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Two compact far-red cationic benzoquinone diimine dyes were synthesized, having molecular weights
lower than 400 or 300 Da and featuring light absorption properties centered around 700 nm. Their redox
and optical properties were investigated experimentally, alongside theoretical studies of their structural

rsc.li/obc and excited-state characteristics.

Introduction

The development of far-red and near-infrared (NIR) dyes has
been a key focus over recent decades, driven by their potential
in cutting-edge applications. These wavelengths are particu-
larly significant due to their compatibility with the biological
transparency window, making red-NIR dyes valuable for fluo-
rescence and photoacoustic bioimaging, as well as therapeutic
applications." Additionally, since a substantial portion of solar
radiation falls within this spectral range, red-NIR dyes are
crucial for enhancing the efficiency of solar cells, and enabling
the development of transparent panels.>® However, designing
red-NIR dyes is often challenging, as it typically requires large
chromophores with extensive n-delocalization to achieve the
low HOMO-LUMO gaps needed for long-wavelength
absorption.*® In the actual context of decrease in natural
resources and with the aim of atom economy, reducing the
size of chromophores is a pressing objective. To address this
challenge, different emerging strategies focus on the design of
compact red-NIR cationic dyes with low molecular weights
(MW < 400 Da), such as antiaromatic systems like aminofluor-
enes (e.g., A%, Fig. 1), or coupled polymethine structures like
benzoquinone imines (e.g., B*, Fig. 1).*%"

The design of such small quinoidal coupled polymethines
relies on the combination of two 6n-electron subunits, typically
forming six-membered rings linked by two single bonds. This
arrangement induces electronic coupling between the sub-
units, reducing the HOMO-LUMO gap and redshifting the
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absorption (and possibly emission) of the resulting chromo-
phore.”> We have been actively investigating the synthesis of
2,5-diaminobenzoquinone diimine coupled polymethines and
their structure-property relationships to understand how
N-substituents influence their electronic characteristics.™
Since the early 2000s, it has been recognized that protonation
of these quinones to form mono- or dicationic species induces
pronounced bathochromic shifts, extending absorption into
the visible range.' For example, introducing two weakly elec-
tron-donating trimethoxyphenyl N-substituents, as in quinone
C (Fig. 2), enables reaching the red domain upon protonation

Previously:

\ / N S
A* B*
MW = 356 Da MW = 390 Da
Amax = 943 nm Amax = 697 nm
€= 14700 M-'cm” £ =8700 Mcm™
This work:
HyN 22 -NH, HaNso 2o NH,
F SN HN SN
Cr
N~ —N_ N~
1eH* 2.H*
MW = 258 Da MW = 374 Da
Amax = 682 nm Amax = 711 nm
£=9910 M'cm™’! € =12000 M-'cm""!
Fig.1 Low molecular weight red-NIR cationic dyes previously

reported®!® (top) and presented in this work (bottom), with their
absorption maxima and corresponding molar extinction coefficients in
solution (in water—DMSO for A*, in DCM for B*, 1-H* and 2-H*).
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Fig. 2 Previous works on diaminobenzoquinone diimines (R = CgHj7;
Ar = CgH,(OCHs)s) with their absorption maxima and corresponding
molar extinction coefficients in solution (in methanol-water for C, in
DCM for D and E).

in acidic solution."® Conversely, the incorporation of strongly
electron-withdrawing N-substituents, as in quinone D (Fig. 2),
stabilizes a zwitterionic ground state with a lower-energy
absorption band in the red range, driven by intramolecular
charge transfer (ICT); a feature however vanishing upon
protonation.'®® In contrast, quinones bearing both types of
aryl N-substituents, such as quinone E (Fig. 2), do not exhibit
visible absorption for the neutral form and undergo noticeable
red shifts upon generation of a cationic trimethine subunit in
the protonated form."®

A notable drawback of small 2,5-diaminobenzoquinone dii-
mines with far-red absorption is their particularly low molar
extinction coefficients (¢), often attributed to nearly forbidden
low-energy transitions sometimes of ICT character. While we
recently succeeded in enhancing the ¢ of coupled hepta-
methine-oxonol dyes, this improvement came at the cost of
significantly increasing the molecular weights of these more
extended dyes, undermining efforts to maintain their compact-
ness.”® In the present work, we report the preparation of two
new benzoquinone diimines incorporating strong electron-
donating dimethylaniline substituents, 1-H" and 2-H", which
were isolated as stable cationic salts and exhibit strong absorp-
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tion in the far-red range, while having molecular weight lower
than 400 Da (Fig. 1). The optical properties and electronic
structures of these compounds, along with their various proto-
nation states, were explored through both experimental and
theoretical investigations.

Results and discussion
Synthesis

The cationic dyes 1-H' and 2-H' were synthesized via a
straightforward two-step route starting from commercially
available 1,5-difluoro-2,4-dinitrobenzene (DFDNB), a highly
reactive electrophile, and N,N-dimethyl-p-phenylenediamine,
which acts as the nucleophile (Scheme 1). At room tempera-
ture, the reaction selectively yields the mono-substituted
product 3 in 97% yield. In contrast, heating the reaction to
145 ©C facilitates the substitution of both fluorine atoms in
DFDNB, providing compound 4 in 92% yield."” The sub-
sequent reduction of the nitro groups is performed by catalytic
hydrogenation with Pd/C in acidified tetrahydrofuran or
methanol. This step is immediately followed by air oxidation
of the resulting aromatic tri- or tetra-amino intermediates
(which are not isolated) and a basic treatment with triethyl-
amine to neutralize the excess hydrochloric acid until the
apparition of the characteristic blue coloration of the cationic
dyes. The salts 1-H" and 2-H" were obtained as blue-purple
solids in 26% and 21% yield, respectively. The striking color-
ation of these compounds strongly suggests their charged
nature, consistent with prior observations of similar benzo-
quinone diimine cations. Additionally, the cationic structure
of 2-H" was further confirmed by performing anion metathesis
with potassium hexafluorophosphate, and the '°F NMR ana-
lysis demonstrated the presence of the PFs  counterion
(Fig. S11, ESIY).

To the best of our knowledge, aminobenzoquinone diimine
structures such as 1-H" have not been reported in the litera-
ture. In an effort to expand the scope of analogs of 1-H', we
replaced N,N-dimethyl-p-phenylenediamine with 4-methoxya-
niline. The transient blue coloration that was observed during
this reaction suggested the formation of the desired product,
unfortunately, it decomposed during purification (Scheme S1,
ESI}). Attempts to reduce an analog of compound 3, introdu-
cing a single o-phenylenediamine N-substituent, resulted in a
mixture of unidentified fractions. Similarly, efforts to isolate a
congener of 1-H" with a hydrogen atom instead of the fluorine
atom failed due to product decomposition during the purifi-
cation steps. Collectively, these results highlight the critical
roles played by both the strongly electron-donating N,N-
dimethyl-p-phenylenediamine group and the presence of the
fluorine atom at the position 5 in stabilizing and enabling the
successful isolation of aminobenzoquinone diimine 1-H".

Electrochemical and photophysical properties

The electrochemical and spectroscopic properties of the iso-
lated benzoquinone diimines were investigated experimentally
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Scheme 1 Synthesis of benzoquinone diimines 1-H* and 2-H*.

and theoretically. Cyclic voltammetry studies provided insight
into how structural modifications influence the redox behavior
of the dyes (Fig. 3). Both derivatives exhibited a single irrevers-
ible one-electron reduction, occurring at —0.30 V and —0.45 V
vs. Fc/Fc' for 1-H' and 2-H", respectively. At anodic potentials,
two one-electron oxidation processes were observed for each
dye, with oxidation potentials at 0.89 V and 0.99 V for 1-H",
and at 0.38 V and 0.83 V for 2-H". The shifts toward more
cathodic potentials for the redox processes of 2-H" indicate its
greater electron-rich nature relative to 1-H".

The electronic absorption properties of the dyes were
measured in dichloromethane (DCM) at a concentration of ca.

0.99

0.89
——1eH"

0.83

00 04

E (V vs Fc)
Fig. 3 Cyclic voltammograms of 1-H* (black) and 2-H™* (red) recorded in
N,N-dimethylformamide (5 x 10~ M) in the presence of tetra-n-buty-

lammonium hexafluorophosphate as supporting electrolyte (107 M),
with a scan rate of 100 mV s™%.
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107> M, with the resulting spectra presented in Fig. 4 (top row)
and key values compiled in Table 1. Theoretical calculations
(vide infra) enabled the identification of the stable tautomers
and isomers responsible for the observed spectra; these calcu-
lations, which also include conformational analysis and
excited states computations, successfully reproduce the experi-
mental absorption spectra, as illustrated in Fig. 4 (bottom
row). Starting with the cationic species 1-H" or 2-H", different
protonation states were systematically accessed: neutral com-
pounds were obtained by the addition of 1,8-diazabicyclo
[5.4.0Jundec-7-ene (DBU), while higher protonation states were
achieved using trifluoroacetic acid (TFA). It is noteworthy that
no emission was observed for any of the investigated species,
which aligns with the non-emissive character of previously
reported diaminobenzoquinone diimines.*"**

When dissolved in DCM, 1-H" exhibits a broad absorption
band in the red region, with a maximum at 663 nm. Upon
addition of DBU, the neutral species 1 is formed (Scheme 2), dis-
playing an absorption maximum around 500 nm, which aligns
well with the theoretically predicted maximum at 535 nm.
Conversely, the addition of TFA induces a redshift, moving the
maximum to 682 nm and increasing the molar extinction coeffi-
cient to £%*> = 9910 M~ ecm™. This suggests a complete conver-
sion to the cationic species 1-H" (see titration, Fig. $29, ESIY).
The observed peak is fitting with theoretical calculations, which
predict a strongly-allowed transition redshifted to 771 nm for
that species. This corresponds to an 89 nm shift from the experi-
mental value, consistent with the expected error of the selected
level of theory. However, the molar extinction coefficient is sig-
nificantly overestimated in the theoretical model, calculated as &
=44160 M~ ecm™ . Further addition of more than 10 equivalents
of TFA causes a hypochromic shift of the red-region band and
the emergence of a new transition at 454 nm with & ~ 2000 M~

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Top: electronic absorption spectra of 1-H* (left) and 2-H* (right) in DCM (ca. 10> M) without or with the presence of DBU (1,8-diazabicyclo
(5.4.0)undec-7-ene) or TFA (trifluoroacetic acid). Bottom: theoretically determined electronic absorption spectra of the protonation states of 1 (left)

and 2 (right) in DCM.

Table 1 Experimental and theoretical electronic absorption bands of
the different protonation states of compounds 1 and 2 in DCM

5P [nm] Ay [nm]

. " . abs -1, —17ya theo fpr—1 o —17)b
Species Conditions in DCM (P M~ em™])* (¢ [M™'em™))

1 1-H' + 0.1 M DBU 497 (3950) 535 (11 140)

1H" 1-H' + 10 equiv. TFA 682 (9910) 771 (44 160)

12H>  1.-H' + 0.1 M TFA 454 (2040) 437 (5510)

2 2-H'+0.1 M DBU 540° (2780) 435 (16 210)
471 (7970) 382 (19570)

2-H" 2-H'+1 equiv. TFA 712 (12 060) 771 (27 400)
600° (6920) 470 (5340)
390 (7290)

22H*"  2.H'+10 equiv. TFA 928°(262) 833 (2210)
713 (4680) 415 (7970)
578 (2550)
396 (9320)

2-3H*"  2.H'+0.1 M TFA 548 (1280) 569 (2060)

397 (12 830) 402 (20 900)

% Absorption maxima determined in diluted DCM solution (10> M).
b Theoretical data extracted from Fig. 4. ° Shoulder.

cm™

, corresponding to the formation of the dicationic species
1-2H”" (red spectrum, Fig. 4). This new band is well-supported by
theoretical calculations, which predict an absorption at approxi-

mately 440 nm. The shift can be attributed to the protonation of

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Protonation states of compound 1.

the dimethylamine group, disrupting the ICT mechanism (see
below).

Regarding the symmetrical compound 2-H' in DCM, it pre-
sents a broad absorption spectrum with two main bands cen-
tered around 700 and 600 nm, which appear to originate from a
mixture of the neutral and mono-protonated forms, 2 and 2-H"
(see grey spectrum in Fig. 4). Indeed, the theoretical absorption
of 2-H" predicts a lower-energy transition at 771 nm, hinting
that the experimental spectrum in DCM likely represents a
mixture of two species. Upon addition of DBU to the solution,
the absorption undergoes a significant blueshift to the
400-550 nm region (blue spectrum in Fig. 4), corresponding to
the formation of the neutral quinone 2 (Scheme 3), which is also

Org. Biomol. Chem., 2025, 23, 2836-2844 | 2839
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Scheme 3 Protonation states of compound 2.

predicted by theory to absorb in this range. This absorption
range is consistent with those of similar electron-rich quinones
bearing aniline groups, such as indamine.”® To achieve full con-
version to the cationic species 2-H', an acidic titration was per-
formed (Fig. S30, ESIt), which revealed that upon adding one
equivalent of TFA, the mixture of 2 and 2-H" is fully converted to
the mono-cationic species 2-H". This species is characterized by
an absorption maximum centered at 712 nm with a high ¢ of
12000 M~ ecm™" (black spectrum, Fig. 4). The absorption signa-
ture of the mono-protonated form again fits the theoretically cal-
culated values, although the experimental absorption is slightly
shifted to a higher energy (711 nm vs. 770 nm).

2 2°H"

View Article Online
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The addition of ten equivalents of TFA results in a notice-
able hypochromic shift in the far-red absorption band, attribu-
ted to the second protonation of the compound, progressively
forming the di-cationic species 2-2H>" (orange spectrum,
Fig. 4). The experimental spectrum reveals a new band at
396 nm and a very weak transition in the NIR (800-1000 nm)
with £”*® = 262 M~" em ™", corresponding to a strong ICT from
the non-protonated dimethylamine towards the core of the
dye. With a large excess of TFA (10 000 equivalents), protona-
tion of the second dimethylamine moiety diminishes the elec-
tron-donating effects of the aryl substituents, resulting in a
blueshifted absorption maximum at ca. 400 nm, with a
shoulder around 550 nm.

The absorption solvatochromism of 1-H* and 2-H" recorded
in various solvents (Fig. S31, ESIT) reveals that the spectral
variations primarily arise from the coexistence of protonated
and neutral dye species in solution. Notably, slightly basic sol-
vents (such as DMF or DMSO) favor deprotonation, increasing
the proportion of neutral dyes, whereas acidic (e.g., DCM) or
protic solvents (e.g., MeOH, H,0) stabilize the cationic forms.

Theoretical analysis

To gain deeper insights into the structure-property relation-
ships for the two chromophores and their various protonation
states, we studied their ground-state geometries and low-lying
excited states using (TD-)DFT calculations. In the neutral
species 1, conformational analysis of the tautomers reveals
that the most stable geometry exhibits distinct structures for
the two nitrogen atoms in the unsubstituted trimethine chain:
one adopts an amine-like configuration, while the other forms
an imine group (see Scheme 2 and Table S1, ESIf). This asym-
metry imparts a quinone-like character to the aromatic ring.
Upon protonation to form the cationic species 1-H', the

1-H* 1.2H*

2¢3H%*

2e2H%*

Fig. 5 Electronic density differences (EDD) between the ground (So) and the first excited state (S;) for molecules 1, 2 (most stable isomers) and their
corresponding cationic forms. Regions in red indicate an increase in electronic density from Sg to S;, while regions in blue indicate a decrease. The

isosurfaces are visualized with an isovalue of 0.003.
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proton preferentially binds to the imine group, localizing the
positive charge on the upper trimethine subunit and stabiliz-
ing the overall structure. For the dicationic species 1-2H>", the
second proton attaches to the dimethylamino group, suppres-
sing its electron-donating character and leaving the aromatic
ring largely unchanged. Excited-state calculations attribute the
observed absorption bands (Fig. 4, upper left) primarily to
HOMO — LUMO transitions, characterized by high oscillator
strengths (see Tables S3 and S4, ESIt). The electron density
difference maps between the S, and S; states (EDD1) for 1,
1-H', and 1-2H>" further elucidate the nature of these tran-
sitions (Fig. 5). In both 1 and 1-H', EDD1 indicates significant
ICT across the molecule, with this effect being more pro-
nounced in the neutral species. Conversely, in 1-2H>", exci-
tation is localized within the two trimethine subunits, consist-
ent with the diminished electron-donating character of the
protonated dimethylamino group.

For the neutral compound 2, tautomer and conformer ana-
lyses indicate that the canonical quinone structure is the most
stable form, characterized by an almost coplanar arrangement
of its branches (see ESI}). Similar to 1, the cationic form 2-H"
exhibits charge delocalization along the unsubstituted tri-
methine chain. Protonation in 2-H" occurs at one of the nitro-
gen atoms within the wunsubstituted trimethine chain
(Scheme 3), resulting in two distinct isomers with a minimal
free energy difference of less than 0.6 kcal mol™* at room
temperature (see Table S2, ESIf). The most stable isomer
adopts a twisted conformation, with one branch oriented
approximately 120° out of the molecular plane, whereas the
less stable isomer retains coplanarity between both branches.
Further protonation states, 2-2H>* and 2-3H*", predominantly
involve the sequential protonation of the two dimethylamino
groups rather than the second trimethine subunit.

Regarding excited-state calculations, the absorption spectra
of 2 and its protonated forms (Fig. 4) arise from contributions
of the first lowest three excited states. In the neutral com-
pound 2, which adopts a quinone structure, the S; band is
situated closer to other transitions in the 350-450 nm range,
all exhibiting relatively low oscillator strengths. For 2, the
EDD1 is predominantly localized on the core of the dye, with
only minor contributions from the dimethylaniline moieties. A
gain in electron density is observed at the single bonds within
the core ring, which aligns with findings from related com-
pounds previously studied by some of us.*?

In the monocation 2-H', the strong NIR absorption orig-
inates from the S, state, dominated by a HOMO — LUMO tran-
sition with high oscillator strength (see Table S3, ESIT).
Protonation of the nitrogen atom in the upper ring induces a
pronounced charge-transfer character, leading to delocaliza-
tion of the EDD1 across the entire molecule. We highlight that
the experimental spectra likely represent a mixture of both
isomers; however, as the spectral differences between these
two conformers are not significant (see Fig. S34, ESI{), only
the most stable isomer is reported here.

For the dication 2-2H**, protonation of one dimethylamino
group restricts delocalization to the remaining moieties of the

This journal is © The Royal Society of Chemistry 2025
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molecule. In the trication 2-3H*", where both dimethylamino
groups are protonated, the excited state becomes confined to the
core ring. In these protonation states, the S; band is well-separ-
ated but exhibits a reduced molar absorption coefficient. In con-
trast, the intense maxima in their spectra arise from the S, and
S; states, which involve transitions such as HOMO-1 — LUMO
and HOMO-2 — LUMO, respectively (see Table S3, ESIY).

Conclusions

In summary, we have synthesized and characterized two novel
small cationic benzoquinone diimine dyes, 1-H* and 2-H",
which demonstrate strong absorption in the far-red region.
Through a combination of experimental studies and theore-
tical calculations, we established how structural modifications,
protonation states, and electronic properties influence their
optical behavior. Notably, the dyes exhibit higher molar extinc-
tion coefficients compared to previously reported small
coupled polymethines based on quinoidal structures. These
findings provide valuable insights into the design of compact
red-to-NIR dyes, paving the way for further exploration of small
and efficient chromophores for applications in bioimaging
and optoelectronics.

Experimental section
General remarks and analysis conditions

Reagents. All reagents and solvents were purchased from
Merck and were used as received. When heating was required,
oil bathes were used. Column chromatography was performed
on silica gel 60 (230-400 mesh) or alumina 90 neutral
(63-200 pm, Brockmann activity I). Analytical thin layer chrom-
atography (TLC) was performed on precoated silica gel-60 F254
(0.5 mm) aluminium plate or precoated Al,O; gel-60 neutral
(0.2 mm) aluminium plate. Visualization of the spots on TLC
plates was achieved by exposure to UV light. Filter aid was per-
formed using Celite AW standard Supercel or Celite type 545.
Unless otherwise specified, the desired products were dried
under vacuum (<10 mbar) over 5 h at room temperature.
Optical properties were recorded in spectroscopic grade sol-
vents and employing Reagent or ReagentPlus grade 1,8-diaza-
bicyclo(5.4.0)undec-7-ene (DBU) and trifluoroacetic acid (TFA).
Compound 4 (i.e., N*,N*-(4,6-dinitro-1,3-phenylene)bis(N*,N*-
dimethylbenzene-1,4-diamine)) was synthesized according to a
previously reported protocol.'”

Analytical methods and apparatus. 'H, >C and '°F nuclear
magnetic resonance (NMR) spectra were recorded on a JEOL
ECS400 NMR spectrometer at room temperature. NMR chemi-
cal shifts are given in ppm () relative to Me,Si using solvent
residual peaks as internal standards (CDCl;: § = 7.26 ppm for
'H and 77.2 for *C; DMSO-dg: 6 = 2.50 ppm for 'H and 39.5
for ’C; CD;0D: § = 3.31 ppm for 'H and 49.1 for **C). The
multiplicity of signals is designated by the following abbrevi-
ations: s, singlet; br s, broad singlet; d, doublet; br d, broad
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doublet; t, triplet; m, multiplet. Coupling constants, ], are
reported in Hertz (Hz). High resolution mass spectrometry
(HRMS-ESI) analyses were performed on a QStar Elite (Applied
Biosystems SCIEX) spectrometer or on a SYNAPT G2 HDMS
(Waters) spectrometer by the Spectropole of Aix-Marseille
University. These two instruments are equipped with an elec-
trospray ionization (ESI) or a MALDI source and a TOF analy-
zer. Emission properties were investigated using a Horiba-
Jobin Yvon Fluorolog-3 spectrofluorimeter equipped with a
450 W xenon continuous wave lamp, a three-slit double-
grating excitation and a spectrograph emission monochroma-
tor with dispersions of 2.1 nm mm™" (1200 grooves per mm).

Electrochemistry. Cyclic voltammetry (CV) data were recorded
using a BAS 100 (Bioanalytical Systems) potentiostat and the
BAS100W software (v2.3). All the experiments were conducted in
a standard one-compartment using a three electrodes setup: a Pt
working electrode (@ = 1.6 mm), a Pt counter electrode and an
Ag/AgCl reference electrode (filled with a 3 M NaCl solution).
Tetra-n-butylammonium hexafluorophosphate ([TBA][PFs]) was
used as supporting electrolyte (10~ M), with a concentration of
the electro-active compound of ca. 5 x 10~* M. The reference elec-
trode was calibrated using ferrocene (E°(Fc/Fc') = 0.46 V vs.
SCE).>* The scan rate was 100 mV s~ . The solution was degassed
using argon before recording each reductive scan, and the
working electrode (Pt) was polished before each scan recording.

Computational details. DFT and TD-DFT calculations were
performed using the Gaussian 16 package.*® Geometry optimi-
zations for ground-state structures and vertical excitation ener-
gies were carried out using the M06-2X exchange-correlation
functional.*® A preliminary conformational analysis was con-
ducted with the 6-31G(d) atomic basis set to identify the most
stable isomers and tautomers. Conformers with Gibbs free
energy differences smaller than 2 kcal mol™" relative to the
most stable structure were deemed relevant and considered for
further study. For these selected geometries, geometry optimiz-
ation and frequency calculations were refined using the 6-
311G(d,p) atomic basis set. Frequency calculations confirmed
that the optimized geometries correspond to true minima of
the potential energy surfaces. Excitation energies and oscil-
lator strengths were computed using the more extensive 6-
311+G(2d,p) basis set. Default protocols were employed, yet
certain parameters have been tightened to enhance precision.
The SCF convergence criterion was set to 107*° a.u., and the
“tight” option was applied for geometry optimization. Energy
integrals were computed using the superfine integration grid,
and derivatives were evaluated with the ultrafine grid. Solvent
effects were incorporated using the implicit PCM model®” with
dichloromethane as the solvent. Geometry optimizations used
equilibrium solvation parameters, while vertical absorption
spectra were computed within the cLR* protocol,”® accounting
for both state-specific and linear response solvent effects.
Transition energies were determined in the non-equilibrium
solvation limit. The electronic density difference plots (EDD)
have been computed as the difference between the ground-
and the target excited-state electronic densities, and rep-
resented with the chemecraft code.*
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To improve the accuracy of vertical excitation energies, CC2
corrections®® were applied to the gas-phase TD-DFT results.
Such corrections consist in shifting the TD-DFT values com-
puted in solution (with cLR?) using the difference between
CC2 and TD-DFT values in the gas phase. CC2 calculations
employed the aug-cc-pVDZ with the associated auxiliary (RI)
basis set®* and were performed using the Turbomole software
applying the frozen-core approximation.®?

Vibronic calculations were performed with the FCClasses 3
software®® using the Vertical Hessian (VH) model within the
time-dependent (TD) formalism.** The Franck-Condon
approximation was applied for dipole expansion, Iie.,
Herzberg-Teller effects were neglected. Geometries, gradients,
and Hessians were calculated with the (TD-)DFT level
described above, with transition energies refined using the
cLR?> combined with CC2 protocol. Internal coordinates were
employed. To ensure easy comparisons with experimental
observations, the absorption spectra were convoluted with a
Gaussian broadening of 0.10 eV. For compound 1 and relative
cations, absorption spectra included the first excited state,
while for compound 2 and relative cations, the first three
excited states were considered.

Synthetic protocols and characterizations

Synthesis of compound 3. 1,5-Difluoro-2,4-dinitrobenzene
(410 mg, 2 mmol, 1 equiv.) was dissolved in a mixture of
20 mL acetonitrile and 6 mL of dichloromethane and to the
solution were added N,N-dimethyl-p-phenylenediamine dihy-
drochloride (418 mg, 2 mmol, 1 equiv.) and N,N-diisopropyl-
ethylamine (1.74 mL, 10 mmol, 5 equiv.). The reaction was
stirred at room temperature and monitored by TLC, until there
were no more traces of starting material (after 2 h). Then, the
mixture was taken in 180 mL of dichloromethane, washed by
500 mL of water and extracted with another 20-40 mL of di-
chloromethane. The combined organic layers were collected,
dried over anhydrous Na,SO,, filtered and the solvent was
evaporated. The crude product was purified by column chrom-
atography on silica gel using dichloromethane as eluent to
afford 3 as a dark reddish solid (97% yield, 625 mg,
1.94 mmol). Rg: 0.7 (SiO,, dichloromethane). "H NMR (CDCl;,
400 MHz): § = 9.82 (br s, 1H, NH), 9.17 (d, ¥J;_r = 7.7 Hz, 1H,
CH), 7.12 (d, *J = 8.2 Hz, 2H, CH), 6.78 (d, *J = 8.6 Hz, 2H, CH),
6.71 (d, *Ju_p = 13.7 Hz, 1H, CH), 3.02 (s, 6H, CH;). "*C NMR
(CDCl;, 101 MHz): & = 161.1 (d, Yc_r = 269.0 Hz, C), 150.2 (C),
149.7 (d, ¥c_r = 13.3 Hz, C), 128 (CH), 127.4 (C), 127.1 (CH),
126.6 (C), 125.1 (C), 124.3 (C), 113.2 (CH), 103.3 (d, ¥c_r = 28.8
Hz, CH), 40.5 (CH;). °F (CDCly, 376 MHz): § = —105.3. HRMS
(ESI+) calculated for [M + H]": 321.0994 (C,H;,FN,0,"),
found: 321.0992.

Synthesis of compound 1-H'. A solution of compound 3
(200 mg, 0.62 mmol, 1 equiv.) in tetrahydrofuran (60 mL) was
hydrogenated (15 bars of H,) in the presence of Pd/C (5 wt%,
0.03 mmol, 66 mg) and aqueous HCI (12 M, 0.6 mL) for 16 h.
Then, the mixture was stirred under air for 2 h. Methanol (ca.
10 mL) was added to help solubilizing the product, then tri-
ethylamine was added dropwise until a deep blue coloration of

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob00082c

Open Access Article. Published on 14 February 2025. Downloaded on 3/5/2026 2:48:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

the solution was observed. Pd/C was removed by filtration
through a Celite plug. The blue solution was collected, the
solvent was evaporated and the crude product was purified
twice over alumina oxide chromatography using dichloro-
methane/methanol (gradient from 9:1 to 85:15) as eluent
and the product was finally precipitated in diethyl ether to
afford 1-H" as a blueviolet solid (26% yield, 48 mg,
0.16 mmol). Rg 0.5 (Al,O3, dichloromethane/methanol, 9:1).
"H NMR (CD;0D, 400 MHz): § = 7.31 (d, *J = 8.6 Hz, 2H, CH),
7.01 (d, *Jyr = 12.4 Hz, 1H, CH), 6.91 (d, *J = 8.91 Hz, 2H,
CH), 6.09 (d, /¢ = 8.5 Hz, 1H, CH), 3.18 (s, 6H, CH;). *C
NMR (CD;0D, 101 MHz): § = 159.5 (d, Yo_r = 163.1 Hz, C),
156.1 (d, %o = 19.3 Hz, C), 155.2 (CH), 154.0 (C), 141.5 (d,
?Jc_r = 5.7 Hz, C), 139.0 (C), 130.1 (CH), 114.1 (CH), 107.5 (d,
%ep = 17.7 Hz, CH), 92.5 (CH), 40.5 (CH;). °F (CD,OD,
376 MHz): § = —127.19. HRMS (ESI+) calculated for (C"):
259.1354 (C,,H;4FN, "), found: 259.1357.

Synthesis of compound 2-H*. A solution of compound 4
(200 mg, 0.46 mmol, 1 equiv.) in methanol (60 mL) was hydro-
genated (15 bars of H,) in the presence of Pd/C (5 wt%,
0.02 mmol, 50 mg) and aqueous HCI (12 M, 0.4 mL) for 8 h.
Then, the mixture was stirred under air for 2 h, followed by
dropwise addition of triethylamine until a deep blue color of
the solution was observed. Pd/C was removed by filtration
through a Celite plug. The blue solution was collected, the
solvent was evaporated and the crude product was purified
twice over alumina oxide chromatography using dichloro-
methane/methanol (gradient from 95:5 to 9:1) as eluent to
afford 2-H" as a blue-violet solid (21% yield, 40 mg, 0.1 mmol).
R 0.20 (AL O3, dichloromethane/methanol, 95:5). "H NMR
(CD;0D, 400 MHz): § = 7.03 (d, *J = 8.7 Hz, 4H, CH), 6.75 (d, *J
= 8.9 Hz, 4H, CH), 6.15 (s, 1H, CH), 6.00 (s, 1H, CH), 2.94 (s,
12H, CH;). "H NMR (DMSO-dg, 400 MHz): § = 9.36 (br s, 2H,
NH), 8.71 (br s, 3H, NH, NH,), 7.03 (br s, 4H, CH), 6.75 (d, *J =
8.6 Hz, 4H, CH), 5.98 (s, 1H, CH), 5.96 (s, 1H, CH), 2.91 (s,
12H, CH;). *C NMR did not show any signals in DMSO-dg and
only partially resolved signals in CD;OD due to the limited
solubility of the compound. *C {DEPT135} NMR (CD;OD,
101 MHz): § = 125.8 (CH), 113.5 (CH), 96.8 (CH), 92.3 (CH),
40.1 (CH;). HRMS (ESI+) calculated for (C'): 375.2292
(C12H,,Ng "), found: 375.2287.

Anion exchange with KPFg

2-H" was dissolved in dichloromethane and washed with an
aqueous solution of KPFs (0.1 M), then with water. The
organic layer was dried, evaporated and the product 2-H" PF¢~
was analyzed by 'H and "°F NMR. "H NMR (CD;0D, 400 MHz):
5=6.99 (br d, *J = 7.6 Hz, 4H, CH), 6.72 (br d, *] = 6.4 Hz, 4H,
CH), 6.12 (s, 1H, CH), 6.01 (s, 1H, CH), 2.91 (s, 12H, CH,). '°F
NMR (CD;0D, 376 MHz): § = —73.78 (d, YJp_r = 720 Hz).
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