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The straightforward access to N- or C-substituted dinitro- ) HNIjNH oxidant Y 2 Neg )
tetraamino-phenazines (P1-P5) is enabled in oxidative condi- ON ‘ Ry N v 3
tions via two intermolecular C-N bonds formation from accessi- : Holo, N ' l »
ble 5-nitrobenzene-1,2,4-triamine precursors. The photophysical R =alkyloranyl; Y = H Phenazines R I 'i?)rgg_'
studies revealed green absorbing and orange-red emitting dyes, R=H Y =CCSiPr, (P1-P5) . L

with enhanced fluorescence in the solid state. Further reduction R:HV
of the nitro functions led to the isolation of a benzoqui- NH, NH, NH; NH
nonediimine-fused quinoxaline (P6), which undergoes diproto- AN A+ 2H N NH,

nation to form a dicationic coupled trimethine dye absorbing be- HN? N o HN SN

yond 800 nm

Phenazines are tricyclic dibenzannulated heterocycles
containing a central pyrazine core, well-known as naturally
occurring substances, biologically active species and dye-
stuffs (e.g. safranine, neutral red).2-6 Beyond being popular
chromophores, their unique optical and electrochemical
properties allowed for their use as chemosensors’® or pho-
tocatalysts for photopolymerization or cross-coupling reac-
tions.®1* In organic electronics, phenazines have demon-
strated their potential as low bandgap semiconductors in so-
lar cells,’213 and as electro-active compounds in batter-
ies.'*15 They have also found a particular interest for the
elaboration of organic light-emitting diodes (OLEDSs), notably
due to the rigidity and electron-withdrawing character of the
phenazine core, which is beneficial for designing thermally
activated delayed fluorescent dyes,6 as exemplified with the
recent report of sterically hindered tetrabenzophenazine-
phenoxazines that afforded efficient orange-red OLEDs.Y”
Furthermore, the straightforward synthesis of simple phena-
zines through polycondensation reactions enables the prep-
aration of various 1-extended planar chromophores derived
from azaacenes, and this motif can be found in many poly-
aromatic heterocyclic nanographenes,® two-dimensional
conjugated macrocycles, 3D porous architectures,?%-?2 as
well as helicoidal derivatives.?32*

Seminal strategies to access phenazine dyes are based on
the condensation of nitrobenzene and aniline derivatives at
high temperature in the presence of base (Wohl-Aue proce-
dure), the ring enlargement of benzofuran-1-oxide (Beirut re-
action) and the condensation of 1,2-diaminobenzenes with
various diones or o-benzoquinones.?® Other notable ap-
proaches rely on the reaction of 0-aminobenzophenones and
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Near-infrared dication l I Benzoquinonediimine-fused

(P6°2H*) quinoxaline (P6)

cyclohexanones,?® or on several catalytic processes includ-
ing straightforward metal-catalyzed intramolecular cycliza-
tion or N-arylation.?” Interestingly, a handful of works report
the formation of phenazines via the intermolecular formation
of C-N bonds in ortho position between two electron-rich ar-
omatic amines.?® Such reaction, particularly relevant for the
present contribution, can occur in the presence of an oxidant
such as dioxygen, potassium dioxide or 2,3-dichloro-5,6-di-
cyano-p-benzoquinone (DDQ) to form extended phenazines
from amino-derivatives of naphthalene, carbazole or anthra-
cene.?®-32 These protocols principally afford mono- to tetra-
substituted phenazines, the principal examples of per-substi-
tuted derivatives being the tetrabenzo[a,c,h,jjphenazines.t25

Herein we describe a straightforward synthetic approach
to access N- or C-substituted dinitro-tetraamino-phenazines
via the intermolecular C-N bonds formation between two 5-
nitrobenzene-1,2,4-triamine precursors (self-condensation),
obtained through a controlled mono-reduction protocol. The
new phenazines P1-P5 (Scheme 1) feature four amine moi-
eties (positions 1,3,6,8) and two nitro groups (positions 4,9),
and their structures were varied via the introduction of N-sub-
stituents or ethynyl functions (positions 2,7). We investigated
the impact of such modifications on their redox and optical
properties, including their solid-state enhanced emission.
Moreover, the reduction of the nitro functions borne by the
phenazine P5 led to a unique benzoquinonediimine-fused
quinoxaline P6 absorbing in the near-infrared (NIR) upon di-
protonation, due to the generation of two cationic coupled tri-
methines.*3



Scheme 1. Synthesis of Phenazines P1-P5

For P1-P3:
RNH, Pd/C, NoH4H,O p-chloranil, DCM
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The three-step synthesis of phenazines P1-P3 starts from
1,5-difluoro-2,4-dinitrobenzene that undergoes nucleophilic
aromatic substitution with primary aryl- or alkylamines to
readily afford la-c (295%). Compound 1d is prepared in
aqueous ammonia and its halogenation using N-iodosuccin-
imide provides compound 2 with 90% yield. The Sonogashira
cross-coupling between 2 and ethynyltriisopropylsilane is
carried out in the presence of catalytic amounts of Pd(ll) and
Cu(l) complexes, to give the intermediate 3a with 81% yield.
Prior to this synthesis, conditions were optimized with the
less costly ethynyltrimethylsilane and showed that the reac-
tion at room temperature using N,N-dimethylformamide as
solvent leads to the highest yield of 3b (Table S1). Interest-
ingly, the selective reduction of only one nitro function of la-
c or 3a s efficiently performed with hydrazine in the presence
of 5 mol% of Pd/C in up to 2 hours in tetrahydrofuran (THF).
Such reaction was previously reported using Raney-Nickel
but provided inextricable mixtures of mono- and di-reduced
products.®* Molecules 4a-d are obtained in excellent yields
(87-98%), without forming the totally reduced tetraaminoben-
zene species that are commonly obtained under similar con-
ditions when ethanol is used as solvent instead of THF,3 or
when other reducing agents such as tin chloride or iron are
USEd.36'37

Compound 4b was used to screen the conditions to form
P2 and designated p-chloranil (2 equiv.) as the best oxidizing
agent to achieve the highest yield (see Table S2). Increasing
the amount of oxidant or changing it to DDQ, magic blue or
ferrocenium salt decreases the yield of P2 formation. For P3,
the reaction process is complicated by the lower solubility of
the starting compound 4c. While the use of highly polar sol-
vents is ineffective to improve the formation of P3, it was pos-
sible to increase the yield from 5 to 20% by changing the sol-
vent from dichloromethane (DCM) to chloroform and per-
forming the reaction at 50 °C. Surprisingly, when using more
equivalents of oxidant, and especially in the case of magic
blue, a benzotriazole derivative was isolated as the major
product (see BT in Scheme S2 and Sl). Several comparable
synthesis of benzobistriazole derivatives were previously
achieved via the diazotation of tetraaminobenzene deriva-
tives in presence of sodium nitrite,3® suggesting that, in our
case, the formation of this unexpected compound is presum-
ably due to the decomposition of a portion of 4b, acting as a
source of nitrogen atoms.

4a R =Bu (94%) P1 R="Bu, Y = H (98%)
4b R ="Bu (87%) P2 R="Bu, Y = H (70%)
4c R =4-PhOMe (96%) ) aq. HCI P3 R =4-PhOMe, Y = H (20%)
110 °C, 3 h P4 R=H,Y = CCSi(Pr); (65%)
ii) ag. NaOH P5 R =Y =H (90%)
For P4:
DDQ, DCM
Pd/C, NoH,-H,0 25°C,2h
D[ THF 80°C,2h  HoN NH;
’Pr O,N NH,
3a R'='Pr(81%) 4d (98%)

3b R = Me (81%)

Removal of the tert-butyl groups in P1 was achieved by
heating the compound to 110 °C in acidic medium, affording
the unsubstituted phenazine P5 with 90% yield. Unlike com-
pounds P1-P4, which were purified by flash column chroma-
tography, the low solubility of P5 allowed the removal of the
impurities by simply washing the precipitate with water and
DCM. Attempts to reduce the nitro functions of the phena-
zines P1-P4 were carried out using Pd/C with Hz or N2Ha,
SnClz, Fe or Zn in acidic medium. These conditions led to
either the recovery of starting material or inextricable mix-
tures containing unidentified species. However, reduction of
P5 using Pd/C and H: followed by an aerobic workup gave
P6 in 77% yield (Scheme 2). The compound was character-
ized by HRMS, showing a molecular peak at m/z = 269.1256
(M/ztheo = 269.1258) corresponding to [P6+H*]. The *H NMR
of P6 revealed an unsymmetrical structure with two singlets
corresponding to the two CH protons at 6.52 and 6.26 ppm,
two singlets imine protons at 12.05 and 6.37 ppm, and four
broad singlets corresponding to the amine functions (Figure
S31). The structure depicted in Scheme 2 is also the most
stable tautomer obtained by DFT calculations (vide infra). In
acidic medium, the *H NMR of P6 shows two equivalent CH
protons at 6.33 ppm (Figure S34), suggesting a symmetrical
structure corresponding to the dicationic species P62H?*,
which could be isolated with 83% vyield.

Scheme 2. Formation and protonation states of P6.

H,, PdIC

MeOH
25 °C,20h 0, (air)
2 H"
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The slow evaporation of a P4 solution in DCM afforded sin-
gle crystals (Figure 1). The bond length analysis confirms a
centrosymmetric structure with aromatic rings, and shows an
intramolecular hydrogen bond between one H atom of the



amine substituent in position 3 and one O atom of the nitro
function in position 4.

Figure 1. Single crystal structure of P4: side and top views
with distances indicated in A. Anisotropic displacement ellip-
soids plot at the 50% probability level.

The electrochemical properties of P1-P4 were investigated
by cyclic voltammetry in DCM and revealed irreversible redox
processes (Table S6 and Figure S74). Both phenazines P1
and P2 exhibit similar electrochemical signatures with first re-
duction and oxidation waves at ca. -0.88 and 0.56 V vs.
Fc/Fc*, respectively. Replacing alkyl N-substituents with
electron-donating p-methoxyphenyl groups in P3 mainly im-
pacts the reduction process that is shifted to -1.19 V. In con-
trast, the triisopropylsilylacetylenes on positions 2,7 of P4 fa-
cilitate the reduction, with a wave at -0.62 V and shifts the
oxidation to a more anodic potential at 1.02 V.

The phenazines P1-P5 display significantly redshifted ab-
sorptions compared to the triamine precursors 4a-d due to
their T-extended tricyclic structure (Figure 2 and Figure S75).
Their lowest energy absorption bands are found in the green
region, peaking at ~510 nm with an extinction coefficient of
ca. 10,000 Micm?, except for N-aryl substituted P3, for
which the absorption maximum is slightly redshifted to 533
nm (Table S6). Interestingly, the four phenazines exhibit
emission in the orange-red with maxima at ca. 580-600 nm
for P1, P2 and P4, and 650 nm for P3. The fluorescence
quantum vyields (®) are estimated <0.1%, except for P4
(9=0.45%). The weak fluorescence is typical of nitro-substi-
tuted dyes, which generally promote deexcitation via various
non-radiative pathways including intersystem crossing,3® and
calculations indeed predict small S-T gaps in P1-P4, though
with relatively small SOC couplings (see the SlI). However,
the latter was ruled out through measurements in degassed
2-methyltetrahydrofuran at 77 K, which did not reveal the
presence of triplet state emission in the spectral window stud-
ied (Figure S77). Interestingly, solid-state fluorescence was
detected from the powders of phenazines P1, P2, and P4.
Thin films of these compounds were thus prepared by drop-
casting on glass substrates and revealed emissions with
comparable maxima but higher intensity compared to solu-
tion (Figure S78). This emission enhancement was studied
in THF/H20 mixtures allowing for the progressive precipita-
tion of P1. From THF to a 4:3 THF/H20 mixture, the absorp-
tion features remain unchanged and the weak emission is
maintained, with ®<0.2% (Figure S79 and Table S7). For
higher water content, the absorption is markedly broadened
and lowered due to the precipitation of the dye. However, the
® value is increased to 10.4% in a 2:8 THF/H20 mixture, as
a result of the aggregated state of P1 decreasing nonradia-
tive deactivation.

Normalized emission
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Figure 2. Top: electronic absorption (plain lines) and emis-
sion (dashed lines) spectra of P1-P4 in DCM and absorption
of P5 in DMSO. Bottom: Electronic absorption spectra of P6
in MeOH without or with the presence of 0.1 M 1,8-diazabi-
cyclo[5.4.0]lundec-7-ene (DBU) or 0.1 M trifluoroacetic acid
(TFA).

The absorption spectrum of P6 in methanol solution dis-
played in Figure 2 shows a broad band centered at 642 nm,
which is blueshifted to ca. 600 nm in DMSO (Figure S76). On
the one hand, in the presence of DBU, the band is blueshifted
to the UV region, hinting at deprotonation of the solvated spe-
cies, whereas, on the other hand, in the presence of TFA, an
intense band appears in the NIR at ca. 830 nm. Such large
redshift can be attributed to the formation of coupled cationic
trimethine cyanines (Scheme 2). To determine the protona-
tion states of P6 and fully understand its acid-base proper-
ties, the pH-dependent absorption was investigated and
compared to theoretical calculations.

The absorption spectra of fresh P6 solutions recorded at
different pH values in a CH3OH/H20 mixture (8:2 w/w) were
first found to agree with those measured in pure CH3OH (Fig-
ure S80). While these solvent conditions ensured a good sol-
ubility of P6, a slow kinetics most likely related to hydrolysis
of the iminium functions was found with fading of the visible-
NIR absorptions of P6 over time (Figures S75-76). This is
consistent with p-benzoquinone mono- and diimine related
compounds described to undergo rapid hydrolysis in water.*°
Based on these observations, absorption spectrophotometric
titrations vs. pH were performed to cover a wide pH range
and prevent as much as possible hydrolysis reactions (Fig-
ures S77-79). Two protonation values attributed to the imine
functions (pKai= 2.5+0.7 and pKaz= 10.1+0.1) were deter-
mined and are characterized by absorption in the visible-NIR
region. The difference in the pKa values can be explained by
the strong electrostatic repulsion within the dicationic spe-
cies. These data are consistent with phenylene blue (inda-
mine),*! which has a pKa of 7.55 and whose protonation in-
duces the formation of a cationic species with an absorption
maximum shifting from 484 to 672 nm. Finally, under very
acidic conditions, the P6+2H?* species was shown to undergo



further protonations, characterized by the loss of the NIR ab-
sorptions (Figure S86).

We have then used TD-DFT to model P1-P4 and P6 (see
Sl for details). The electron density difference (EDD) plots for
the lowest transition of P1 in Figure 3 indicates a clear mr-1*
character. Interestingly, the lateral amino and nitro groups
have a rather small role in the transition that is centered on
the phenazine core, its central pyrazine moiety acting as a
strong accepting unit (mostly in red). The topology of the tran-
sitions remains similar in both P3 and P4, i.e., the side groups
attached at positions 2 and 7 have trifling influence on the
lowest transition, consistent with the very similar Amax meas-

. mﬁ

P6eH* P6.2H?*

Figure 3. EDD plots of the lowest singlet transition of se-
lected dyes. The blue and red lobes represent decrease and
increase of density upon absorption, respectively.

For P6, we have performed a thorough tautomer search for
the neutral, mono- and diprotonated species, and in all three
forms, one tautomeric form clearly emerged as most stable
(Scheme 2), the other tautomers being less stabilized by at
least 5 kcal.mol. Protonation of the central pyrazine rather
than side amines clearly leads to less stable species (see Sl).
For the stable forms of neutral and protonated P6, we mod-
elled the excited states using calculations including CC2 cor-
rections*? as well as cLR? solvation corrections.*® For the
lowest transition, this yields 566 nm (f=0.070) for non-proto-
nated P6, the transition inducing an obviously strong charge-
transfer (CT) from the diamino-phenyl towards the pyrazine
moiety (Figure 3), corresponding to the very broad weak
band at 642 nm experimentally (Figure 2). After a single pro-
tonation, theory foresees transitions at 703 nm (f=0.019) and
622 nm (f=0.146), both involving CT (see Figure 3 for the for-
mer), which does not fit well the experimental observation of
a band redshifted by 186 nm and much more intense upon
TFA addition. In contrast, the diprotonated P6¢2H?* presents
a calculated vertical transition that is both strongly redshifted
(+166 nm) and much more intense: 732 nm (f=0.363), clearly
fitting the experimental observations. Strikingly, this low-lying
excited state presents a totally different topology. An analysis
of the DFT bond lengths in P6+2H?* indicates that the struc-
ture presents two trimethine units with negligible bond length
alternation, as represented in Scheme 2.

In conclusion, a new synthetic approach allowed the prep-
aration of functionalized tetraamino-phenazines in at least
three steps. These dyes present photophysical properties in
the visible region and hold potential for future applications in
material sciences or as platforms to reach 1-extended fused
chromophores. Finally, the characterization of an intriguing
fused benzoquinonedimine-quinoxaline and its protonated

forms showing NIR absorption further stimulates the re-
search on overlooked coupled polymethine dyes.

Supporting Information

Experimental protocols, single-crystal X-ray, NMR spectra,
computational, and spectroscopic characterization data
(PDF).

Single-crystal X-ray

CCDC 2256019 (compound 3b), 2256023 (compound P1)
and 2256032 (compound P4), contain the supplementary
crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/data_re-
quest/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223
336033.
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