption spectra of 1d™* in MeCN obtained via
TA-SEC at selected delay times after excitation at 680 nm (D), kinetic traces at selected wavelengths (E) and corresponding DAS (F) obtained from

global analysis.
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three exponentials. In both cases, the longest characteristic
time constant has similar values and DAS. Therefore, ground-
state recovery takes place from the same excited state, regard-
less of the excitation wavelength. Following the same argumen-
tation as above, 7,, is assigned to relaxation within the D,
state. Since the DAS of the two characteristic time constants
71, and 7,1, do not match the DAS obtained upon 680 nm exci-
tation, it seems that relaxation also takes place via an
additional, higher-lying state Dy in 1d"* and 1e™".

The same spectral features are observed for 1f* as for the
other radical cations (see Fig. S27). The data can be best fitted
by a sum of two exponentials, irrespective of the excitation
wavelengths. Furthermore, both the characteristic time con-
stants 7, , = 89 ps and 7, , = 109 ps and the corresponding DAS
obtained for 1f" deviate from each other. For excitation at
470 nm, the DAS exhibits a broader negative feature that
obscures the ESA maximum around 500 nm. These spectral
differences suggest that 7, rather describes a combination of
both slow processes, i.e., depopulation of the Dy, state and
ground-state recovery from the D; state, observed in the other
radical cations (see Fig. 8B). Due to the poor solubility of 1f in
MecCN, the measurements of this compound were carried out
in THF. Therefore, it is likely that observing only two processes
upon blue excitation, as opposed to three processes for the
other radical cations, is a consequence of the solvent change
and not an inherent property of the compound itself. One
possible explanation is that the Dy, state is polar, and therefore
less stable in the less polar THF, so depopulation of the state
is slowed down according to the energy gap law. Consequently,
depopulation of the Dy, state proceeds with a similar time con-
stant to depopulation of the D, state.

The fact that all of the radical cations investigated here
exhibit spectral behaviour that is very similar to that of the
alkyl-substituted derivative indicates that the change in charge
distribution upon oxidation is mostly limited to the phenazine
core. Therefore, it is the phenazine moiety that determines the
spectral features in the region probed. Nevertheless, TA experi-
ments revealed differences in the lifetimes of the radical
species (see Table 3). Considering the results at hand, elec-
tron-donating substituents appear to extend the lifetime of the
excited state, whereas electron-withdrawing substituents have
the opposite effect. Furthermore, the decrease in excited-state
lifetime is comparatively pronounced for 1a™*. We assume that
geometrical factors accelerate relaxation to the ground state
even further. As previously discussed, a hydrogen bond
between the pyridine nitrogen and a phenazine hydrogen
might prevent significant structural changes, leading to faster
relaxation.

Table 3 Excited-state lifetimes of the radical cations of compounds 1a,
1b, and 1d-f obtained from TA-SEC measurements with an excitation
wavelength of 680 nm

1a™ 1b™* 1d* 1e™ 1f*

7/ps 62 148 225 188 109

6808 | Org. Chem. Front, 2025, 12, 6798-6819

View Article Online

Organic Chemistry Frontiers

In general, excited states of radical cations exhibit very
short lifetimes. For instance, triarylamine derivatives (pio-
neered by Koenig and co-workers) display excited-state life-
times of approximately 10 ps.*®> Similarly, the photoexcited
radical cation of PTH has a reported lifetime of up to
36 ps,>®*” while structural modifications of PTH have extended
this to as much as 1.8 ns.”” To the best of our knowledge,
excited-state lifetime studies for 5,10-dihydrophenazine radical
cations remain limited. However, compared to other reported
organic radical cations and anions,*® the herein reported 5,10-
dihydrophenazine radical cations exhibit notably longer
excited-state lifetimes, ranging from 62 ps to 225 ps. This
extended lifetime enhances their potential utility as effective
photooxidants in photoredox catalysis.

Catalysis studies I: excited phenazine (1*) as electron donor

Reactive aryl radicals are key intermediates in numerous aryla-
tion reactions across various branches of chemistry, including
organic synthesis, agricultural chemistry, and medicinal chem-
istry. One major advantage of using aryl radicals is the broad
range of accessible precursors, such as aryl diazonium salts,*®
aryl halides,”® and other aryl derivatives. Notable examples
include the Sandmeyer reaction,”” and the Meerwein aryla-
tion,** both of which utilize transition metal compounds (typi-
cally copper(1) complexes) to catalyze aryl radical formation
from diazonium salts.*® In contrast, the reduction of aryl
halides is more chemically demanding due to their high
thermodynamic stability and strongly negative reduction
potentials.** Consequently, single-electron reduction of aryl
halides is significantly more challenging than (for instance)
that of aryl diazonium salts,” and often requires stoichio-
metric amounts of toxic reagents such as AIBN/n-BuzSnH.*°
These drawbacks have spurred the development of modern
strategies,  including  photochemistry,*®  photoredox
catalysis,"®*’7>? electrochemistry,®® and hybrid electro-photo-
chemical approaches.’**> Among these, organophotoredox cat-
alysis has emerged as particularly promising, offering several
advantages. This method operates under mild conditions and
avoids the need for toxic or expensive transition or rare-metal
catalysts. Furthermore, it requires only catalytic amounts of
reagents compared to traditional stoichiometric reductive
methods. Most importantly, upon light activation, many
organic photoredox catalysts can achieve highly negative
reduction potentials, often exceeding those of aryl bromides
and chlorides, which are typically resistant to reduction by
classical means.’®**>® Thus, photoreduction of aryl halides
represents an effective approach to aryl radical generation.

As noted earlier, 5,10-dihydrophenazine cores have recently
gained attention as potent organic photoreductants, particu-
larly through the work of the Miyake group.”® However, their
potential for the reduction of aryl halides remains unexplored.
To assess this capability, we investigated the performance of
catalysts 1 in the reductive dehalogenation of aryl iodides. We
first selected p-iodoanisole (2a) as the aryl radical precursor for
the photoinduced deiodination reaction (Table 4). The model
reaction employed 1a as the photocatalyst, Cs,CO; as the base,

This journal is © the Partner Organisations 2025
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Table 4 Conditions and catalyst screening for the reductive dehalo-
genation of p-iodoanisole 2a mediated by 17

| H
catalyst 1
D|PEA, CSzCOg
DMF, 390 nm

OMe rt, 24 h OMe

2a 3a
Entry Catalyst Cs,CO; (eq.) DIPEA (eq.) Yield 3a (%)
1? 1a 1 3 32
2P 1a 0 3 33
3b 1a 1 0 22
4 1a 1 6 39
5 1d 1 6 39
6 1f 1 6 34
7 1a 0 6 53
8 1d 0 6 31
9 1f 0 6 22
10 1a 1 0 19
11 1a 0 0 11
12 None 1 6 24

“Reaction conditions (unless noted otherwise): 2a (0.5 mmol, 1.0 eq.),
catalyst (10 mol%), room temperature, DMF, 390 nm irradiation under
argon atmosphere, 24 hours. Yields were determined from crude
'H-NMR spectra using CH,Br, as internal standard. ” Under air, using
8 mol% of catalyst.

and N,N-diisopropylethylamine (DIPEA) as the sacrificial elec-
tron donor in DMF under 390 nm LED irradiation. We hypoth-
esized that Cs,CO; would serve primarily as a counterion
source, releasing carbonate ions in DMF to stabilize the corres-
ponding radical cation (1a™). Initial experiments were con-
ducted under ambient atmosphere (entries 1-3, Table 4).
Under these conditions, the desired product 3a was
obtained in 32% yield (entry 1). Interestingly, omitting the car-
bonate had little impact on the yield (33%, entry 2), suggesting
no or only a limited role in promoting the reaction. However,
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removing DIPEA resulted in a lower yield of 22% (entry 3),
though this outcome was not reproducible (see SI). These
observations led us to suspect that even trace amounts of
oxygen in the vial headspace may interfere with the photo-
catalytic cycle, potentially by oxidizing the excited state 1a*. To
test this hypothesis, we switched to an inert argon atmosphere
to exclude oxygen and ensure consistent catalytic performance,
systematically varying catalyst and DIPEA loadings (entries
4-6, Table 4). Under these conditions, using 10 mol% of each
catalyst (1a, 1d, and 1f) gave comparable yields of product 3a
(39%, 39%, and 34%, respectively). Notably, a significant
increase in yield to 53% was observed when catalyst 1a was
used without Cs,CO; and 6 instead of 3 equiv. DIPEA (entry 7,
Table 4). However, this improvement was not mirrored with
catalysts 1d and 1f under the same conditions: catalyst 1d
maintained a similar yield of 31% (entry 8), while 1f gave a
reduced yield of 22% (entry 9).

To investigate the role of DIPEA, we performed a control
reaction in its absence, which resulted in a notable decrease in
yield to 19% (entry 10). Similarly, when only catalyst 1a and
substrate 2a were used (without any base or sacrificial donor),
the yield dropped further to just 11% (entry 11). Interestingly,
a reaction conducted without any catalyst still produced 24%
of the product (entry 12), indicating the presence of a back-
ground reaction likely driven by direct photoactivation of the
substrate. These findings suggest that both the photocatalyst
and DIPEA can enhance the efficiency of the dehalogenation
process, while Cs,CO; plays a comparatively minor role.
However, given the extent of the uncatalyzed background reac-
tivity observed with 2a, we turned our attention to a different
substrate to more clearly assess the capacity of the catalysts to
promote aryl radical generation (Table 5).

To evaluate the formation of aryl radicals, we employed an
intramolecular radical cyclization strategy based on the prin-
ciples established by Beckwith.?® According to these rules, ring
closures are classified as ‘exo’ or ‘endo’ depending on whether
the newly formed bond lies outside or inside the ring, respect-

Table 5 Intramolecular radical cyclization experiments mediated by 1°
catalyst 1
X X
©i DIPEA, Cs,COs4
S DMF, 390 nm
air
2b: X=0 3b: X=0
2c: X = NBoc 3c: X =NBoc
Entry Substrate Cs,CO; (eq.) Catalyst Yield 3 (%)
1 2b 0 la 0
2P 2b 1 1a 0
3¢ 2¢ 1 la 65
4 2¢ 0 1a 56
5¢ 2¢ 1 1f 46

“Reaction conditions (unless noted otherwise): 2 (0.5 mmol, 1.0 eq.), catalyst (10 mol%), DIPEA (6 eq.), room temperature, DMF, 390 nm
irradiation under air atmosphere, 20 hours. Isolated yields. ” 10 eq. of DIPEA in 24 hours. €17 hours.
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ively. Generally, exo-trig cyclizations are kinetically favored over
their endo counterparts.”® Thus, we selected substrates specifi-
cally designed for radical cyclization, such as ortho-iodo deriva-
tives of phenol or aniline bearing an allyl substituent. In these
systems, the aryl radicals generated upon dehalogenation were
expected to undergo preferential 5-exo-trig cyclization with the
allyl group, yielding five-membered heterocycles. Allyl ether
2b, which contains a phenolic ether group and resembles
p-anisole 2a, was chosen as the initial test substrate due to its
structural similarity and its dual role as both radical precursor
and radical trap. However, under standard conditions, the
desired cyclized product 2b was not observed (entry 1,
Table 5). The addition of Cs,CO; or increasing the DIPEA
loading to 10 equivalents failed to improve the outcome (entry
2, Table 5). We hypothesized that the electron-donating nature
of the phenol ether in 2b might destabilize the aryl radical
intermediate generated upon deiodination, thus impeding the
expected cyclization. To overcome this, we turned to substrate
2¢, which features an allyl group along with a Boc-protected
amine. We anticipated that this substrate would be more
readily reduced via single-electron transfer and form a more
stabilized radical intermediate compared to 2b. As expected,
under identical conditions, substrate 2¢ delivered the cyclized
product 3¢ in a moderate isolated yield of 65% (entry 3,
Table 5), supporting the hypothesis that photocatalyst 1a could
promote the single-electron reduction of 2¢ and subsequent
aryl radical generation. In line with Beckwith’s rules, the aryl
radical underwent an efficient 5-exo-trig cyclization with the
allyl group to form the final product. Interestingly, omitting
Cs,CO; from the reaction led to a slightly reduced but still
good yield of 56% (entry 4, Table 5). However, replacing cata-
lyst 1a with 1f under the same conditions resulted in a lower
yield of 46% (entry 5, Table 5), further highlighting the
superior performance of catalyst 1a in promoting aryl radical
cyclization.

Considering the proposed mechanism for the deiodination
of substrate 2a (Fig. 10A), it is plausible that the excited state
of catalyst 1a (E(1a*/1a™") = —2.38 V vs. SCE) facilitates a single-
electron transfer (SET) to substrate 2a (E(2a/2a™~) = —2.03 V vs.
Ag/AgNO; or —1.73 V vs. SCE).* In this process, the excited
state 1a* is quenched by 2a via electron donation, forming the
radical cation 1a™" and the radical anion 2a"~. The latter under-
goes C(sp®)-I bond cleavage, generating an iodide ion (I”) and
an aryl radical (2a"). To close the catalytic cycle, DIPEA acts as
a sacrificial electron donor, reducing 1a™* back to its neutral
form (1a), while generating the radical cation DIPEa™". The aryl
radical 2a’ then undergoes hydrogen atom transfer (HAT) with
DIPEa’", leading to the formation of the final deiodinated
product 3a and the DIPEA iminium salt.’*”” In contrast, when
using substrate 2c, the aryl radical generated under similar
SET conditions follows a different pathway (Fig. 10B). Rather
than undergoing hydrogen atom abstraction, the aryl radical
engages in an intramolecular cyclization with the pendant allyl
group, forming a cyclic radical intermediate. This intermediate
can subsequently abstract a hydrogen atom from DIPEa™,
yielding the final exo-cyclic product 3¢.**°%?7
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Catalysis studies II: excited phenazinium radical cation ([17]¥)
as electron acceptor

As discussed above, CV revealed that the one-electron oxi-
dation processes of N,N-disubstituted-5,10-dihydrophenazines
are chemically reversible, meaning that electro-generated
cation radicals are stable on the timescale of the CV experi-
ment. Additionally, SEC analysis confirmed that the resulting
radical cations in their ground states absorb visible light.
Based on these findings, we hypothesized that the excited
radical cation of N,N-disubstituted-5,10-dihydrophenazines
([17]¥) could serve as a strong photooxidant under visible
light, enabling catalytic turnover through a reductive quench-
ing pathway. To test this hypothesis, we selected the aerobic
photooxidative C-H cyanation of N-aryl-1,2,3,4-tetrahydroiso-
quinolines (4) as a model reaction.”” The 1,2,3,4-tetrahydroiso-
quinoline scaffold, a key structural motif in natural products
and pharmaceutical agents with notable biological activity,*® is
also a common model substrate in oxidative transformations,
as it features a nitrogen atom that can act as an electron donor
in photoredox cycles.?>**® In this case, we used molecular
oxygen as an external oxidant to generate the radical cation
in situ and irradiated the reaction mixture at 440 nm using an
LED lamp.

Initial experiments were conducted using N-phenyl-1,2,3,4-
tetrahydroisoquinoline (4a), trimethylsilyl cyanide (TMSCN),
and catalyst 1a under O, (Fig. 11). In the absence of catalyst,
5a still formed with 34% yield, together with 11% of 6a, indi-
cating a considerable background reactivity. In the presence of
1a, the desired cyanation product 5a and the amide side-
product 6a were formed in 45% and 19% yields, respectively,
with 92% of substrate 4a consumed. Increasing the TMSCN
loading to 2.0 equivalents led to reduced yields and lower con-
version. However, further increasing TMSCN to 4.0 equivalents
resulted in an improved yield of 5a (77%) and complete sub-
strate conversion, while suppressing the formation of 6a to
3%. Notably, even with full conversion at 5.0 equivalents of
TMSCN, no further improvement in 5a yield was observed, and
the yield of 6a increased to 24%. A prolonged reaction (48 h)
using 1.0 equivalent of TMSCN led to full conversion, yielding
5a and 6a in 63% and 5%, respectively (see SI for details).
These results confirm that the model reaction can be effec-
tively catalyzed by the dihydrophenazine core.

Encouraged by this outcome, we screened further catalysts
to identify candidates with improved performance. Using the
optimal TMSCN loading established with 1a, a range of yields
for 5a was observed depending on the used catalyst (see SI for
details). Catalysts 1d and 1f both enabled complete conversion
of 4a with high chemoselectivity, outperforming 1a. This
enhanced activity was attributed to the electron-donating
groups or extended n-conjugation in 1d and 1f. Conversely, cat-
alysts 1e (lacking n-delocalized groups) and 1g (monosubsti-
tuted with one electron-withdrawing group) gave lower yields
and reduced conversion, likely due to unfavorable excited-state
properties that limit catalytic efficiency. More specifically, the
excited-state lifetime of 1a™ was shown to be the shortest
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Fig. 10 Proposed reaction mechanism for the reductive deiodination of 2a (A) and the radical cyclization of 2c (B).
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Fig. 11 Photooxidative aerobic C—H cyanation of N-phenyl-1,2,3,4-tetrahydroisoquinolines (4a) promoted by 1a.

among the catalyst series. For 1e, the correlation of the cata-
lytic yield and the excited-state lifetime of the radical cation is
not as straightforward. This suggests that additional factors,
e.g. the excited-state geometry, redox potentials, and the exact
reaction pathway play a role. This will be further discussed
below. Given its superior performance, catalyst 1d was selected

This journal is © the Partner Organisations 2025

for further optimization. Reducing the catalyst loading
resulted in lower yields of 5a, identifying 5 mol% as the
optimal amount for this transformation. To assess the neces-
sity of oxygen, we performed a control reaction under an
anaerobic atmosphere. No product formation was observed,
and the starting material remained intact. From these studies,
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the optimal conditions for the model reaction were estab-
lished. With these, we next investigated the substrate scope to
assess the electronic and steric effects of various substituents
on the benzene ring (Table 6).

The electronic nature of the substituents on the N-aryl ring
of the substrates was found to have only a modest effect on the
reaction outcome. Substrates bearing electron-rich aryl groups,
such as a p-methoxyphenyl, delivered the desired product 5c in
good yield (82%). In comparison, slightly diminished yields
were observed with electron-deficient aryl groups. For example,
substrates featuring p-trifluoromethyl and carboxyl substitu-

Table 6 Photooxidative C—H cyanation of N-aryl-1,2,3,4-tetrahydroisoquinolines (4) mediated by 1

View Article Online

Organic Chemistry Frontiers

ents afforded products 5e and 5f in 76% and 58% yields,
respectively. These results suggest that while the reaction toler-
ates a broad range of electronic environments, electron-rich
systems slightly promote the transformation, likely due to
enhanced stabilization of radical intermediates and/or
improved oxidizability.

In addition to electronic effects, our investigation revealed
that the position of substituents on the aryl ring significantly
impacts reaction efficiency, pointing to a steric component. To
assess this, we examined substrates bearing methyl groups at
different positions on the benzene ring. The para-substituted

d ab,c

TMSCN (4.0 eq)
Catalyst 1d (5 mol%)

- e

N
/= O, MeCN, 24 h
R 440 nm
4
O N N
- ; : T T : T L
CN OMe
5a, 90% 5b, 77% 5c, 82%
 CL L L
c N CF3 c COzMe
5d, 73% 5e, 76% 5f, 58%!P]
N
Sy e Y o
59, 55% 5h, 67% 5i, 51%[°1  CF,

e

5j, 83%

“Reaction conditions: 5 mol% of catalyst 1d, 4.0 equivalents of TMSCN, and 1.0 equivalent of substrate 4 in 2 mL MeCN under an O, atmosphere
w1th 440 nm irradiation. Average isolated yleld from triplicate reactions. Complete experimental details for each product can be found in the SI.
bYield from a single reaction. © Average isolated yield from two reactions.
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substrate delivered product 5b in 77% yield, while the meta-
and ortho-substituted analogues 5h and 5g gave lower yields of
67% and 55%, respectively. These results suggest that steric
hindrance, particularly from ortho-substituents, impedes the
nucleophilic attack on reactive intermediates or reduces access
to productive geometries for catalyst-substrate interactions.

To gain deeper mechanistic insight of this transformation,
radical scavengers such as 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) and 2,6-di-tert-butyl-4-methylphenol (BHT) were
introduced into the model reaction. In both cases, the for-
mation of the desired product was completely suppressed,
suggesting the involvement of a radical pathway. To further
probe this mechanism and detect radical species, we con-
ducted electron paramagnetic resonance (EPR) studies under
standard reaction conditions (vide infra).

The ground-state oxidation potential of catalyst 1d (E(1d/
1d™*) = +0.16 V vs. SCE) is insufficient to reduce molecular
oxygen (O,), which has a reduction potential of E(O,)/0,") =
—0.88 V vs. SCE (in MeCN).®" This unfavorable thermodynamic
profile suggests that the reaction likely proceeds via the photo-
excited state of the catalyst. Upon photoexcitation, molecules
typically exhibit altered electronic configurations, which can
drastically modify their redox properties. Based on this, we

O, CN-
HAT ¥
9@ L.T. )
+ \® ®\®
4a’ HOO" 4a*

e

,?\r
10
N
Ar

1d™"
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hypothesized that catalyst 1d is promoted to its excited state
(1d*) under irradiation, enabling a single-electron transfer
(SET) to molecular oxygen. This step would generate the super-
oxide radical anion (0, ~) and the radical cation 1d"". To evalu-
ate the feasibility of this step, we estimated the excited-state
redox potential of 1d using the Stokes shift (see SI for
details)."* This value allowed us to approximate the excited-
state redox potential of the pair 1d*/1d™" as —2.81 V vs. SCE,
indicating that SET to oxygen is thermodynamically favorable.
On the one hand, catalyst turnover is not prone to occur
through reduction of the radical cation 1d™* by the substrate
4a, returning the catalyst to its neutral state. This step is
thermodynamically unviable, as shown by the redox potentials
of 1d/1d™* (+0.16 V vs. SCE) and 4a/4a™ (+1.04 V vs. SCE) in
MeCN.%” On the other hand, based on photophysical analysis,
it is possible that the excited radical cation ([1d™*]*) partici-
pates in this turnover step. The redox potential of the [1d™]
*/1d couple was estimated at +1.84 V vs. SCE (see SI), which
supports the feasibility of SET from 4a to the excited-state
radical cation [1d"]*, resulting in the formation of the tertiary
amine radical cation 4a”*. According to prior studies,?*>%°%%3
this radical cation undergoes hydrogen atom abstraction at the
benzylic position by the superoxide radical anion (0,),

PR

5a

0,

Fig. 12 Proposed reaction mechanism via single electron transfer (SET) for the photooxidative aerobic C—H cyanation of 4a promoted by 1d.
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forming a hydroperoxide anion (HOO™) and the corresponding
iminium intermediate 4a’. This intermediate is then trapped
by cyanide (CN™) from TMSCN, yielding the final product 5a
(Fig. 12).

Alternatively, the reaction may proceed through an energy
transfer (ET) pathway involving sensitization of molecular
oxygen. In this mechanism, energy transfer from the excited
triplet state of catalyst 1d to ground-state triplet oxygen (*0,)
produces singlet oxygen (*0,).>° Notably, the one-electron oxi-
dation of electron-rich compounds by 'O, is generally more
favorable than by *0,.°* Consequently, substrate 4a may
undergo oxidation by 'O, via a proton-coupled electron trans-
fer (PCET) process, yielding the aryl radical intermediate 4a’
and a hydroperoxyl radical (HOO"). These radical species can
then engage in a cross-coupling reaction to form intermediate
product 7, which, upon protonation, releases hydrogen per-
oxide (H,0,), generating the iminium-like intermediate 4a’.
Alternatively, 4a” may also form through a second step in
which HOO" abstracts an electron from the radical intermedi-
ate 4a’. Regardless of the specific pathway, intermediate 4a*
subsequently reacts with cyanide (CN™) to afford the final
product 5a (Fig. 13).

Additional EPR experiments were conducted to gain deeper
insight into the reaction mechanism. In the presence of O,,
the EPR spectrum of the reaction mixture prior to irradiation
displayed a signal corresponding to the phenazine radical
cation of photocatalyst 1d, characterized by g = 2.004 and a
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hyperfine splitting of 2 x Ay = 6.53 G (Fig. 14, black trace;
simulated spectrum in Fig. S21a).”° As previously discussed,
the spontaneous single-electron transfer (SET) from catalyst 1d
to molecular oxygen generating the radical cation 1d™"
thermodynamically unfavorable. However, this process can
still proceed when the generated superoxide anion (O,7) is
removed from the equilibrium by an irreversible follow-up
reaction. The high reactivity of O,"™ allows it to quickly react
with protic substances (such as adventitious moisture or other
proton donors present in the reaction mixture),®> a phenom-
enon well documented in earlier studies.>*** Consequently,
the detection of 1d™, particularly in the early stages of the
reaction, supports the feasibility of the SET pathway, as illus-
trated in Fig. 12. Notably, the intensity of the EPR signal of
1d™*, gradually diminished and nearly disappeared within the
first hour of irradiation in the absence of oxygen (Fig. S19b),
supporting the key role of oxygen in the reaction mechanism.
Upon short-term irradiation, the use of DMPO as a spin-
trapping reagent revealed the formation of the DMPO-"OOH
spin adduct, followed by the detection of a carbon-centered
radical DMPO adduct (Fig. S20 and S22). The appearance of
the [DMPO-OOH]" adduct indicates the presence of superoxide
radicals generated during the photoreaction.®® Furthermore,
after irradiation, the EPR spectrum of the reaction mixture dis-
played a characteristic 14-line signal (g = 2.004; Ay = 15.75 G, 2
x Ay = 11.11 G, 2 X Ay = 6.24 G, Ay = 5.36 G), consistent with
the formation of the aryl radical intermediate 4a" (Fig. 14, red

4a’

NS

@%0

H202

Fig. 13 Proposed alternative reaction mechanism via sensitization of molecular oxygen through energy transfer (ET) for the photooxidative aerobic

C—H cyanation of 4a promoted by 1d.
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Fig. 14 EPR spectra of reaction mixture for photooxidative cyanation of
4a promoted by 1d under O, flow in the dark (black trace) and after
1 hour of irradiation (red trace) at room temperature.

trace; simulated spectrum in Fig. S21b). It should be noted
that the formation of 4a” is only observed in the presence of O,
(Fig. S19a), well in agreement with the ET mechanism in
Fig. 13.

To evaluate the feasibility of '0,-mediated oxidation, we
replaced our catalyst with 5,10,15,20-tetraphenylporphyrin
(TPP), a well-known photosensitizer with a long-lived triplet
state and high quantum yield for 'O, generation.®” Under
these conditions, complete conversion of substrate 4a was
observed, and product 5a was obtained in excellent yield (83%)
(see SI), supporting the potential involvement of an ET
pathway. However, literature reports that when the same 'O,
generation system (TPP in dichloromethane) was applied to
the more electron-rich substrate 4c¢, no formation of product
5¢ was observed despite full substrate consumption.®® This
suggests that although oxygen sensitization via ET (Fig. 13)
can occur under the reaction conditions, it does not univer-
sally lead to productive outcomes. These findings support
potential coexistence of both mechanistic pathways, the energy
transfer (ET, Fig. 13) and the single-electron transfer (SET,
Fig. 12), with the dominant mechanism likely dependent on
the electronic nature of the substrate.

Conclusion

We developed a new class of organophotoredox catalysts based
on the 5,10-dihydrophenazine core, functionalized with het-
erocycles serving as electron-withdrawing groups. These cata-
lysts were comprehensively characterized using cyclic voltam-
metry (CV) and spectroelectrochemistry (SEC), providing
insight into their redox behavior and photophysical properties.

This journal is © the Partner Organisations 2025
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Excited-state analyses revealed that the catalysts act as potent
photoreductants, enabling the activation of C(sp*)-I bonds
through single-electron transfer, thereby facilitating the gene-
ration of aryl radicals under visible-light irradiation. Beyond
their reductive capabilities, the excited-state radical cations of
these catalysts were shown to participate in oxidative trans-
formations. This dual reactivity was exemplified in the oxi-
dative C(sp®)-H cyanation of tertiary amines, highlighting the
Janus-type redox behavior of the system. Mechanistic studies,
including electron paramagnetic resonance (EPR) spectroscopy
and time-resolved transient absorption measurements, further
confirmed the intermediacy of both radical species and the
catalyst’s role in the photoredox cycle.

Tentative structure-activity relationships of the dihydrophe-
nazine derivatives can be correlated from their redox poten-
tials, excited-state lifetimes and catalytic efficiencies (Tables 2
and 3). Catalysts 1d and 1f demonstrated exceptional perform-
ance in photooxidative cyanation, achieving yields of >99%
and 99%, respectively. This high reactivity is likely due to their
relatively high excited-state oxidation potentials (E([17]*/1) =
+1.84 V for 1d and +1.65 V for 1f vs. SCE) and long excited-
state lifetimes (225 and 109 ps, respectively), promoting
efficient single-electron oxidation of the amine substrate. In
contrast, catalyst 1e exhibited a lower oxidative yield of 48%,
despite possessing the most reducing excited singlet state
(E(1*/1") = —2.93 V vs. SCE) and a long-lived excited radical
cation (188 ps). This suggests that factors beyond redox poten-
tial, such as solubility or aggregation, may influence reactivity.
In the photoreductive dehalogenation of aryl iodides, catalyst
1a produced a yield of 53%, whereas 1e and 1f produced
reduced yields of 31% and 22%, respectively. Interestingly,
despite having the shortest excited-state lifetime (62 ps), 1a
outperformed the other catalysts in the reductive process. This
may reflect a favourable balance between its redox potential
(E(1*/1") = —2.38 V) and structural stability under reducing
conditions. In contrast, the lower yields observed for 1e and 1f
in deiodination reactions may be due to limited stability under
photoreductive conditions rather than poor reactivity.
Although our focus was on electronic and photophysical para-
meters, post-reaction analysis would be necessary to eliminate
the possibility of these catalysts degrading during the reaction.
This highlights the need for future studies to investigate cata-
lyst stability and decomposition pathways under diverse photo-
redox conditions.

The unique redox flexibility of these phenazine-based cata-
lysts positions them as promising candidates for a broader
range of applications in challenging photoredox processes,
beyond the specific transformations explored here. Their per-
formance is comparable to that of state-of-the-art organic
photocatalysts, such as phenothiazines, acridinium salts and
carbazoles. They offer complementary excited-state potentials
and longer-lived radical cation states. Their ability to engage in
both oxidative and reductive quenching pathways under visible
light distinguishes these catalysts, and future studies will seek
to delineate their functional scope, limitations, and compat-
ibility in more complex reaction systems. Collectively, these
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findings establish 5,10-dihydrophenazine derivatives as versa-
tile and tunable platforms for both reductive and oxidative
photoredox catalysis, broadening the scope of metal-free
photocatalytic transformations.
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