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Abstract: Within the heteroacene family, azapentacenes have received much
attention in organic electronic devices due to their unique physico-chemical

Electrochemical Behavior of a Dihydro-Tetraazapentacene: Data Splicing

properties. This is ‘parl'ticularly trug_ for the‘ 5,14-dihydr9-5,7,12,14- Fwy «'-.\L,‘ﬁss’ .~ A
tetraazapentacene despite its poor solubility in organic solvents which logically . Sy —r
hindered the study of its electrochemical behavior. Consequently, we disclose [xén’ @ Soectoscopic data @ Spectroelectrochermisty
herein the synthesis and characterization of the soluble 6,13-dipivaloyl-5,14- 4 &r :

dihydro-5,7,12,14-tetraazapentacene as well as its aromatic counterpart, the _
6,13-dipivaloyl-5,7,12,14-tetraazapentacene. These compounds were used as u\\‘«ﬁ?&%\\* RS w\
models to fully characterize all the intermediates generated during their i

electrochemical processes (oxidation and reduction) with a combined approach - 0 Eureka 9 Theory

using complementary chemical, (spectro)-electrochemical, theoretical and
spectroscopic techniques. Our results demonstrate the 6,13-dipivaloyl-5,14-dihydro-5,7,12,14-tetraazapentacene ambipolar redox behavior at both cathodic
and anodic regime leading to drastic color changes through proton-coupled electron transfer occuring in a totally reversible fashion.
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1. Introduction

Within the family of polycyclic aromatic hydrocarbons (PAHSs), the
linearly annulated five-membered ring named pentacene has attracted
much attention since its first synthesis by Clar and John in 1935 [1-4].
Due to their fascinating electronic properties as well as their ability to self-
organize into dense solid state stacks, pentacene derivatives have
already proved useful as hole transporters (p-type) in organic field effect
transistors (OFETs) [5-8]. Unfortunately, these derivatives are also
known to exhibit poor electron-transporting properties (n-type) which are
the consequence of charge-losses in trap states or reactions of the
reduced forms with molecular oxygen [7,9,10]. Interestingly, these
drawbacks can be limited by simultaneously lowering both the HOMO
and the LUMO through the incorporation of electronegative atoms such
as nitrogen leading to N-azapentacenes [9,11-13].

N-azapentacenes are nitrogen embedded isostructural analogs of
pentacenes in which the presence of nitrogen atoms offers the
opportunity to manipulate and control their electronic properties, their
stability, and their supramolecular arrangement in the solid state [14,15].
N-azapentacenes can be obtained by oxidation of the corresponding N-
dihydro-azapentacene  precursors.  Among  these  N-dihydro-
azapentacenes, the 5,14-dihydro-5,7,12,14-tetraazapentacene Hz2X (Fig.
1), also known as fluorindine or 5,12-dihydroquinoxalino(2,3-b]phenazine,
has already been used (i) in cosmetics [16], (i) as heterogeneous
catalysts [17], but more importantly as a key functional element in
electronic devices including (jii) electrical conductors [18,19], (iv) organic
thin-film transistors (OTFTs) [20], (v) organic light emitting diodes
(OLEDs) [21-23], (vi) photovoltaic cells [24,25], and (vii) electrochromic
devices [26]. Unfortunately, the use and characterization of H2X has so
far been greatly limited by its poor solubility in common organic solvents
due to the combination of n-stacking interactions and H-bonds in the solid
state [18,27].
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Fig. 1. Chronological appearance of 5,14-dihydro-5,7,12,14-tetraazapentacene
analogs. H2X is chemically and electrochemically difficult to characterize due to its
very low solubility in organic solvents. TIPS-H2X is soluble in organic solvents and
has been chemically characterized and used in OFETs but its electrochemical
behavior is still to be disclosed. HzY is an analog of H2X, highly soluble in organic
solvents for which we aim to disclose its full electrochemical behavior.

Additionally, H2X exhibits both basic imines and potentially acidic
N-H functions, meaning that its acido-basic properties are strongly
dependent on its redox state [28]. In other words, H2X is a perfect
candidate to study intra- or intermolecular proton-coupled electron
transfer (PCET) [29,30]. However, to date, the low solubility of H2X and
its ability to undergo PCET have greatly hampered the understanding and
exploitation of its redox behavior. To our knowledge, its electrochemical
characterization is limited to three articles chronologically published by
Pinson (1987) [31], Jenekhe (1991) [18] and Dunsch (1995) [32]. To
overcome solubility issues, Pinson worked with a substituted
pyrazino[2,3-b]phenazines (tetraazatetracene) in a
water/dimethylformamide (DMF) medium focusing on the cathodic
domain; whereas, Jenekhe and Dunsch respectively investigated both the
oxidation and reduction of the diprotonated salt [HaX]?* in DMSO and of
the pristine form H2X in dimethylacetamide DMMA. These studies have
thus highlighted the difficulties associated to the identification of all the
steps and intermediates involved in the processes coupled to electron
transfer centered on azapentacene derivatives. These issues can in fact
be partially overcome by increasing the solubility of H2X derivatives in
organic solvents through the introduction of suitable substituents. Bunz
and co-workers have, for example, adapted to dihydro-tetraazapentacene
an alkynylation method initially described for pentacenequinone [33],
which afforded a TIPS-H2X derivative [27] (Fig. 1), featuring enhanced
solubilities in most organic solvents. The synthesis of this alkynylated-
tetraazapentacene is now well mastered but its electrochemical
characterization has so far, to the best of our knowledge, never been
reported.

Given the importance of N-azaacene-type derivatives, particularly in
electronics, and the lack of accurate reports on their physico-chemical
properties, we have undertaken the synthesis of a new soluble dihydro-
tetraazapentacene HzY, as well as in-depth analyses of its spectroscopic
and electrochemical properties. Based on experimental data supported
by Time-Dependant Density Functional Theory (TD-DFT) calculations, we
have identified the mechanisms and several key intermediates involved in
the coupled chemical/electrochemical processes.

2. Experimental
2.1. Material and methods

2.1.1. Reagents

Reagents were purchased from Sigma Aldrich and Alfa Aesar.
Tetrahydrofuran (THF) was freshly distilled over Na%benzophenone.
Pivaloyl chloride was distilled before use in order to remove the
corresponding carboxylic acid. n-pentane was distilled over P20s and n-
hexane over NaH. Column chromatography were performed using Silica
gel 60 (0.040-0.063 mm) purchased from Merck. Optical properties were
recorded in spectrophotometric grade solvents and when necessary in
distilled THF.

2.1.2. Analytical methods and apparatus

Melting points (MP) were measured in open capillary tubes with a
STUART SMP30 melting points apparatus and are uncorrected.

NMR spectra were recorded on a JEOL ECS400 NMR spectrometer
at room temperature (25 °C or 298 K). NMR chemical shifts are given in
ppm () relative to MesSi with solvent resonances used as internal
standards (CDCls: 7.26 ppm for 'H and 77.2 for 13C; DMSO-de: 2.50 ppm
for 'H 40.45 ppm for '3C; benzene-ds: 7.15 ppm for 'H; toluene-ds: 7.00
ppm for 'H and tetrachloroethane-d: 6.0 ppm for 'H). Variable
temperature NMR was recorded on the above-mentioned spectrometer in
benzene-ds or tetrachloroethane-d2 and 8 scans accumulated spectra
were recorded every 10 or 5 °C stage. The rotational barrier for
compound Y (IG*) was determined using the Eyring equation (Eq. 3)
obtained and derived from the two following equations (Eq. 1 & Eq. 2):
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va and s refers to the resonance frequency (Hz) of the desired
signal in the slow exchange limit (room temperature); k» is the Boltzmann
constant (1.381 x 108 J. K); Tc is the coalescence temperature (K); h is
the Planck constant (6.62 x 10-% J. s); R is the gas constant (8.314 J.
mol-'. K1).

Infrared (IR) spectra were recorded on an Agilent Cary 630 FTIR
equipped with an attenuated total reflectance (ATR) sampling.

High-resolution Mass Spectrometry (HRMS) analyses were
performed on a QStar Elite (Applied Biosystems SCIEX) or a SYNAPT
G2 HDMS (Waters) spectrometers by the “Spectropole” of the Aix-
Marseille University. These two instruments were equipped with an ESI
source.

UV-Vis-NIR electronic absorption spectra were recorded on a
JASCO-NIR V670 spectrophotometer at room temperature with a 300
nm/min scan rate and in quartz cuvette.

Steady-state fluorescence spectra were measured using a Horiba-
Jobin Yvon Fluorolog-3 spectrofluorometer. Fluorescence quantum yields
® were measured in diluted solutions with an optical density lower than
0.1 using the following equation (eq. 4) where A is the absorbance at the
excitation wavelength (A), n the refractive index and D the integrated
intensity. r and x stand for reference and sample. The fluorescence
quantum yields were measured relative to rhodamine B in MeOH (@ =
0.70) and cresyl violet in MeOH (® = 0.57). Excitation of reference and
sample compounds was performed at the same wavelength (530 nm for
H2Y and 560 nm for Y) with 1 and 5 nm slits for H2Y and Y, respectively.
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Theoretical calculations have been performed using DFT and TD-
DFT. All calculations were performed with Gaussian16.A03 [34]. Given
that the considered dyes do not involve long-range charge-transfer (CT),
we have chosen the M06 [35] hybrid exchange-correlation functional for
all calculations. For absorption (emission) the ground (excited) state
geometries were optimized with the 6-311G(d) atomic basis set, and
analytical Hessian calculations have been systematically performed at the
same level to ensure that the obtained structures are true minima of the
potential energy surfaces. The one-photon transition energies and
oscillator strengths were determined with TD-DFT using the 6-
311+G(2d,p) atomic basis set and the same functional. During all
calculations, environmental effects were accounted for using the
Polarizable Continuum Model (PCM) selecting, as in the experiment, THF
or DMF as a solvent. In the TD-DFT calculation the linear-response (LR)
[36] approach was used, applying the equilibrium (non-equilibrium) limit
for the optimization (transition energy) calculations. The excited states
are represented by using electron density difference (EDD) plots, in which
the total electronic density of the ground state is subtracted from the one
of the considered excited state. These plots use a contour threshold of
0.001 au, and the blue (red) lobes represent regions losing (gaining)
densities upon photon absorption, ie., donor (acceptor) moieties.
Charge-transfer (CT) parameters were computed using Le Bahers'
approach [37]. NICS(0) [38] values have been computed with B3LYP/6-
311+G(d,p) in DMF. The vibrationally resolved spectrum were determined
with the FCClasses 3.01 (v3-0.1-0177-g4b1514a) program [39,40]. We
used the time-dependent formulation used either the FC approximation of
the FC-HT approach (for the states with low oscillator strength, i.e., the S«
of Y, Y- and HaY), and selected the so-called Vertical Hessian (VH) [41]
vibronic model -, and used valence internal curvilinear coordinates [42]. In
case of HAY molecule we used the Adiabatic Hessian (AH) [41] model
since the VH model led to unphysical adiabatic and 0-0 energies. We
used a simulation temperature of 298 K. During the vibronic calculations,
the vibrational contributions, energies and transition dipoles are coming
from TD-DFT. The radiative and internal conversion rates have been
obtained using the same methodology within the TVCF formalism [43].
For the radiative part, we used the same broadening as for the band

shapes, i.e., 400 cm™, but this is known to be not important for the
radiative rate [40]. For the IC part, a 10 cm™ broadening Lorentzian is
applied, which is a typical value in the literature [44-46] though we are
well aware of the difficulty to interpret such value [45].

Electron Paramagnetic Resonance (EPR) assays were carried out
at room temperature using a Bruker E500 spectrometer operating at X-
band (9.3 GHz), sensitive cavity (SHQE), with 100 KHz modulation
frequency. The instrument settings were as follows: microwave power;
0.26 mW; modulation amplitude; 0.5 G; Hyperfine coupling constants a
and g values were obtained with simulation of experimental spectra using
easyspin (Matlab toolbox). Samples were freshly prepared in a glove box
and analyzed by X-Band EPR spectroscopy under an inert atmosphere.

Single crystals X-Ray Diffraction analysis (DRX). Crystals suitable
for single crystal X-ray diffraction analysis were obtained by vapor
diffusion of n-hexane into a solution of Hz2Y in CH2Clz, under an inert
atmosphere for H2Y (C2sH2aN4O2) and by vapour diffusion of n-hexane
into a solution of Y in CH2Clz, or by vapour diffusion of n-hexane into a
saturated solution of H2Y under aerobic conditions for 3 weeks for Y
(Ca8H27N4O2). They were measured on a Rigaku Oxford Diffraction
SuperNova diffractometer at room temperature at the CuKa radiation (A =
154184 A). Data collection reduction and multiscan ABSPACK correction
were performed with CrysAlisPro (Rigaku Oxford Diffraction). Using
Olex2 [47] the structures were solved by intrinsic phasing methods with
SHELXT [48] and SHELXL [49] was used for full matrix least squares
refinement. H-atoms were found experimentally but refined as riding
atoms with their Uiso parameters constrained to 1.5Ueq(parent atoms) for
the methyls and to 1.2Ueq(parent atom) for the other atoms. Crystal for
H2Y was found to be a two-domains twin with respective contributions
refined as 70/30.

Electrochemistry measurements
Cyclic voltammetry (CV) and Linear Sweep Voltammetry with Rotating
Disc Electrodes (LSV-RDE) were recorded using a SP300 Biologic
potentiostat equipped with an 1A-48V booster. All measurements were
conducted under an argon atmosphere (glove box) in a standard one-
compartment, three-electrode  electrochemical cell using 1,2-
dichloroethane (DCE) and tetra-n-butylammonium hexafluorophosphate
(TBAPFs) as a supporting electrolyte (0.1 M). TBAPFs was prepared,
purified and dried using standard procedures. 1,2-dichloroethane (DCE,
anhydrous) was purchased from Sigma-Aldrich, degassed, filtered over
activated alumina and stored on molecular sieves before use.
An automatic ohmic drop compensation procedure was systematically
performed when using cyclic voltammetry. Vitreous carbon (& = 3 mm) or
platinum (& = 2 mm) working electrodes (CH Instruments) were polished
with 1 um diamond paste before each recording. Voltamperometry with a
rotating disk electrode (RDE) was carried out with a radiometer (CTV101
radiometer analytical) equipment at a rotation rate of 500 rad min=" using
a glassy carbon RDE tip (d= 3 mm). Exhaustive electrolyses were carried
out in a potentiostatic regime with coulometry using a home-made divided
cell and a large surface platinum working electrode as well as a carbon-
based counter electrode.
Spectroelectrochemical measurements were carried out at room
temperature under an argon atmosphere (glove box) using either an all-
quartz immersion probe (1 mm) or a thin-layer type (0.5 mm) three-
electrodes spectroelectrochemical cell with a biologic SP300 potentiostat
coupled to a MCS 601/611 UV-Vis-NIR 1.7 HR Zeiss spectrophotometer.
Ag/AgNO; (CH Instruments, 102 M + TBACIOs 10-2 M in CHsCN) was
used as a reference electrode.

2.2. Synthesis and characterization data

2.2.1. Synthesis of 5,14-dihydro-5,7,12, 14-tetraazapentacene HaX
2,5-dihydroxyparabenzoquinone (2 g, 14 mmol, 1 equiv.), o-
phenylenediamine (3.1g, 29 mmol, 2 equiv.) and benzoic acid (17.3 g,
142 mmol, 10 equiv.) were grinded together with a mortar. Then, the
resulting powder was heated to 360 °C for 5 minutes in a round bottom
flask equipped with a condenser. The reaction mixture should turn to a
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deep blue color. After a 5 minutes cooling, EtOH (100-150 mL) was
carefully added, and the resulting mixture was submitted to ultrasounds
for 15 minutes. The resulting solid was filtered off under vacuum using a
sintered glass funnel, and washed several times with EtOH, then dried
under vacuum for 12 hours. The resulting solid was grinded and taken-up
with 50 mL of EtOAc and submitted to ultrasound for 15 minutes. Once
again, it was filtered off under vacuum with a sintered glass funnel,
washed several times with EtOAc and dried overnight under vacuum.
5,14-dihydrotetraazapentacene Hz2X was obtained as a black/blue powder
with gold reflects in 60% yield (8.4 mmol, 2.4 g). The 'H NMR spectrum
was in accordance with the literature data [50]. "H NMR (400 MHz,
DMSO-ds): & = 9.71 (bs, 2H, NH), 7.67 - 7.64 (dd, 2H, 3Ju+ = 6.3 Hz, k-
H =29 Hz), 7.44 - 7.41 (dd, 2H, 3Jun = 6.3 Hz, “Jnn = 2.9 Hz), 6.61 -
6.59 (dd, 2H, 3Ju.n = 5.6 Hz, “Jun = 2.3 Hz), 6.50 - 6.48 (dd, 2H, 3Ju.n =
5.6 Hz, *Jun = 2.3 Hz), 6.33 (s, 2H).

2.2.2. Synthesis of
tetraazapentacene H2Y
In a two-necked round bottom flask, equipped with a septum, a
nitrogen inlet and a stirring bar, H2X (800 mg, 2.8 mmol, 1 equiv.) was
dissolved in 150 mL of distilled THF. Then, "BuLi (2.5 mL of a 25 M
solution in hexanes, 6.3 mmol, 2.2 equiv.) was added dropwise over a
period of 15 minutes at room temperature and the mixture was stirred for
2 hours. After that, trimethylacetylacylchloride (1.9 mL, 15 mmol, 7 equiv.)
was added dropwise over a period of 15 minutes (the reaction mixture
turned pink) and the mixture was stirred overnight at room temperature.
Then, deionized H20 (50 mL) was slowly added and the reaction mixture
vigorously stirred for 15 minutes. THF was then removed under reduced
pressure, and the resulting water suspension was filtered off under
vacuum with a sintered glass funnel. The solid residue was dried
overnight under vacuum. It was then taken up with 50 mL of
dichloromethane, submitted to ultrasounds for 15 minutes and passed
through a Celite pad to remove the unreacted H2X. After evaporation of
dichloromethane, the residue was purified by column chromatography on
silica gel with CH2Cl2/EtOAc (99/1) as eluent to afford a deep orange/red
powder after solvent evaporation. The latter powder was recrystallized
from CH2Cl2/n-pentane to give H2Y as an orange solid (needles) in 22%
yield (0.6 mmol, 280 mg). Rf (SiO2, CH2Cl2/EtOAc 99/1): 0.70. MP: 312-
314 °C. 'H NMR (400 MHz, DMSO-ds): 6 = 8.66 (bs, 2H, NH), 7.64 -
7.62 (dd, 2H, 3Jun = 6.5 Hz, *Jun = 3.0 Hz), 7.52 - 7.49 (dd, 2H, 3Jun =
6.5 Hz, “Jun = 3.0 Hz), 6.96 - 6.93 (dd, 2H, 3Jun = 5.8 Hz, 4t = 2.3
Hz), 6.66 - 6.64 (dd, 2H, 3Jun = 5.8 Hz, “Jun = 2.3 Hz), 1.26 (s, 18H)
ppm. 13C{'H} NMR (DMSO-ds): & = 211.8, 142.7, 140.2, 134.3, 128.6,
128.1,127.1,122.5, 114.9, 113.1, 45.6, 26.9 ppm. FT-IR (ATR): 1 = 3336,
3271, 2960, 2867, 1662, 1756, 1575, 1478, 1450, 1360, 1271, 1064, 881,
742 cm', UV-vis (CH2Cl2): (1) = 505 (29 100), 536 (27 100) nm (M-". cm-
). HRMS (ESI-TOF*): calculated for [M+H*]: 453.2285 (CasH2sN4O2*),
found 453.2283 Da.

6,13-dipivaloyl-5,14-dihydro-5,7,12,14-

2.2.3. Synthesis of 6,13-dipivaloyl-5,7,12, 14-tetraazapentacene Y
H2Y (90 mg, 0.1 mmol, 1 equiv.) was dissolved in 30 mL of degassed
CHCls then activated MnO2 (1.40 g, 20 mmol, 100 equiv.) was added and
the mixture was stirred for 48 hours at room temperature. The mixture
turned from orange to a brownish/red color. MnO2 was removed by
filtration through a Celite pad and the filtrate evaporated under reduced
pressure. The obtained solid was recrystallized from CH2Cl2/n-hexane to
afford purple crystals of Y in 80% yield (0.08 mmol, 36 mg). Rf (SiO2,
CH2Cl2/EtOAC 99/1): 0.75. MP: 314-316 °C. TH NMR (400 MHz, CDCl3):
0=28.13-8.10 (dd, 4H, 3Jhn = 7.0 Hz, 4Jun = 3.7 Hz), 7.82 - 7.79 (dd,
4H, 3Jun = 7.0 Hz, 4Jnn = 3.7 Hz), 1.50 (s, 6H), 1.48 (s, 12H) ppm.
3C{'H} NMR (CDCl3): 5 = 215.5, 214.7, 145.3, 141.1, 141.0, 1377,
137.6, 132.6, 132.5, 130.5, 45.7, 45.6, 29.8, 27.7 ppm (italic values
correspond to the minor isomer signals). FT-IR (ATR): v = 2973, 2861,
1690, 1524, 1473, 1431, 1360, 1310, 1109, 1062, 1021, 882, 756 cm™".
UV-vis (CH2Cl2): A (¢) = 340 (4500), 358 (5200), 417s (16 800), 440 (27
500), 516 (4500), 555 (6634), 600 (6200) nm (M. cm''). HRMS (ESI-

TOF*): calculated for [M+H*]: 451.2129 (C2sH27N402*), found 451.2130
Da.

224 Synthesis of bis benzenechromium(l) 6,13-dlpivaloyl-5,7,12,14-

tetraazapentacene radical anion [Y]-

Bis benzene chromium (7 mg, 0.033 mmol, 1 equiv.) was added to a
solution of Y (15 mg, 0.033 mmol, 1 equiv.) in 2.5 mL of distilled THF in a
Schlenk tube. After 5 minutes, n-hexane was added on the top of the THF
solution, and the Schlenk tube was placed in refrigerator for 12 hours.
Then, the small brown cristals of [Y] were collected by filtration and
washed with n-hexane. [Y] (0.031 mmol, 20 mg) 95% vyield. UV-vis
(THF): & () = 452 (19 600), 768 (16 000), 856 (23 000), 1051 (1 200),
1228 (1400), nm (M-, cm™).

3. Results and discussion

3.1. Synthesis and characterizations

By attempting to functionalize the sp® nitrogen atom on
positions 5 and 14 of 5,14-dihydro-5,7,12,14-tetraazapentacene (HzX),
we unexpectedly discovered an efficient and regioselective C-acylation
procedure. We describe here the synthesis of the targeted 6,13-
dipivaloyl-5,14-dihydrotetraazapentacene H:Y, as well as its chemical
oxidation into Y, the latter being subsequently reduced in [Y]~ (Fig. 2).
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Fig. 2. Top: Synthesis of HaY, Y and [Y]"; Bottom: Rotational barrier energy for the
syn/anti isomers. The DFT barrier was obtained by a relaxed PCM(DMF)-MO06/6-
311G(d,p) scan.

3.1.1. Synthesis of HX

H2X was obtained in 80% vyield following our previously reported
procedure, consisting in a condensation between 2 equivalents of o-
diaminobenzene and 1 equiv. of 2,5-dihydroxy-p-benzoquinone in the
presence of a benzoic acid excess performed at high temperature (e.g. >
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300 °C) for 5 minutes [15]. The expected benzenoid form adopted by H2X
was confirmed by 'H NMR spectroscopy measurements as previously
described by Pinson (Figure S1) [32,50,51].

3.1.2. Synthesis of HzY, Y and [Y]*

The functionalization of H2X was achieved by adapting a
methodology developed by Miao and co-workers involving use of "BuLi
as a base for the deprotonation of hydrogen Hs and Hi4 (see Fig. 2 for
atom number) [52]. These authors successfully achieved the N-
methylation of H2X to afford the Ns,N1s-methylated benzenoid form as a
major compound (55%) as well as the N7,N1s-methylated quinoidal isomer
(27 %) and a third benzenoid Ns,N14,Cs-methylated product in a non-
negligible yield of 12%. The formation of the two later products was
explained by the delocalization of the negative charge over the
N7(12=ClCe(13=CINs(14) bonds. Even though non-predominant, the C-
functionalization 1 on Ce3) [is conceivable when considering the
ambident nucleophilic character of the generated anion [53-55]. We have
therefore explored the reactivity of the di-anionic form of H2X with respect
to other electrophiles like acyl chlorides [52]. In line with this objective,
H2X was deprotonated with 2 equivalents of "BuLi in THF at room
temperature (Fig. 1). Addition of an excess of pivaloyl chloride (PivCl) to
the mixture afforded a single product, identified as being H2Y, 6,13-
dipivaloyl-5,14-dihydro-5,7,12,14-dihydrotetraazapentacene isolated in
22% vyield. It is worth to note that the remaining 78% of matter are
composed of H2X (recovered). The di-acylation of the pentacene
framework was confirmed by High Resolution Mass Spectrometry
(HRMS, ESI-TOF*) measurements with a peak at m/z = 453.2283 Da
(calculated for [M+H]*: 453.2285 (C2sH2N4O2*)). The regioselectivity of
the acylation reaction (N vs C) was then revealed by Infra-Red
spectroscopy measurements (IR-ATR) through the observation of NIH
vibrations at v = 3271 and 3336 cm together with the hallmark C=0
stretch at [ = 1662 cm™. The C-regioselectivity was then further
demonstrated by comparison of the 'H NMR spectra of Hz2Y and H2X
recorded in DMSO-ds (Figure S3). Acylation at positions Cs and Ci3 of
Hz2X was indeed readily revealed by the disappearance of the sharp
singlet at 1 = 6.33 ppm attributed to He and Hus. It was further confirmed
by showing that the addition of D20 results in the disappearance of the
broad singlet at 1 = 8.66 ppm attributed to the NiHs,14. As seen with Ha2X,
the AAXX" 'H NMR pattern observed between [ = 6.50 — 7.75 ppm on the
Hz2Y spectrum in DMSO-ds strongly suggests the presence of a
benzenoid tautomer (Figure S2). Moreover, we also found that the
resonance of NIHs1 undergoes large shifts with the polarity of the
solvent, going from 1 = 7.50 ppm in CDCl2 to 1 = 8.62 ppm in DMSO-ds
(Figure S9). The formation of an enol tautomer was ruled out based on
both computational studies (see below and Figure S26) and on
experimental 3C{'H} NMR data showing that the signal corresponding to
the sp? carbonyl carbon is observed at [ = 211.8 ppm.

We then checked if Hz2Y can undergo a two-electron chemical
oxidation, as described in the previous studies of Bunz and co-workers
[27]. To this end, the oxidative aromatization of H2Y has been attempted
with organic oxidants such as DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone) or p-chloranil. These reactions led to the instantaneous
formation of the targeted tetraazapentacene Y; but removing the oxidant
from the mixture proved particularly challenging, even after several
column purifications. This problem was solved by using inorganic
oxidants such as Ag20 or MnO2, which could be removed from the
reaction mixture by simple filtration. Both oxidants furnished compound Y,
the best yield (80%) being obtained after 24 hours of stirring with
activated MnOz in degassed CHCls. Aromatization was first confirmed by
IR-ATR measurements through the disappearance of the NIH stretch
signals at v = 3271 and 3336 cm" associated with a shift of the C=0 band
from [ = 1662 cm™ (in H2Y) to 1 = 1690 cm! (in Y) (Figure S12-14). The
loss of two hydrogen atoms going from HzY to Y was then confirmed by
HRMS, ESI-TOF* analysis showing a molecular peak at m/z = 451.2130
Da (calculated for [M+H]*: 451.2129 (CasH27N4O2*)). The 'H NMR
spectrum of Y in CDCls also showed a highly symmetric pattern with two

signals centered at 1 = 8.13 and 7.81 ppm, both integrating for 4
hydrogens, which are characteristic of a strong ortho-meta coupling.
Furthermore, the spectrum also features the presence of two signals at [
=1.50 and 1.48 ppm, integrating for 18 hydrogens (total), attributed to the
Bu groups. These two signals strongly suggest the presence of two
distinct populations. To confirm this hypothesis, we performed variable-
temperature NMR (VT-NMR) measurements on a solution of Y in
benzene-ds and tetrachloroethane-dz. As can be seen in Figure S7-8, the
two signals attributed to the Bu substituents move closer upon heating
and merge at a coalescence temperature of ca. 80 °C. This broad signal
is then split again upon cooling back the sample to room temperature,
indicating a dynamic reversible process. This phenomenon was attributed
to a 180° rotation (flip) of the Bu (or C=0) group around the mean plane
containing the aromatic core of Y yielding a mixture of the syn and anti-
isomers (Fig. 2). The activation Gibbs energy associated to this
isomerization was estimated to IG" = 18.6 kcal. mol! by applying the
Eyring equation. This is totally consistent with DFT calculations which led
to an estimated rotational barrier of 18.8 kcal. mol-!. Oxidation of H2Y with
MnO2 was thus found to afford a mixture of syn and anti-isomers obtained
in a 1:2.5 ratio, respectively (estimated from 'H NMR data). It should be
mentioned that DFT calculations carried out on both isomers suggest that
they have nearly identical total energies with a theoretical difference of
less than 1 kcal. mol*, i.e., within DFT’s error bar. The presence of these
two isomers of Y could also be confirmed by ®C{'H} measurements
through the observation of two sets of signals (Figure S6).

Further studies have aimed at isolating the radical anion [Y]". The
later could be isolated in 95% yield from a stoichiometric mixture of
[CrO(CsHe)2] and Y in THF. The radical character of this reaction product
was demonstrated by electron paramagnetic resonance (EPR)
measurements. The spectrum recorded at room temperature in THF
displays an intense signal at g = 2.004 indicating the presence of an
unpaired electron in [Y]" (Fig. 3). The unpaired electron is also found to
be delocalized over the azaacene core, as proved by the observation of
hyperfine couplings with four nitrogen atoms a("*N) = 1.15, 1.15, 1.63,
1.63 G, and seven hydrogen atoms a('H) = 0.57, 1.66, 1.66, 1.19, 1.19,
2.21, 2.214 G. The spin density calculated at the PCM(DMF)-U-MO06/6-
311+G(2d,p) for [Y]" confirms the unpaired electron delocalization within
the azaacene skeleton with large contributions of the four N (N5, N7, N12
and N14) atoms as well as the two central carbon atoms (C6 and C13).
These EPR data are similar to those reported by Bunz and co-workers,
except that in the present case, the unpaired electron is strictly
delocalized on the azaacene core and not on the substituents on
positions 6 and 13, which is logical as the pivaloyl substituents are not
conjugated with the azaacene rings [56,57].

a) b)

Fig. 3. a) Experimental (blue) and simulated (red) EPR spectra of [Y]''b) U-DFT
spin density of [Y]" with a contour threshold of 0.005 au.

We also evaluated the stability of [Y]" in THF and found its half-life
(t1r2) to be 5 days under aerobic conditions and more than 10 days under
anaerobic conditions (Figure S21).

Based on the few lifetime studies reported in the literature for similar
compounds, we can conclude that [Y]" is more stable than the 6,13-
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diethynyl-5,7,12,14-tetraazapentacene radical anion reported by Bunz
and his collaborators [56] (t12 : several hours under air) but still far less
stable than the tetracyano-naphtalenediimide radical anions reported by
Mukhopadhyay and co-workers[58] (t12 = 132 and 216 days). However,
the delocalization of the spin density on these derivatives turns out to be
very similar. Therefore, the substantial increase in half-life time of [Y]
may likely result from the steric protection offered by the bulky Bu
substituents [59].

3.1.3. Single crystal X-ray diffraction analysis of HzY and Y

We successfully obtained single crystals of both H2Y and Y, which
structures are represented in Fig. 4. The crystal structure of H2Y
unambiguously confirms the regioselective acylation on the central
positions (6 and 13) of the tetraazapentacycle (Fig. 4a). The two Bu
groups adopts an anti-conformation allowing to reduce steric hindrance
around that position. The O(1) and O(2) atoms are pointing toward the
H(2) and H(1) atoms, forming an angle of 23.7° and 20.4° with the
orthogonal mean plane passing through C(1) and C(10) atoms,
respectively. Consequently, these atoms slightly interact with respective
distances of 2584 A and 2496 A for CIO(1)H(2)IN(2) and
CIO(2)IH(1)IN(1) respectively [60]. Miao and co-workers reported the
crystal structure of 6,14-dimethyl-dihydrotetrazapentacene and found a
bend angle of 160° at the methylated nitrogen atom between two flat
sections (the benzene ring and the diazaanthracene tricycle) [52]. This is
not the case for H2Y as the CIO(1)IIH(2)IN(2) and CIO(2)IH(1)IN(1)
interactions point toward opposite directions and consequently induce a
rather smooth twist of the adjacent part rather than a strict bend. This
specific orientation of the carbonyl groups in Hz2Y is not present in the
oxidized form Y, as the absence of CIONIH interactions makes the
carbonyl groups of Y merged to the orthogonal mean plane passing
through C(1) and C(10). As expected after aromatization, and looking at
the atom deviation from the aromatic mean plane, Y is flatter than Hz2Y
(Figure S15).

Fig. 4. Structure of H2Y and Y determined by single crystal X-ray diffraction
analyses. a) front view of H2Y; b) side view of HzY; c) front view of Y; f) side view of
Y.

Further analysis of the crystal lattice revealed that the packing of H2Y
is strongly influenced by intermolecular H-bonds (Figure S16a-b & Figure
S17). Two neighboring molecules interact with an angle of 60° via H-
bonds. An analysis of the Hirshfeld surface provides a relative proportion
of the intermolecular contacts within the packing of Ha2Y (Figure S16-17)
[61-64]. The latter packing is dominated by HIIH interactions responsible
for 60.4% of the total contacts followed by the CIIH contacts with 18.6%
and the OIIH interactions 10.8% as the closest molecular contacts. The
low percentage of CIIC contacts (3.4%) reveals that the I stacking
interactions are almost absent. This observation can also be deduced
from the curvedness (Figure S18) - extracted from the Hirshfeld surface
- showing no flat surface patches, supporting the absence of planar

stacking between molecules within the packing. This contrasts with
packing of Y, where the curvedness analysis reveals the presence of a
flat patch on its both sides and faces, revealing the presence of (I
stacking interactions (Figure S19). Indeed, a planar stacking arrangement
of molecules shows up as a cyan region near the center of the plot in the
vicinity of (di, de) 0 1.7-2.1 A, (Figure S16d) a typical range of interplanar
spacing of polycyclic aromatic hydrocarbons [61]. The shortest contact
between two molecules flat surface being of 3.405 A. Consequently, Y
adopts a “zig-zag” brick wall-type packing motif with sheets of oppositely
oriented molecules (1130°) [6,52]. As for HaY, the Hirshfeld surface
analysis of Y (Figure S16 & S17) reveals that with 62.8%, HIIIH contacts
are predominant in the packing and belong as the shortest contacts. The
relative increase of the ClIC (+6.2%) and CIIN (+3.1%) contacts in Y
together with the decrease of ClliH (-12.9%) contacts is explained by the
presence of I stacking interactions. Despite the absence of H-bonds in
the packing of Y, the relative compactness and molecule proximity
induces an increase in the OIIH interactions (+2.7%) compared to HaY.
Moreover, for Hz2Y, the bond lengths are quite similar with the one
reported by Miao and co-workers in 6,14-dimethyl-5,14-dihydro-
5,7,12,14-terazapentacene, as for Y, its symmetrical bond length pattern
clearly demonstrating its centrosymmetric character (Figure S20).

3.1.4. optical and electronic properties of HzY, Y and [Y]*

The UV-Vis-NIR absorption spectra collected for H2Y, Y and [Y]" in
THF are shown in Fig. 5. The spectrum of H2Y exhibits two main
absorption bands centered at lmax = 505 nm (15% [ 29 000 M-'. cm!) and
Imax = 536 nm (#% [ 27 000 M-1. cm"). These spectroscopic signatures
are in good agreement with previous data reported for 6,14-dimethyl-
5,14-dihydro-5,7,12,14-tetrazapentacene  and  6,13-diethynyl-5,14-
dihydro-5,7,12,14-tetrazapentacene, respectively [27,52]. The absence of
substantial redshift indicates the non-existent conjugation of the carbonyl
groups with the main aromatic core, which is consistent with their
geometry and the theoretical calculations (vide infra). The emission
spectrum recorded for H2Y exhibits one intense band at (n= 568 nm and a
vibrational component at Is = 611 nm, with a rather large fluorescence
quantum yield (lr) of 0.38 (Figure S22). The Stokes shift attains 1051 cm-
1. A slight positive solvatochromism of the high energy band was also
observed for H2Y when going to polar solvents such as MeCN, DMF or
DMSO (Figure S23).
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Fig. 5. UV-Vis-NIR absorption spectra of H2Y, Y and [Y]" in THF (105 M).

Oxidation of HzY into Y results in a bathochromic shift (+63 nm) of
the lowest energy absorption maximum from lmax = 536 t0 I max = 600 nm
and a drastic drop of its molar extinction coefficient (~21 000 M-'.cm™").
The fluorescence of Y is also redshifted (+41 nm, Figure S22) and
substantially quenched with [r = 0.02. The stiffness as well as the
possible charge transfer from one side to another may induce a drop of
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the Stokes shift of Y to 274 cm' [27,65]. Upon monoelectronic chemical
reduction of Y with [Cr%(CeHe)2], the near-infrared (NIR) fingerprint
absorption of the open-shell radical anion [Y]" is clearly visible (Fig. 6)
[56,57]. Indeed, intense low energy band with well-defined vibrational
structure appeared at lmax = 768, 856 nm as well as less intense bands up
to lmax = 1228 nm. These data suggest that the unpaired electron is
delocalized over the azapentacene aromatic core as observed by Bunz
and co-workers. Unsurprisingly, the radical anion [Y]" is non-emissive.
We also estimated the aerobic and anaerobic stability of [Y]" in THF by
UV-Vis-NIR absorbance experiment (monitoring at 0 = 856 nm) and
confirmed the half-life (f12) to be 5 days under aerobic conditions and
more than twice under anaerobic conditions. The main product arising
from [Y]! decomposition is the corresponding neutral form Y, suggesting
the stability of [Y]" regarding disproportionation.

Behavior of H2Y in DMF. As discussed in the previous section, the
absorption spectrum of Hz2Y in THF or in dichloromethane exhibits two
intense bands at Imax = 505 and 536 nm. Unexpectedly, we discovered
that the absorption spectra of H2Y in DMF displays additional low energy
absorption bands at Imax = 768 nm and 856 nm as well as less intense
ones observed between 1000 and 1300 nm (Fig. 6a). Further studies
have then revealed that the intensity of those additional bands increases
quite significantly when decreasing the concentration of HaY. This
phenomenon is illustrated in Fig. 6a with selected curves showing that the
low energy bands at lmax = 768, 856, 1051 and 1228 nm develop upon
dilution at the expense of those at Imax = 505 and 536 nm attributed to
H2Y (with two isosbestic points at Imax = 466 and 587 nm).
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Fig. 6. a) UV-Vis-NIR absorption spectra of H2Y in DMF from 2.5 x 105 M to 8.0 x
10® M, the inset is the EPR spectra of Hz2Y into DMF: 10 mW; modulation
amplitude = 0.1 G; 110 scans; [H2Y] = 100 pM; b) Evolution of the UV-Vis-NIR
absorption spectra of HzY in THF [H2Y] = 1 x 105 M upon addition of DBU (1,8-
diazabicyclo(5.4.0)undec-7-ene); c) anaerobic UV-Vis titration of HzY (10-5 M) with
DBU in 1,2-dichloroethane (glove box).

These additional bands observed in DMF is in fact quite similar to the
one observed by Bunz and his collaborators with radical anions of various
azapentacenes [56,57]. It also matches the data recorded after chemical
reduction of Y with [CrO(CeHs)2] (Fig. 5). These similarities thus led us to
conclude that [Y] is actually produced in-situ from HzY in aerobic DMF
solutions. The key role of molecular oxygen in that process was further
revealed by showing that the bands attributed to [Y]" are not observed in
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oxygen-free conditions. This finding led us to study the formation kinetics
of [Y]" by recording the absorbance over time in aerobic and anaerobic
conditions at either lmax = 517 nm (attributed to HzY) or Imax = 856 nm
(attributed to [Y]") in DMF (Figure S24). These measurements led to the
conclusion that the disappearance of H2Y in aerobic conditions is
concomitant with the appearance of [Y]' (anaerobic conditions having no
impact). EPR analyses allowed to confirm the paramagnetic character of
the latter species with a signal at 352 mT featuring hyperfine couplings,
suggesting a delocalization of one unpaired electron (Fig. 6a inset).

In terms of mechanism, these results prompted us to postulate that
the in-situ formation of [Y]lcould potentially result from the reaction of
H2Y with basic amine-type degradation products contained in DMF;
leading to an intermediate species that quickly oxidizes in the presence of
molecular Oz. This assumption was hereafter confirmed upon studying
the deprotonation of H2Y in both aerobic and anaerobic conditions.

Behavior of HzY in the presence of a base. The same absorption
spectrum attributed to [Y], showing peaks at Imax = 768, 856, 1051 and
1230 nm, could indeed be obtained in aerobic THF by deprotonation of
Hz2Y using DBU as a base (pKa™F [ 19) [66]. The demonstration is
unambiguous since the data collected in Fig. 6b are identical (same
isosbestic points and lImax values) to those collected upon changing the
concentration of Hz2Y in DMF (Fig. 6a). These data are thus consistent
with the conclusion that the anion radical [YJF is obtained by
deprotonation of HzY in the presence of Oa.

The same deprotonation experiment carried out under oxygen-free
conditions (glove-box) conversely resulted in a fully different behavior,
with a progressive decrease in the intensity of the signals attributed to
HzY in favor of three intense absorption bands developing at Imax = 409,
593 and 634 nm, which could be attributed to the monodeprotonated
anion [HY] (Fig. 6c). This attribution is supported by both TD-DFT
calculations and spectroelectrochemical data (vide infra). The formation
of [Y]" in the presence of oxygen can thus be explained by an O2-
mediated oxidation of the in-situ generated anion [HY]" to afford [HY]
which is then instantaneously deprotonated in the presence of DBU to
yield [Y]". A similar mechanism is most likely involved in the absence of
DBU when using DMF as solvent, with either solvent molecules or amine-
type basic impurities acting as bases.

To the best of our knowledge, we demonstrate here for the first time
that a tetraazapentacene radical anion can be either spontaneously or
chemically generated from a dihydrotetraazapentacene precursor (HzY)
in DMF and basic THF, respectively, highlighting the potent impact of the
bulky and electron-withdrawing pivaloyl groups on the acidity of the NH.

Behavior of H:Y in acidic media. We also studied the basicity of
HzY by following the change in its UV-Vis signature during the addition of
trifluoroacetic acid (TFA). As can be seen in Fig. 7, the progressive
addition of TFA (from 1 to 10 molar equivalents) led to a decrease of the
absorption maxima of Hz2Y at Imax = 500 and 532 nm and to the
development of a new broad signal showing peaks at lmax = 586 nm and
624 nm. These bands, reaching their maximum intensities after addition
of 10 equivalents of TFA, have been attributed to the monoprotonated
specie [H3Y]* based on theoretical and spectroelectrochemical data (vide
infra).
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Fig. 7. Titration of HzY (105 M) in dichloromethane with increasing equivalents of
trifluoroacetic acid

3.1.5.  Theoretical calculations

To gather more information regarding the nature of the ground and
excited states of the different compounds, we relied TD-DFT. First, for
H2Y, three tautomers (Figure S26) can be envisaged and the most stable
obtained by theory actually corresponds to the one observed by single
crystal X-ray diffraction analysis. An investigation of the aromaticity of
H2Y by the NICS approach reveals that all cycles are aromatic (NICS
between 3.1 and 7.0 ppm) except the cycle bearing the two secondary
amines (+6.7 ppm, Fig. 8). Vertical TD-DFT calculations in THF return a
bright Se-S1 transition at 496 nm (f = 0.710) corresponding to the strong
absorption band in the experimental spectrum (ca. 520 nm, see Fig. 5). In
chemical terms, this transition mainly involves a rather delocalized yet
asymmetric density reorganization (Fig. 9), with a non-trifling charge-
transfer (CT) character (Fig. 9). To confirm this assignment, we
performed vibrationally resolved calculations the agreement between
theory and experimental band shapes is clear for both absorption and
emission (Fig. 6/10 & Figure S22/S28-S30). Interestingly, such vibronic
calculations also allow evaluating the emission rates considering only the
radiative and internal conversion phenomena (hence neglecting other
non-radiative process, e.g., intersystem crossing). For HzY, such
calculations deliver a fluorescence quantum yield of @ = 0.42, in the very
same range as the experimental value (0.38).

Fig. 8. NICS(0) values computed for HzY (left) and Y (right).

In Y, the central and nitrogen-bearing cycles become strongly
aromatic, at the small expense of a partial decrease of aromaticity for the
peripheric rings as compared to Hz2Y (Fig. 8). Indeed, the central cycle
has a NICS(0) value of 113.7 ppm. Vertical TD-DFT absorption returns a
So-S1 transition at 653 nm, redshifted as compared to HzY, but more
importantly, showing a much lower oscillator strength (f = 0.071). This
transition corresponds to the absorption band at ca. [ = 516-599 nm in the
experimental domain (Fig. 5), as confirmed again by vibronic calculations
(see Fig. 10 and Figure S30). This transition involves a symmetric
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electronic reorganization on the whole core (Fig. 9). For Y, theoretical
calculations performed with the same approach as for H2Y return a
fluorescence quantum yield of 0.04, consistent with the experimental
value of 0.02.

Fig. 9. EDD plots for the lowest transitions of HzY (left) and Y (right). The red
(blue) lobes correspond to regions of increase (decrease) of density upon
photoexcitation. 0.001 contour threshold.

The experimental UV-Vis absorption of [Y]" is obviously much more
complex with several bands of different shapes, intensities and positions
(Fig. 5). In THF, vertical TD-DFT calculations return three significantly
dipole-allowed transitions at 1103 nm (f = 0.030), 713 nm (f= 0.277), and
434 nm (f = 0.511). The EDD plots for these transitions are displayed in
the SI, and have the expected symmetric and delocalized topology
(Figure S31). As radical species are elusive, we also performed vibronic
calculations to simulate more accurately the optical spectra of [Y]"
accounting for the three transitions described above. The results are
shown in Fig. 10. The agreement with experiment is satisfying with two
strongly redshifted and rather broad low-intensity bands above 1000 nm,
coming from the S1 excited-state, followed by much sharper peaks in the
600-800 nm domain, originating from the second excited state. Finally, a
band at significantly higher energy in the 500-400 nm domain
corresponds to the So- S7transition. The theoretical relative intensities are
not perfect as compared to experiment, as expected for radicals.
Nevertheless, the match clearly confirms that the experimental spectra
displayed in Fig. 5 is the one of [Y]X
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Fig. 10. Vibrationally resolved absorption spectra of H.Y, Y and [Y]™ in THF
simulated using a TD approach and applying the Vertical Hessian vibronic model.

Vibronic calculations were also performed for the neutral (fully
reduced form), deprotonated and protonated species, namely HsY, [HY],
[HaY]* and [H4Y]?*, respectively (Fig. 11). The agreement with experiment
is again satisfying (e.g., see Fig. 7/10). More in details, the increasing
degree of protonation of Hz2Y induces successive redshifts, consistent
with the protonation experiments A comparison between theoretical and

experimental spectra hint that upon titration with an acid, the predominant
specie is the monoprotonated [H3Y]* and that a huge excess of acid is
needed to reach the diprotonated specie [HsY]?* (not observed upon
titration with TFA). Moreover, the simulated UV-Vis spectrum of the
deprotonated specie [HY]™ globally fits with the one displayed in Fig. 6¢
(intense vibronic bands at ca. 600 nm, smaller less resolved peak at ca.
400 nm) suggesting that the formation of [Y]*~ by deprotonation of Hz2Y
goes through the formation and successive transformation of [HY]".
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Fig. 11. Vibrationally resolved absorption spectra of HsY, [HY]~, [HsY]* and [HaY]?
in THF simulated by vibrationally-resolved TD-DFT calculations.

3.1.6. Electro- and spectroelectrochemical measurements

The electrochemical properties of both Y and H2Y were investigated
in 1,2-dichloroethane (DCE) under N2 (glove box) using a three-electrode
setting involving a platinum working electrode and an Ag/AgNOs (102 M
in acetonitrile) reference electrode. Selected data recorded in steady
state (LSV-RDE) and transient (CV) regimes over the accessible potential
window are displayed in Fig. 12.

Y was found to undergo two successive one-electron reductions
centered at E12=—0.610 V and E12= —1.165 V. The number of electrons
exchanged in those two redox processes was assessed from coulometry
and steady state data. First insights into the stability of the reduced forms
came from the fully reversible character of these two well-defined waves
affording [Y]" and [Y]2, whose stability at the CV time scale (25-200 mV.s-
1) is consistent with a delocalization of the single electron and/or charge
over the [-conjugated backbones.
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Fig. 12. Cyclic (full lines) and linear sweep (dashed curves) voltammograms
recorded for a) Y and b) HaY; in 1,2-dicloroethane under argon in the presence of
tetra-n-butylammonium hexafluorophosphate (TBAPFe). ([C]= 0.5 mM in 0.1 M
TBAPF¢/DCE, E (V) vs. Ag*/Ag 10-2M). CV (Pt WE @ = 2 mmii=100 mV.s"); LSV
at RDE (GC WE @ = 3 mm, [it= 5 mV.s"*, 500 rd.min-").

Hz2Y was found to exhibit rather different electrochemical signatures
with two successive one electron oxidation waves at E, = 0.530 V and
1.025 V and one reduction at Ep = -1.590 V. All these waves were found
to retain their fully irreversible features at all accessible scan rates. The
broad shape of the second oxidation wave observed at E1 0.8 V and the
relative value of the corresponding diffusion limited current (dashed
curve) are moreover consistent with the existence of a sequence of
electrochemical processes leading to the removal of more than one
electrons/moles. Attribution of this irreversibility to the existence of
chemical steps coupled to the oxidation and reduction processes was first
supported by the observation of additional waves observed on the return
scan (signals signaled by * and # in Fig. 12). In accordance with its more
reduced delocalized 7 system and with the presence of two secondary
amines, H2Y was thus found to be both harder to reduce and easier to
oxidize than its Y parent. Its reduced form [H2Y]® was likewise found to be
far less stable than its [Y]" counterpart generated in-situ by one electron
reduction of Y. We underline that the electrochemical signature of the
pivaloyl-substituted Hz2Y shows major differences with that reported for
the unsubstituted parent compound, which was found to undergo three
consecutive reductions, including two reversible ones, and one oxidation
in the accessible potential domain [32]. These major differences therefore
bring to light the major impact of the pivaloyl electron-withdrawing
substituents on both the energy and stability of the electrogenerated
species produced from HzY.

The electrochemical and chemical steps involved with Y and H2Y
were further investigated by spectroelectrochemical (SEC) methods,
which involved regularly recording absorption spectra over time during
electrolyzes experiments carried out either at preparative or thin-layer
scales.

Reduction of HzY. As seen in the spectra collected in Fig. 13a, the
reduction of Hz2Y in a thin-layer setup led to the gradual decrease in the
intensity of the signals centered at Amax = 502 and 533 nm in favor of new
signals developing at Imax = 409, 593 and 635 nm, this evolution being
accompanied by two well-defined isosbestic points at 4 = 429 and 556
nm.

-M;D 500 550 700 AIDIB 56D v ) 6(;0 70[0
% (nm) A (nm|

Fig. 13. UV-Vis spectra recorded over time for a solution of H2Y (0.1 M TBAPFgin
DCE) placed in a thin-layer spectroelectrochemical cell (0.5 mm, Pt grid) when the
potential of the platinum grid was swept linearly a) from —0.35 V to E1=—1.7 V at
20 mV.s, followed by 5 minutes of potentiostatic electrolysis at —1.7 V) and b)
from —1.7 V back to E2= 0V at 20 mV.s", followed by 5 minutes of potentiostatic
electrolysis at 0 V.

In line with the CV data discussed above demonstrating the instability
of [H2Y]' at short timescale, EPR analyzes carried out on the bluish
solution obtained after exhaustive reduction at Eapp = —1.7 V revealed the
diamagnetic character of the reaction product(s) accumulated in the cell
during the forward scan (Fig. 13a). The latter species could moreover be
re-oxidized upon scanning back the electrode potential to 0 V, which led
to a complete regeneration of the initial sample of HzY, easily identified
from the absorption bands centered at Amax = 502 and 533 nm (Fig. 13b).
Taken together, these CV and SEC data therefore confirm the conclusion
that the electrogenerated [H2Y]" is readily transformed into a stable
diamagnetic product, which get in turn oxidized at about 10.5 V to yield
back the starting material Hz2Y (see inset of Fig. 13b). Further insights into
the nature of the chemical steps coupled to the reduction of H2Y were
provided upon studying its deprotonation in oxygen-free conditions using
DBU as a base. As can be seen in Fig. 6c, the progressive addition of
DBU to a solution of H2Y in DCE +TBAPFs led to a drop in the intensity of
the signals attributed to H2Y in favor of three new bands, developing at
Imax = 409, 593 and 635 nm with a clean isosbestic point at 552 nm,
attributed to the deprotonated species [HY]™ It should be emphasized
here that this attribution is consistent with the optical spectra of [HY]™
simulated by TD-DFT (Fig. 11) and with the assumption that the second
deprotonation should be much more difficult to achieve than the first one.
In addition, CV measurements carried out on an electrolytic solution of
H2Y obtained after addition of 10 molar equivalents of DBU also revealed
that the in-situ generated anion [HY]™ gets oxidized at —0.5 V (Figure
S32), which is consistent with the wave observed in the backward scan of
Fig. 13b. The spectroscopic and electrochemical data collected after
reduction or deprotonation of HzY thus support the conclusion that the
reduction of H2Y at E < —1.5 V yields the anion [HY]™ which can be
reoxidized at E > —0.5 V to regenerate H2Y. The mechanism shown in
Fig. 14 (Eq. 1 to 5) is therefore proposed based on the experimental data
collected with HzY and previous studies involving wt-radicals behaving as
weak Bronsted acids [28]. This mechanism is also consistent with the
reversibility of the transformation and has been preferred to another
possible route involving the irreversible formation of Hz and [HY] from
[H2Y]". The first step is the one electron reduction of H2Y at E < -1.5V
yielding the anion radical [H2Y]"iwhich is basic enough to pull off a proton
from the weak acid HzY to afford the deprotonated anion [HY]' and the
neutral radical [HsY]'ll The latter radical species is then spontaneously
reduced at the applied potential (E < —1.5 V) into the basic species
[H3Y], which is again capable of pulling off a proton from the remaining
H2Y to yield the fully reduced specie HsY'and a second molar equivalent
of [HY]In the end, according to the proposed mechanism, the reduction
of Ha2Y affords a 2:1 mixture of [HY] and HaY (Eq. 5 in Fig. 14)IAs
discussed above, this mechanism is mainly supported by the
electrochemical and spectroscopic data revealing the accumulation of
[HY]"during the electrochemical reduction of HaY. It should however be
mentioned that the presence of the colorless polyamine HaY (TD-DFT
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calculated (lmaxlheo = 360 nm, 1200 M-'.cm™! see Fig. 11) in the reaction
media could so far not be demonstrated experimentally.

H,Y + e = [H,Y]* (1) [H3Y]" + e = [H5Y] (3)
[HaY] + HoY = [HyY]* +[HY]  (2) [HaY] + HyY = [H,Y] + [HY] (4)

3H,Y +2e = [H,Y] + 2[HY]

(5)
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Fig. 14. Proposed mechanism following the reduction of HzY.

First oxidation of HzY. Similar SEC measurements were carried out
in an attempt to identify the species generated upon the first oxidation of
Hz2Y. The absorption spectra collected when scanning the electrode
potential from the OCP value (open circuit potential) up to Es = + 0.8 V
are shown in Fig. 15a. What can be seen is i) the progressive
disappearance of the initial signals attributed to HzY in favor of new signal
featuring a maximum absorption at Amax = 598 nm and ii) the existence of
two well defined isosbestic points at 4 = 449 and 552 nm. The
reversibility of the chemical transformation coupled to the one-electron
oxidation of H2Y was moreover established from the data collected in Fig.
15b, showing that the spectrum of Hz2Y can be fully recovered upon
scanning back the electrode potential down to E4 =10.8 V.

1
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Fig. 15. UV-Vis spectra recorded over time for a solution of H2Y (0.1 M TBAPF¢in
DCE) placed in a thin-layer spectroelectrochemical cell (0.5 mm, Pt grid) when the
potential of the platinum grid was swept linearly a) from 0.4 VV (OCP) to E3= +0.8 V
at 20 mV.s, followed by 5 minutes of potentiostatic electrolysis at +0.8 V) and b)
from +0.8 V back to Es = -0.8 V at 20 mV.s?, followed by 5 minutes of
potentiostatic electrolysis at —0.8 V.

First insights into the structure of the species produced at Es = +0.8
V came from EPR measurements revealing the diamagnetic character of
the electrolysis product and from protonation studies showing that similar
UV-Vis absorption spectra can be recorded after exhaustive oxidation at
+0.8 V and after addition of excess TFA (see Fig. 7), the main
characteristics being a broad absorption band centered at Amax = 598 nm
with shoulders at Amax = 570 and 640 nm. Coulometry measurements
also revealed that a full conversion of HaY requires abstraction of one
electron per molecule. These results thus led us to propose the
mechanism shown in Fig. 16 (Eq. 6 to 9) wherein the transient cation
radical [H2Y]* is converted into the protonated species [HsY]* by
abstraction of H' from a solvent molecule. The abstraction of hydrogen
from organic n-radicals is a quite rare reaction which has nevertheless
already been observed with various heteroaromatic cation radicals based

on porphyrin-, acridine- or diazodiphenylmethane- derivatives [67-72]. A
problem common to all these studies is the difficulty of identifying the
source of hydrogen which can potentially be attributed to solvent
molecules such as acetonitrile, DMF or dichloromethane or even to the
organic salts required for electrochemical measurements (in our case the
tetra-n-butylammonium hexafluorophosphate). In line with these findings,
the first step of the proposed mechanism is thus the one electron
oxidation of HzY vyielding [H2Y]* (Eq. 6 in Fig. 16) which is readily
involved in a H transfer reaction (Eq. 7 in Fig. 16) involving a solvent
molecule SH acting as a donor to afford the protonated product [H3Y]*
together with a reactive solvent-based radical which eventually dimerizes
(Eq. 8in Fig. 16).

HoY = [HY]" + 6 (8)

[HY]"™* + SH = [HyY]" +8* (7)  [HY] + e~ [HY] (10)

28"~ S8 (8)  2MHyYI'=2HY +H, (1)

HpY +SH = [HyY] +14(S-S) + & (9)  2[H,Y]' + 26 = 2H,Y +H, (12)

COOCD = CLCD < OOt
N g ® N g o} N g

© HY [HY]™ [HsYT

H
ND -1/2H, @
N

(1)
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H
N@ +e
P —_—
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[HsYT* [HyY)

IZI| 1ZT

Fig. 16. Proposed mechanism following the oxidation of HY at Es.

The reversibility of the process, i.e., the ability to recover the starting
H2Y species after back reduction of [H3Y]*, as revealed by the data
shown in Fig. 15b, can be explained by considering that the one electron
reduced species [HaY]' (Eq. 10 in Fig. 15) gets converted into HzY with
hydrogen evolution (Eq. 10 to 12 in Fig. 16), as already hypothesized to
occur with different porphyrin derivatives [73-75].

Second oxidation of H:Y. Further investigations involved SEC
measurements on the second oxidation wave, i.e., upon scanning the
electrode potential up to Es = +1.3 V. As expected, increasing the
potential from Eoce to +0.8 V (step 1 Fig. 17a) initially led to the
accumulation of the protonated intermediate [H3Y]*, easily identifiable
from the broad band developing at 598 nm. Scanning up to Es = +1.3 V
(step 2 in Fig. 17a) then led to a progressive decrease in the intensity of
that intermediate signal in favor of new bands developing at Imax = 442,
519, 555 and 600 nm (Fig. 17a). Here again, these changes were found
to be fully reversible in our experimental conditions, as proved by the data
collected in Fig. 17b showing a complete recovery of the spectrum of H2Y
upon scanning back to Es =01 V.

The spectrum collected after completion of the oxidation at Es,
exhibiting two weak signals above 500 nm; i.e., at 555 and 600 nm, and a
more intense one at Amax = 442 nm, was in fact readily identified and
attributed to the deprotonated analog Y (see Fig. 5). The series of
electrochemical and chemical steps allowing to convert the protonated
species [HaY]* into Y are summarized in Fig. 18 (Eq. 13 to 17). The first
step is the oxidation of the protonated species [H3Y]* yielding [HaY]?*
which readily evolves through loss of H* into [H2Y]*". This intermediate is
then expected to be spontaneously oxidized at Es to afford the doubly
oxidized/protonated [H2Y]2* which releases both protons to yield the final
reaction product Y. Once again, all our experimental findings and
conclusion well match with the experimental and theoretical spectra of
[HsY]* and Y (see Fig. 10 and 11). These attributions were further

11



supported by spectroelectrochemical analyses carried out on chemically
prepared pure Y samples.

 (nm) 2 (nm)

Fig. 17. UV-Vis spectra recorded over time for a solution of HzY (0.1 M TBAPFs in
DCE) placed in a thin-layer spectroelectrochemical cell (0.5 mm, Pt grid) when the
potential of the platinum grid was swept linearly a) from —0.4 V (OCP) to Es = +1.3
V at 20 mV.s, followed by 5 minutes of potentiostatic electrolysis at Es) and b)
from +1.3 V back to Es = —1V at 20 mV.s", followed by 5 minutes of potentiostatic
electrolysis at —1 V.

[HiY]* = [HyY]2*+ e (13) [HoY]** = [H Y] + e (15)
[H3Y]?** = [H Y] + H* (14) [HoY]?* = Y + 2H* (16)
[HiY]* =Y +3H* + 2e 17)
g = -e +H* g H H H
CLOG0 *2 COCLAD 2= CLC O
N N I g (13) ay N
O HY [HsY]* O [HyYP*

a1
.
Z, I(ZD
5]

Fig. 18. Proposed mechanism following the oxidation of HzY at Es.

Reduction of Y. The number of electrons involved in both reversible
reduction CV waves observed in the accessible potential window, at E12
= —0.610 V and Eiz = -1.165 V (Fig. 12a), was established from
coulometric experiments coupled to UV-Vis measurements. Selected
absorption spectra collected over time during the reduction of Y at Eapp =
10.85 V are shown in Fig. 19a. These data bring to light that the spectrum
of the electrogenerated species [Y]' displays intense signals at Amax =
455, 769 and 856 nm as well as two less intense and broad ones in the
NIR range, at Imax = 1052 and 1226 nm. The clean formation of this stable
radical anion was first revealed by the observation of a well-defined
isosbestic point at 4 = 448 nm. The stability of [Y]" was further
demonstrated by electrochemical measurements carried out at static and
rotating disk electrodes (RDE) after completion of the one-electron
exhaustive reduction (Fig. 19¢ and Fig. 19d). The curves recorded at a
RDE before and after electrolysis reveal that [Y]- is the unique product of
the reaction and that it is stable in our conditions at the electrolysis time
scale (11 hour). In agreement with the proposed structure, the X-band
EPR spectra of [Y]" (Fig. 19b) recorded at room temperature is consistent
with the presence of a single electron (g = 2.004) showing hyperfine
interactions with 4 nitrogen atoms (an(G) = 1.15, 1.15, 1.63, 1.63) and 7
hydrogen atoms (an(G) = 0.57, 1.66, 1.66, 1.19, 1.19, 2.21, 2.214).
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Fig. 19. a) UV-Vis spectra recorded over time during the exhaustive reduction (1
e/moles) of Y (0.5 mM in 10 mL of DCE + 0.1 M TBAPFe) at E7 = —0.85 V (Pt grid, |
= 1mm). b) X-band EPR spectra recorded at RT after exhaustive reduction of Y at
E7 (1 e/moles). c) Voltamperometric curves recorded at a rotating disk electrode (o
=3 mm, 0.01 V.s™, 500 rad.min™") before (grey line) and after (black line)
exhaustive reduction of Y at E7 (1 e/moles). d) Voltamperometric curves recorded
at a static vitreous carbon working electrode (2 = 3 mm, 0. 1 V.s™") and after
exhaustive reduction of Y at E7 (1 e/moles).

In a second experiment, Y was submitted to a potentiostatic
electrolysis at Es = —1.45 V in an attempt to generate and characterize
the two-electron reduced species [Y]™. The absorption spectra collected
over time during this experiment are collected in Fig. 20a. Formation of
the intermediate anion radical [Y]*" in the early stage of the electrolysis
(step 1 in Fig. 20a, from 0 to 1 electron/moles exchanged) was revealed
by the development of bands centered at Imax = 455, 769, 856, 1052 and
1226 nm (# in Fig. 20). Further reduction of that species (1 to 2 e/moles
exchanged) then led to the consumption of [Y]* in favor of a new set of
intense signals centered at Imax = 410, 593 and 635 nm (@ in Fig. 20a),
which have previously been shown to be diagnostic features of [HY]" (see
Fig. 6¢c and Eq. 13). This attribution was confirmed by RDE and CV
measurements conducted after completion of the electrolysis (Fig. 20b
and d) showing no trace of the expected dianion [Y]["Ibut only an
irreversible wave at ~—0.6 V attributed to the oxidation of the in-situ
generated species [HY]! (see Fig. 13b and the associated discussion).
The proposed mechanism to account for the formation of [HY]® by two-
electron reduction of Y is shown in Fig. 22.
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Fig. 20. a) UV-Vis spectra recorded over time during the exhaustive reduction (1
e/moles) of Y (0.5 mM in 10 mL of DCE + 0.1 M TBAPFe) at £s = —1.45 V (Pt grid, |
= 1mm). b) Voltamperometric curves recorded at a rotating disk electrode (2 = 3
mm, 0.01 V.s™, 500 rad.min™") before (dashed line) and after (black thick line)
exhaustive reduction of Y at Es (1 e/moles). c) Voltamperometric curves recorded
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at a static vitreous carbon working electrode (¢ = 3 mm, 0. 1 V.s™") and after
exhaustive reduction of Y at Es (1 e/moles).

The two first electrochemical steps are the successive one electron
reduction of Y (Eq. 18 and 19 in Fig. 22) yielding the dianionic species
[YI™which could not be observed in our experimental conditions as it
spontaneously get protonated to afford [HY] (Eq. 18 and 19 in Fig. 22).
The source of proton in this reaction still remains unclear as all reactants
have been carefully dried before use, but a plausible hypothesis is that it
comes from protic impurities present in the electrolyte (solvent + 0.1 M
TBAPFs). A careful examination of the CV curve shown in Fig. 20c also
reveals the presence of two weakly intense reduction waves at Epc =
—0.64 and —1.15 V (*in Fig. 20c) on the backward scan which were
attributed to the existence of chemical steps coupled to the one electron
oxidation of [HY]". This assumption was confirmed upon carrying out an
electrolysis of that compound at Eapp = —0.25 V. The absorption spectra
collected over time during this one electron oxidation as well as the
electrochemical data collected after completion of the experiment are
collected in Fig. 21.
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Fig. 21. a) UV-Vis spectra recorded over time during the exhaustive reduction (1
e/moles) of [HY]™ (generated in-situ by reduction of Y, see Fig. 20) at Es = - 0.25 V
(Pt grid, | = 1mm). b) Voltamperometric curves recorded at a rotating disk electrode
(2 =3 mm, 0.01 V.s™*, 500 rad.min™") before (dashed line) and after (black thick
line) exhaustive reduction of [HY]™ at Es (1 e/moles). c) Voltamperometric curves
recorded at a static vitreous carbon working electrode (g = 3 mm, 0. 1 V.s™) after
exhaustive reduction of HY]™ at E¢ (1 e/moles).

From a spectroscopic point of view, application of Eg = —0.25V first
led to a decrease in the intensity of the signals attributed to [HY]" and to
the development of new bands at [max = 455, 769, 856, 1052 and 1226
nm (step 1 in Fig. 18) attributed to [Y]*MThis intermediate compound was
then found to be transformed in the last stage of the experiment into a
mixture of products featuring absorption maxima at 441, 501, 533 and
600 nm. These characteristic signals reaching maximum intensities after
exchange of 1e/moles were readily attributed to an equimolar mixture of
Y (441 and 600 nm) and HzY (501 and 533 nm). This attribution was then
confirmed by electrochemical measurements (CV and LSV at RDE) with
the observation of two consecutive reduction waves at E1 = —0.605 V
and Ep = —1.13 V, matching those obtained for Y (see Fig. 12a), and of
an irreversible oxidation wave at Ep = 0.5 V (not shown on Fig. 12a,
Figure S33) matching that observed for H2Y. The stoichiometry of the
reaction, initially assessed from the relative intensities of the bands
attributed to H2Y and Y in the spectra shown in Fig. 21a, was also
confirmed upon comparing the intensities of the diffusion limited currents
recorded at a RDE before (grey curve in Fig. 21b) and after (black curve
in Fig. 21b) electrolysis. The loss of about half the intensity of the
reduction waves centered on Y is indeed fully consistent with the
conclusion that half the number of moles initially present in the cell could
be recovered after one-electron oxidation of [HY]U the other half being
converted into Hz2Y. The PCET mechanism proposed to explain such

behavior is detailed in Eq. 22-24, Fig. 22. It starts with the one electron
oxidation of [HY] yielding the neutral radical [HY]* which reacts with the
more basic species [HY]' through proton transfer to afford a mixture of
HzY and Y*. This latter anion radical is not stable at the applied potential
Eg and thus is oxidized into Y. This mechanism makes it possible to
account for the stoichiometry of the transformation (Eq 24 in Fig. 20) and
also, for the formation of Y*las an intermediate. The fact that Y*lis not
spontaneously oxidized at the electrode might be explained by the “slow”
kinetics of Eq. 23 (Fig. 22).

Y+e= Y- (18) [HYT = [HY] + e (22)
Y]+ e = [Y]* (19) [HY] + [HY] = Y* + H,Y (23)
[Y]2 +H* = [HY] (20) Yo =Y+e (22)
Y +2e+H = [HY]  (21) 2[HY]- = HY + Y + 2e (24)

+e

(19)

Fig. 22. Proposed mechanism following the reduction of Y at Es and the back
oxidation of [HY] at Eo.

4. Conclusion

We have reported herein the synthesis and characterization of a new

tetraazapentacene derivative Y, and its corresponding dihydro form HaY,
bearing electron-withdrawing pivaloyl moieties at positions 6 and 13.
These bulky substituents led to the stabilization of the radical anion
species Y°[ exhibiting fascinating NIR-absorption properties (from 700 to
1300 nm), which could be obtained either by chemical or electrochemical
reduction of Y or by spontaneous O2-mediated oxidation of H2Y in basic
conditions. We have then explored the electrochemical properties of both
HYY and Y. These analyzes revealed the complex
electrochemical/chemical pathways, involving H* or H* transfer reactions,
for switching from H2Y to Y. All the proposed mechanisms and
attributions are based on in-depth spectroscopic, electrochemical and
spectroelectrochemical studies supported by vibrationally-resolved TD-
DFT calculations. The reduction of H2Y was found to afford the
diamagnetic blue-colored anion [HY]™ while the first oxidation of Hz2Y led
to a quantitative formation of the protonated species [H3Y]* which could
be further oxidized to yield the fully aromatic species Y. Our studies then
brought to light the stability of the radical anion [Y]* featuring intense
signals in the NIR region as well as a diagnostic EPR signal with
hyperfine splitting. Further reduction of [Y]* then afforded an unstable
dianion [Y]" which was found to evolve through deprotonation into [HY]",
a species that could be oxidized to produce a stoichiometric mixture of Y
and HaY.
We have thus contributed to improving the knowledge on this class of
molecules by highlighting the fascinating redox behavior of
tetraazapentacene derivatives and by finely characterizing all the
intermediate processes involved in the observed coupled processes. We
hope that this detailed fundamental study will pave the way to
applications of these molecules, in particular as redox-responsive dyes
for electrochromism.
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