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We have prepared several 2,5,8-trialkoxyheptazines starting from
the soluble precursor 2,5,8-tris(3,5-diethylpyrazolyl)-heptazine. We
present their syntheses along with their promising spectroscopic
and electrochemical properties, which demonstrate large band
gaps and high reduction potentials altogether. Following, we
provide a short assessment of the promising ability of one of these
molecules to perform catalytic oxidation test-reactions.

Heptazines (Scheme 1) are a fascinating family of high nitrogen
aromatic fused tricyclic compounds because of their high
nitrogen content, associated to their benzene-type aromaticity,
which make them a unique case of electron deficient organic
compounds. Their high electron deficiency lies between the
triazines and the tetrazines, two other classes of analogous
widely studied heterocycles. Because of this reason, heptazines
can be reduced, sometimes reversibly, at a relatively high
potentials!, which opens interest in view of application for
photovoltaic devices. Actually, despite their nitrogen to carbon
(N/C) ratio of 1.15 is closer to triazines (equal to 1), their
reduction potential is surprisingly closer to tetrazines than
triazines.? Likely, the smaller contribution to the electron
affinity linked to the N/C ratio is balanced by the electron
delocalization over the three rings. In addition, many of the
relatively rare heptazines known to date present desirable
properties. Especially, their fluorescence emission3 has been
exploited in liquid crystalline materials* and OLEDs devices.>

Finally,
demonstrated outstanding photocatalytic properties,® 7 and the
heptazine core might well be one of the rare molecular

even more attracting, heptazine polymers have
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platforms which could give birth to molecular catalysts able to
perform water splitting®19, the holy Grail of all photocatalytic
processes. Two recent reviews have made a point on this highly
interesting family of heterocyclic compounds!® 12, |n line with
these facts, organic photocatalysis also has recently known a
fast regain of interest!3-15, given the price and limited availability
of transition metals photocatalystsi®. The use of heptazine
derivatives as photooxidants appears therefore as an obvious
alternative to classical organometallic photooxidants.?

These facts have therefore stimulated considerable interest in
the preparation of novel heptazines. However, the synthetic
chemistry of heptazines is much more challenging than the one
of its parent aforementioned heterocycles!®. Almost all the
synthetic methodologies reported to date start only from the
trichloroheptazine!? 20, (sometimes designed as cyameluric acid
chloride). However, although effective, there are several
drawbacks to the use of trichloroheptazine: (1) Its high
sensitivity to hydrolysis and poor solubility in most common
solvents and (2) its delicate synthetic route originally reported
by Kroke et al.2! for which dedicated equipment is required, for
safety reasons. To overcome this limitation, we recently
reported the facile synthesis of a new heptazine derivative,
2,5,8-tris(3,5-diethyl-pyrazol-1-yl)-heptazine? (Scheme 1,
designed by 3PyHept in the following), possessing
exchangeable diethylpyrazolyl leaving groups which can serve
as a key intermediate to access several new heptazines
derivatives by nucleophilic substitution, with various amines,
aliphatic and aromatic thiols2.

In this article, we report our development in synthesis of new
heptazines bearing various alkoxy groups. The resulting family
of molecules (1a-e, Scheme 1), outside the unique member
2,5,8-triphenoxyheptazine??, has been unknown until now.
These molecules emit a blue fluorescence, with reasonable
quantum vyields in the 20% range in dichloromethane solution,
and present mild to strongly oxidizing excited states, according
to the electron deficiency of the alcohol substituted. As a
consequence, we report along, with the molecule of this family

displaying the strongest oxidant character, a couple of



preliminary examples of their photocatalytic activity on
unprecedented examples with organic photocatalysts.
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Scheme 1. Synthesis of alkoxyheptazines

The synthesis of trialkoxyheptazines occurs straightforwardly
via a nucleophilic substitution reaction on 2,5,8-tris(3,5-diethyl-
pyrazol-1-yl)-heptazine (3PyHept), which is less reactive than
trichloroheptazine, and therefore base activation has to be used
to promote the substitution reaction of pyrazoles. This is very
similar than previously noticed by us with dichlorotetrazine.23-2
In dichlorotetrazine, the chlorines are less reactive than in
trichloroheptazine; therefore, for substitution with alcohols,
collidine is needed for the first substitution step, and DMAP for
the second one. With 3PyHept, all pyrazoles more or less
display the same reactivity than chlorines with tetrazines,
therefore collidine, or DMAP were found to be proper catalysts
altogether. More specifically, we have been able to react
3PyHept with linear primary alcohols (hexan-1-ol, butan-1-ol or
trifluoroethanol) using 2,4,6-collidine as a base to obtain the
corresponding heptazines 1b, 1c and 1le with average to
excellent yields. For more hindered alcohols (bulky or ramified),
DMAP was used and heptazines 1a and 1c could be obtained
with yields around 40% (see ESI for details).

We have performed electrochemical reduction of all the
heptazines 1 (Ag/AgCl reference, checked vs ferrocene, E°
(Fc/Fc+) = 0.325 V); the redox potentials are all equal to
approximatively - 2.2 V for standard alcohols (estimation + 50
mV, since reversible CV's were not obtainable for these
compounds), with the obvious exception of 1e which is reduced
(reversibly) at -1.55 V. Not surprisingly, all derivatives from
aliphatic alcohols are reduced at the same potentials, as a result
of analogous electronic effects. The only exception is the
trifluoroethyl (TFE) derivative, which is reduced at a potential
about 0.7 V higher, as a result of the strong electron-
withdrawing effect of the trifluoromethyl groups, as already
observed with tetrazines2®. The relatively low redox potential of
the standard alkoxyheptazines suggests that these molecules
could behave as interesting platforms for substitution on
heptazines with strong nucleophiles (e.g. Grignard reagents),
since electron transfer with electron rich nucleophiles should be
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blocked, while substitution chemistry may remain possible. On
the other hand, (see next part) the relatively high potential of
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Figure 1: for heptazine 1e optimized geometry, HOMO and LUMO representations (top),
low energy UV-Vis absorption band (dashed line) and fluorescence emission (plain line)
in dichloromethane (bottom left); fluorescence decay in aerated dichloromethane (in
red) and after 5 min degassing with Ar (in blue) (bottom right)

The spectroscopic characteristics of heptazines have been
investigated in DCM solution. All compounds absorb light in the
UV with an intense (g 2.10* L. moll.cm) absorption band
around 270 nm and a low energy weaker band around 340 nm
with a molar extinction coefficient € between 400 and
500 L. moll.cm? (see figure 1 and table 1). As expected, the
positions and intensities only weakly depend on the nature of
the alkoxy substituent. The results are summarized on the Table
1 below. All trialkoxyheptazines display a broad fluorescence
emission band in the visible with a maximum between 408 and
412 nm depending on the substituent. These compounds
display (Table 1) the strongest emission of all reported
heptazines to date, at the exception of the aryl heptazines
reported by C. Adachi et al®> 27. To our delight, all the
trialkoxyheptazines studied display very long fluorescent decay
times (table 1), that significantly increase upon degassing the
solution with argon (figure 1, bottom right), which strongly
suggests that these compounds are TADF emitters. In all cases,
the fluorescent decays can be fitted with two exponentials,
which is indicative of several emissive conformers and will be
further investigated.

DFT and TD-DFT calculations were conducted at the B3LYP 6-
311G+(d, p) level of theory for compound 1c and 1e.
Interestingly, the LUMO of compound 1e (-2.79eV) is
significantly lower in energy than the LUMO of compound 1c
(-2.32 eV) which is in line with the reduction potentials
experimentally measured. The absorption bands (see ESI) are
correctly predicted by calculations, which allows us to attribute
the lowest absorption band to a HOMO-LUMO transition.
Examination of the frontier orbitals (see figure 1, top and ESI)
reveals that the HOMO-LUMO transition has an n-n* character,
as already demonstrated for other heptazine derivatives3 which
is fully consistent with its low molar extinction coefficient and
long fluorescence lifetimes, even in aerated solution.
Furthermore, TD-DFT calculations reveal that for heptazine 1c

This journal is © The Royal Society of Chemistry 20xx
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and 1e, the first triplet and singlet excited states, both of n-n*

character, are close enough in energy (energy gaps of 110 and
1040 cm™) to favour thermally activated delayed fluorescence.
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Table 1: Spectroscopic data for heptazines 1a-e in DCM solution (molar absorption
coefficient €, absorption maxima Aus fluorescence emission quantum vyield QY
determined using quinine sulphate as a reference, emission maxima A, and
fluorescence emission decay times t; (ns), together with their corresponding normalized
preexponential factor a;, measured on aerated and degassed solutions.

Combining the redox potential in the fundamental state
with the bandgap of heptazine 1le (c.a. 3.4 eV, from the
spectroscopic data) allows to estimate (neglecting the solvent
influence) a redox oxidation potential of + 1.85 V (vs Ag/AgCl),
that is, about + 1.8 V vs the SCE, for its excited state (Figure 2).

Heptazines
Mes-Acr+ E'=1.52V 4CzIPN  Fluorescein
E'= 2.06V (arrow at 1.8 V) El=1.49v E=0.78V
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Figure 2. Electrochemical potentials estimated (beyond solvent effects) from the
measurements of electrochemical and spectroscopic data for the excited states of
various classical organic catalysts, including tetrazines and heptazines.

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

As aforementioned, heptazines are potentially excellent
candidates for photocatalysis due to their increased light
absorption across the near UV spectrum and longer excited-
state lifetimes in comparison to other organic photocatalysts.
To highlight their specific reactivity, we evaluated them on
reactions requiring strongly oxidative potentials. The organic
dyes were tested in three acid-photocatalyzed oxidative
reactions, including the C-S bond functionalizations and the
synthesis of nitrone.

Recently, we have demonstrated that 3,6-disubstituted s-
tetrazines, were efficient organic photocatalysts to promote
oxidative C—S bond cleavage. 28 To evaluate the performance of
heptazines in this reaction, our initial reaction was carried out
by subjecting benzylthioeter derivative 2a  to our previous
established conditions?8 utilizing 1e as photocatalyst, oxygen as
co-oxidant in acetonitrile at room temperature. Gratifyingly, the
desired triarylated product 4 was obtained in 98% yield( figure
3). Control experiment showed that the reaction of 2a
proceeded in 9% conversion in the absence of O,. Although the
formation of oxygen singlet cannot of course be excluded??, this
result strongly supports a photocatalytic process, because
otherwise only traces of products would have been observed,
at best, in the absence of O,. Extension of this novel photo-
catalysed protocol to a a-carbamoylsulfide 5
successful with trimethoxybenzene 3 or pyrazole 7 as
nucleophiles, delivering products (6 and 8) that have potential
applications in medicinal chemistry.28<Encouraged by the result,
we next turned our attention to develop a photocatalyzed Diels-
Alder reaction of 2b with the styrene 5 by using the same C-S
bond cleavage method. A highly regioselective [4 + 2] oxidative
cycloaddition product 10 was isolated in 80% vyield and 3:1 dr.
Finally, we investigated whether these new organic dyes would
be suitable for the oxidation of hydroxylamines into valuables
nitrones. A short optimization study, established that 1e in TFE
was effective for this oxidation, giving the nitrone 11 in 70%
yield (figure 3).

These selected reactions demonstrate the high potential of
these catalysts to promote challenging oxidation reactions.
Despite yields are not yet optimized, this constitutes a
preliminary demonstration that 1e heptazine is already
amongst the most efficient purely organic photocatalysts
known to date.

was also
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Figure 3. Selected examples of photocatalyzed transformations

In conclusion, we have demonstrated that, besides the already
prepared thio- and amino- derivatives, the yet unknown stable
alkoxy derivatives of heptazine can be prepared from the
recently discovered 2,5,8-tris(3,5-diethylpyrazol-1-
yl)heptazine, thus extending further on the synthetic scope of
this synthon. In addition, we have demonstrated the superior
efficiency of the 2,5,8-tris(TFE)heptazine, which is already the
most effective purely organic photooxidant known to date.
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This is all the more possible since heptazines' long emission
is most probably linked to a TADF process, and this is favor
of the participation of the triplet state to their
photochemistry.
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