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In this work, the synthesis of an N-monoarylated dihydrophenazine
is reported together with its interconversion to its oxidized mono-
cationic form. While the reduced state was employed for the
dechlorination of aromatic substrates, the oxidized mono-cationic
one was exploited for the formation of C—N bonds between aryl
rings and azoles, which was achieved with high yields and very low
catalyst loadings (down to 0.5 mol%).

N,N-Diphenyl-dihydrophenazines belong to a class of aromatic
compounds that have undergone a renaissance in the last few
years, due to their great potential for sensing,' ™ light emission,*”
molecular switching®” and catalysis.* ' In particular, dihydro-
phenazines have been extensively investigated, especially as
photo-reducing agents (Fig. 1, 1).>'° In this perspective, we
recently demonstrated that through m-extension of the dihydro-
phenazine scaffolds, it is possible not only to tune the optoelec-
tronic properties, but also to introduce hydroxyl functional
groups on the m-extended scaffold, which enables efficient
photocatalysis.'> Moreover, m-extension coupled with the design
of the aromaticity patterns, resulted in much more accessible and
stable dicationic states.”'* Given their electron-depleted nature
and generally intense absorption in the visible region, dicationic
oxidized states of dihydrophenazines should present great
potential as organo-photo oxidizers, leading to the potential use
of both states (neutral and dicationic) as active photocatalysts.
This is of course highly interesting since it would enable the use
of the same scaffold for different photo-redox reactions, resulting
in a great versatility and practicality. Despite this, while many
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examples of photocatalytic applications of the neutral dihydro-
phenazine have been reported, the use of dicationic dihydro-
phenazine derivatives for this application has been hindered by
their reactivity'® and general instability towards moisture and
nucleophiles which persisted, albeit to a lesser extent, also in
n-extended derivatives.” One possible solution to this, could be
the preparation of N-monoarylated dihydrophenazines, which
upon oxidation should form mono-cationic phenazine deriva-
tives (1 and 1°%, Fig. 1).

The latter should present an ideal balance between stability
and reactivity aiming at catalytic applications, possibly with
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Fig. 1 Previously reported photocatalytic systems and recent work on
n-extended N,N-diphenyl dihydrophenazine systems.
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activities similar to or better than those of the well-established
acridinium catalysts (Fig. 1, IT).">® From this point of view, a
few examples of mono-cationic phenazinium cations have been
reported in the literature, and have been generally exploited for
DNA binding'® or, in a notable example, photocatalytic oxida-
tion of aldehydes to amides.”® In the former example,
n-extended systems were used,"® while in the latter the simpler
phenazine ethosulfate (Fig. 1, II) was employed with low
(1-2 mol%) catalyst loadings resulting in promising high
yields.*® Some more examples of similar mono-cationic systems
employed as photocatalysts exist, but are generally based on
functionalized safranine dyes presenting excited state oxidation
potentials much lower than acridinium systems.>'>*

Based on this, to prepare target molecule 1, it was decided to
start by synthesising phenanthrene diimine 2, presenting ¢Bu
groups for enhancing the solubility of the system. To achieve
this, phenanthrenequinone was treated with 4-tBu aniline in
the presence of TiCl, and pyridine, resulting in the formation of
2 in a 40% yield (Scheme 1). As correctly reported by Hoye and
co-workers, also diamine 3 was isolated in a modest 9% yield.
Subsequently, 2 was refluxed in a THF/EtOH mixture. As a
result, after 3 hours, the formation of the desired product could
be observed, which proved to be 1 (see Fig. S32-S37, ESI{) in
accordance with the expected 6m-electrocyclization.”* Since 1
proved to be partially oxidized during the reaction, this was
repeated with the addition of 1 equivalent of NaBH, resulting in
a cleaner outcome with isolation of 1 in a 63% yield. Derivative
1 proved to be stable for weeks in the solid state and could be
completely characterised via nuclear magnetic resonance
spectroscopy (NMR). Given that the two-electron oxidation of
1 should result in the formation of phenazinium system 1°*, the
former was treated with an excess of AgSbF¢ (3 equivalents)
resulting in an immediate colour change from faint yellow to
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Scheme 1 Synthetic procedure for the preparation of 1 and 1°*.
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brown/orange associated with the presence of a new species.
After filtration to remove silver salts and reprecipitation from
Et,O, the new compound was isolated and characterised by
NMR and high-resolution mass spectroscopy (HRMS) confirm-
ing the structure of 1°%. Interestingly, the conversion between 1
and 1° proved to be chemically reversible by treating the
latter with NaBH,, as demonstrated by NMR experiments
(see Fig. S23-S25, ESIt), thus enabling the interconversion
between the two species. To prove the usefulness of derivatives
1 and 1% as organo-photocatalysts, the optoelectronic proper-
ties of both derivatives were analysed. Derivative 1 presents an
absorption with a A,,.x = 354 nm, tailing in the visible region
(up to ca. 450 nm), associated with a broad emission Ap.x =
590 nm (Fig. S1, ESIt). On the other hand, 1° presents a more
red-shifted absorption with A, = 462 nm in the blue region of
the spectra, resembling similar derivatives reported in the
literature.’® Also in this case, the emission is broad with
Amax = 630 nm associated with a less marked Stokes shift
compared to 1 (Fig. S7, ESIT). For both species the quantum
yields proved to be modest, with a value <5% for 1 and of 5%
for 1°. Cyclic voltammetry measurements were carried out for
both compounds in CH,Cl,. In the case of 1 only a single quasi
reversible oxidative event was visible at E;;, = +0.24 V vs. SCE
(Fig. S17, ESIf). On the other hand, for 1°* two reversible
reductive events were observed, at E;, = —0.21 and —0.84 V
vs. SCE (Fig. S18, ESI{) while no oxidations were detected.
Based on these values, using the Rehm-Weller equation,* it
was possible to estimate an excited state oxidation potential of
—2.25V for 1 and an excited state reduction potential of +2.13 V
for 1°%2° suggesting that indeed the two derivatives are highly
promising in terms of photo-reduction and oxidation of organic
substrates. In particular, in the case of 1°%, the observed excited
state oxidation potential is close to that of some of the most
oxidant acridinium ions reported in the literature.">'® To
evaluate the photocatalytic activity of the 1/1°* couple, it was
decided to start with derivative 1 as a photo-reducing agent, by
using the dehalogenation of 4-chlorobenzonitrile as the test
reaction. As such, 10 mol% of 1 in DMF [0.1 M] was irradiated
together with the substrate and 1 equivalent of DIPEA, with two
456 nm kessil lamps for 20 h. As a result, the dehalogenation
product could be obtained in a 39% yield (Table S1, ESIf).
Increasing DIPEA to 10 equivalents only resulted in a slight
increase in the yield. Substituting DIPEA with 10 equivalents of
DBU resulted in a marked improvement (84%, entry 3,
Table S1, ESIf). While increasing or decreasing the DBU
equivalents did not enhance the reaction outcome (entries 4
and 5, Table S1, ESIt), the addition of 1 equivalent of DIPEA
(in the presence of 10 equivalents of DBU) resulted in a
quantitative conversion (>95%). As a control, a reaction was
carried out in the absence of 1, resulting in the complete loss of
reactivity. The same happened when the reaction was carried
out in the dark, suggesting that the reaction is indeed
photocatalytic.

Finally, performing the reaction in air resulted in only 15%
yield, highlighting the radical nature of the process. Based on
these results, several substrates were evaluated (Fig. 2),
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Fig. 2 Substrate scope for photo-reductive dehalogenation using 1 as a
photocatalyst. *NMR yields obtained with trichloroethylene (TCE) as an
internal standard.

demonstrating that it is possible to dehalogenate systems
containing esters (4d), ketones (4b), polyaromatics (4e) and
also non-activated biphenyls (4¢). To complete the mechanistic
investigation, a Stern-Volmer titration was performed with 4a
as a quencher on a 1.0 x 10~> M solution of 1 in DMF resulting
in a visible quenching of the emission (Fig. S4, ESIT). Also, no
EDA complex formation was observed in different mixtures of
4-chlorobenzonitrile, DBU and 1 in DMF (Fig. S3, ESI{), sug-
gesting that the reaction is based on a SET event from 1 to 4a.
Overall, these results and the marked improvement of the
reaction outcome in the presence of a base (DBU) led us to
hypothesise a mechanism involving a proton-coupled electron-
transfer plausibly similar to the one reported by Bortolato et al.
(Fig. S14, ESI{).”” This is consistent with the presence of a
hydrogen bonding interaction between DBU and the NH proton
in 1 as highlighted by an NMR titration performed in DMF
(Fig. S20, ESIT). The catalytic behavior of 1°* was then studied
in the photo-oxidation of anisole (6a), followed by trapping of
the resulting radical with 1H-pyrazole (Table S3, ESI)."” A first
reaction was carried out by irradiating a 0.1 M solution of
anisole in dichloroethane (DCE) with 10 mol% of 1° under air
for 18 h. The desired product 7a was formed in a 73% yield as a
4.6:1 mixture of p:o isomers (Table S3, ESIT). Building on this
encouraging result, the reaction was repeated twice adding
10 and 20 mol%, respectively, of TEMPO as additive,"” which
however did not result in improvement of the reaction yield
(entries 2 and 3, Table S3, ESIf). At this point o-dichloro-
benzene (ODCB) was used in place of DCE (entry 4, Table S3,
ESIt), resulting in a marked increase of the yield up to 92%.
Also in this case, performing the reaction in the absence of
catalyst resulted in a complete loss of reactivity, as did carrying
out the reaction in the absence of light (entries 5 and 6,
Table S3, ESIT). Interestingly, decreasing the catalyst content
from 10 mol% to 2.5 mol% did not affect significantly the
reaction outcome, while moving down to 1.0 and 0.5 mol% only
resulted in a moderate decrease in yield (entries 9-11,
Table S3, ESIT). Also, irradiating the reaction at less energetic
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Fig. 3 Substrate scope for the photo-oxidation reaction using 1°* as a
photocatalyst. *NMR yields obtained with TCE as an internal standard.
Yields in parentheses are isolated yields.

wavelengths (525 nm) resulted in a good reactivity (entry 8,
Table S3, ESIf) with a 63% yield of the desired product.
Performing the reaction under an inert atmosphere (argon)
resulted in a marked yield decrease (entry 12, Table S3, ESIf),
highlighting the important role of oxygen in the reaction
mechanism. Since 1 is known to be oxidized in air, the reaction
was repeated using 2.5 mol% of 1 as the catalyst, resulting in a
24% yield of 7a. This suggests that 1 can be oxidized in the
reaction conditions to the active species resulting in reactivity
albeit with lower yield than with isolated 1°*. Increasing the
amount of 1 resulted in an enhancement in the yield of 7a up to
40% (entry 14, Table S3, ESIf). To understand if 1°* was
responsible for this reactivity, a solution of 1 was irradiated
for 2 hours at 456 nm and upon UV-Vis analysis the absorption
of 1°* was clearly visible (Fig. S13, ESIT). Having defined the
best conditions for the reaction, different substrates were
tested (Fig. 3). From this point of view, performing the reaction
on diphenyl ether resulted in a quantitative conversion to 7b,
while using less activated biphenyl as a substrate produced a
64% yield of 7c as a single isomer. Naphthalene derivative 7d
was also obtained in a good 52% yield, while halo derivative 7e
resulted in a lower 38% yield.

Finally, different azole derivatives were tested: in the case of
methylated 1H-pyrazoles, derivative 7f was obtained with an
89% yield, and when benzotriazole was used instead, 7g was
formed quantitatively, whereas the use of the halogenated 5,
6-dichloro benzimidazole resulted in the formation of 7h in a
60% yield. To elucidate the reaction mechanism, also in this
case UV-Vis experiments were carried out. As for 1 no EDA
complexes were visible by adding 100 or even 1000 eq. of 6a to
1°* (Fig. S11, ESIf). Instead, when a Stern-Volmer titration
was performed on 8.3 x 107® M of 1°* using anisole 6a as a
quencher, a clear decrease in the emission was visible, suggest-
ing that the photooxidation is occurring via a SET event from 6a
to 1°° (Fig. S9, ESIt). This result, together with the previous
experiments suggests that the reaction should occur following
a similar mechanism to the one reported by Nicewitz and

This journal is © The Royal Society of Chemistry 2025
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co-workers for acridinium ions (Fig. S15, ESIT)."” In conclusion,
in this work, the synthesis of a novel N-monoaryl dihydrophe-
nazine is reported along with its oxidation to the corresponding
monocationic derivative 1°*. The compounds were completely
characterised, also demonstrating the reversibility of the
oxidation/reduction process. Moreover, both forms proved to
behave as effective photocatalysts. In particular, 1°* was
shown to promote the oxidative coupling between electron rich
aromatics and azoles at low catalyst loadings (from 2.5 to
0.5 mol%) and without the need for additives or pure O,
atmospheres. As such, the present work is a relevant imple-
mentation of the recent studies on m-extended dihydrophena-
zine systems, which are expected to be further developed for
catalytic and material applications in both their reduced and
oxidized forms.
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tualization, writing of original draft.
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