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ABSTRACT

Dyes incorporating 1,4-dihydropyrrolo[3,2-b]pyrrole (DHPP) units are attractive platforms for organic optoelectronics because

of their tunable electronic structures and intense fluorescence. Herein, we report a modular synthetic route to a diverse family

of m-expanded DHPPs. The approach relies on double intramolecular direct arylation. This strategy provides efficient access

to structurally complex dyes, including helically twisted and highly fused 7-systems containing up to 20 conjugated aromatic

rings and a unique combination of optical properties. Several of the obtained dyes display pronounced solvatochromism, red

emission, and circularly polarized luminescence (CPL). In particular, chiral resolution of a helicene-type derivative enabled

detailed chiroptical studies and revealed configurationally stable enantiomers with a good luminescence dissymmetry factor. A

combination of experimental and computational analyses provided insight into the structure-property relationships governing

their photophysical behavior, with particular emphasis on molecular symmetry and the substituent-dependent influence of nitro

groups.

1 | Introduction

Nitrogen-doped nanographenes have emerged as a promising
class of m-conjugated materials owing to their unique com-
bination of tunable electronic properties, enhanced chemical
reactivity, and improved charge carrier mobility [1-15]. The
incorporation of nitrogen atoms into polycyclic aromatic frame-
works induces local perturbations in the electronic structure
and enables the precise modulation of molecular orbital ener-
gies, which can be particularly advantageous for applications

in organic electronics, photovoltaics, catalysis, and bioimaging.
Among the various classes of these molecular architectures,
functional dyes based of pyrrole skeleton have attracted the
strongest attention recently (Figure 1) [16-19]. The inherent
reactivity of pyrrole and its m-expanded analogs, as well as
the attractive physicochemical and optoelectronic properties of
the resulting molecular nanographenes, are responsible for this
trend [12, 20-24]. In this context, the 1,4-dihydropyrrolo[3,2-
b]pyrrole (DHPP) scaffold has attracted considerable attention
as a privileged structural motif. Its rigid, centrosymmetric, and

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
© 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

Advanced Optical Materials, 2026; 14:e71894
https://doi.org/10.1002/adom.71894

10f10


http://www.advopticalmat.de
https://doi.org/10.1002/adom.71894
https://orcid.org/0000-0002-0643-3478
https://orcid.org/0000-0002-6439-2651
https://orcid.org/0000-0001-7320-3421
https://orcid.org/0000-0002-6290-9119
https://orcid.org/0000-0003-2598-7940
https://orcid.org/0000-0002-9883-1288
https://orcid.org/0000-0002-9764-4130
https://orcid.org/0000-0002-8450-0955
https://orcid.org/0000-0001-5162-9210
https://orcid.org/0000-0002-4217-0708
https://orcid.org/0000-0002-2146-1282
mailto:francesca.terenziani@unipr.it
mailto:denis.jacquemin@univ-nantes.fr
mailto:dtgryko@icho.edu.pl
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adom.71894
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.71894&domain=pdf&date_stamp=2026-10-07

Previous work

0.0 HN\ O

ofé:.fo <

Shinokubo, 2015

Ito, 2015 Stepien, 2016

Wei, 2025 Swager, 2025

Qiu, 2023

Gryko, 2025

This work

Intriguing Optoelectronic Properties
- @g up to 50%
- broad range of emission

Efficient Synthesis
- three-step synthesis
- no column chromatography

Complex Structures
- molecular nanographenes
- helicenes

FIGURE 1 | Chemical structures of exemplary pyrrole-based N-doped nanographenes.

electron-rich architecture promotes effective 7-conjugation and
offers multiple sites for functionalization, making it ideally suited
for the bottom-up construction of 7z-extended systems [25-28].

Recent studies have demonstrated that m-expanded DHPPs
exhibit outstanding photophysical characteristics, including
strong absorption in the visible and near-infrared regions, as well
as high fluorescence quantum yields. These features, combined
with their ability to engage in both donor-acceptor interactions
and supramolecular assembly, render them attractive candi-
dates for applications in organic field-effect transistors (OFETSs),
organic light-emitting diodes (OLEDs) [29, 30], organic solar
cells, and fluorescent probes [31]. In addition, DHPP derivatives
have been explored as building blocks for thermally activated
delayed fluorescence (TADF) and aggregation-induced-emission-
active systems [32]. DHPPs have recently been highlighted as
simple, tailorable building blocks for conjugated polymers with
potential in optoelectronic and electrochromic applications [33].

The predominant strategy for the synthesis of 7-expanded DHPPs
relies on the Scholl reaction, which is limited to electron-rich and
electron-neutral systems [34]. Moreover, steric congestion around
the reactive sites can redirect the expected six-membered-ring clo-
sure toward the formation of five-membered spirocyclic products
[35]. Representative examples include butterfly-shaped 7z-systems
[36], bowl-shaped [37], and saddle-shaped nanographenes [38].
An alternative strategy exploits 2-bromophenyl substituents at the
1,2,4 and 5 positions as synthetic handles for intramolecular direct
arylation [39, 40]. However, a key drawback of this approach is
the difficulty associated with preparation of the required TAPP
precursors, particularly from 2-haloanilines.

A complementary strategy based on photoinduced 67-
electrocyclization has also been developed [41]. This
method enabled the synthesis of the first stable DHPP-based
double helicenes [42]. Although this approach offers high
regioselectivity, which arises from the intrinsic nature of the

6m-electrocyclization process, it is strongly governed by the
symmetry of the excited-state wavefunction and the distribution
of LUMO electron density. Consequently, the outcome of
photocyclization is highly dependent on the steric hindrance
[43], the substitution pattern, and the electronic character of the
substituent.

Thus, despite significant progress, the synthesis of structurally
diverse and functionally relevant w-expanded DHPPs remains
challenging. The limitations of existing methodologies prompted
us to develop a more general approach applicable irrespec-
tive of steric hindrance and electronic structure. Herein, we
present a complementary protocol for the annulation of DHPP
derivatives in which Pd-catalyzed intramolecular direct arylation
is the key step. The key advantage of this new approach is
that it is applicable for substrates in which LUMO electron
density is predominantly localized at the acceptor moiety and
which undergo complete decomposition under conventional
67-electrocyclization conditions and Scholl reaction conditions.
Moreover, Pd-catalyzed intramolecular direct arylation enables
the use of derivatives bearing not only electron-withdrawing
groups but also sterically demanding substituents [44].

2 | Results and Discussion

Our envisioned synthetic concept relies on the preparation of
tetraarylpyrrolo[3,2-b]pyrroles (TAPPs) from sterically congested
aldehydes, followed by double bromination of DHPP core at 3-
and 6- positions and subsequent double intramolecular direct
arylation. Both bromination and intramolecular direct arylation
were expected to proceed irrespective of the electronic and steric
properties of the substituents attached to the DHPP core. Our syn-
thetic route toward 7-expanded 7-expanded DHPPs commenced
with the preparation of aldehydes la-1g via Suzuki-Miyaura
cross-coupling reactions. These aldehydes bear a diverse range
of electron-rich and electron-deficient aromatic substituents at

20f10

Advanced Optical Materials, 2026

35UB0 |17 SUOLILLID aA R 3 el (dde ay) Aq peusenob ae sopie YO ‘8sn Jo SajnJ J0j Akig 1 auluO A3|IAA UO (SUONIPUCO-PUR-SLLLBIALID A3 | 1M AReIq U1 |UO//:SdNY) SUOIIPUOD PUR SWS | 8Y) 89S *[9202/0T/92] U0 Ariqi auluo 8|1 * ssuslued eLERISBAIUN edwes ewled 14 IpniS 116eq AsBAIIN - IUeizusse | easaoueld Ad #68T/ Wope/Z00T 0T/I0pAuU0d’ 8| m ARiq! pul|uo paoueApe//Sdny woJ) pepeojumoq ‘6€ ‘9202 ‘TLOTS6TZ



CgHy7

CgHi7

1a-g 2a: 77% 2b: 30% 2c: 48% 2d: 46% 3a: 83% 3b: 86% 3c: 69% 3d: 92%
3e: 82% 3f: 71% 3g: 64%

2e: 48% 2f: 43% 29: 52%

CgHy7
4a: 81% 4b: 96% 4c: 63% 4d: 73%
4e: 95% 4f: 46% 44g: 23%

Reagents and conditions: a) 4-n-octylaniline, butane-2,3-dione, Fe(ClO4);xH,0 (6 mol%), AcOH/toluene, 50°C, 16 h,
b) CHCI;, NBS (N-Bromosuccinimide), c) toluene, Pd(OAc),, PPh;, Cs,CO;.

CgHy7 CgHy7

CgHy7 CgHq7

SCHEME 1 | Synthesis and chemical structures of 7-expanded DHPPs 4a-4g.

the ortho position. The resulting substrates were subsequently
converted into TAPPs 2a-2g through a one-pot condensation with
aromatic amines [45], affording the desired products in good to
very good yields (43-77%). Selective bromination of the DHPP
core with N-bromosuccinimide (NBS) afforded the corresponding
dibrominated intermediates 3a-3g in 64-92% yields (Scheme 1).

The final step involved double intramolecular direct arylation to
construct fully fused 7-expanded DHPPs 4a-g. To ensure both
practicality and broad applicability, a readily available catalytic
system comprising palladium(II) acetate, triphenylphosphine,
and caesium carbonate in toluene was employed. Most reactions
proceeded to completion with quantitative substrate conversion,
even when electron-deficient arenes acted as the nucleophilic
coupling partners, as exemplified by compounds 4c-4e. Among
the synthesized N-doped molecular 7-expanded DHPPs, dye 4e
is particularly noteworthy. It contains two 5-thiatruxene units,
resulting in a molecule with 20 fused aromatic rings and a

molecular mass of 1638 Da. Despite its considerable steric con-
gestion, compound 4e was obtained in an excellent yield of 95%.
Another particularly challenging target was 7-expanded DHPP
4g, featuring a doubly helically twisted scaffold incorporating
two B, N-doped six-membered rings. Despite the pronounced
steric congestion associated with the final ring-closing events,
the developed protocol enabled the formation of the fully fused
product in 23% yield. The reduced efficiency observed for this
exceptionally demanding substrate was attributed to competing
monoarylation and dehalogenation pathways.

Compound 4g was obtained as a mixture of two enantiomers
(the meso-form has not formed). Enantiomeric separation was
achieved by chiral HPLC using a Whelk-O1 column, and the iso-
lated species were characterized by circular dichroism (CD) spec-
troscopy, optical rotation measurements, and circularly polarized
luminescence (CPL) spectroscopy. These analyses revealed dis-
tinct chiroptical signatures and confirmed the configurational
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TABLE 1 | Spectroscopic data in hexane (green), toluene (black), dichloromethane (red), tetrahydrofuran (orange), dimethylformamide (blue), and

in solid for compounds 4a-4g.

Dye Aaps [nm] (e [103 em™1 M~1]) Aq [nm] Av [cm™] Dy [%] A45°MP [nm] @SOLID [9]
4a 391 (47.9), 414 (38.8) 436 1220 52 460 10.2
387 (46.2), 408 (37.2) 446 2090 46
384 (45.6), 405 (37.3) 454 2660 58
4b 349 (70.9), 429 (7.4) 462 1670 29 499 42
348 (83.6), 427 (7.6) 480 2590 27
345 (82.9), 425 (7.4) 482 2780 31
4c 351 (34.3), 455 (7.5), 483 (5.6) 517 1360 21.0 503 9.5
357 (47.9), 467 (9.5) 623 5360 7.8
353 (48.5), 463 (9.4) 672 6720 29
355 (48.7), 467 (9.0) 833 9410 <0.001
4d 374 (27.9), 465 (9.6) 603 4920 0.2 n.d. n.d.
343 (45.1), 414 (12.2) 677 9380 2.4
340 (45.9), 414 (12.3) 734 10530 0.4
345 (46.3), 414 (12.2) 841 12260 <0.001
344 (44.3), 413 (12.0) n.d. n.d. n.d.
4e 374 (39.4), 418 (11.3) 508 4240 15 614 0.6
378 (59.7), 410 (20.6) 530 5520 21
377 (47.3), 414 (15.7) 564 6420 20
378 (47.4), 412 (17.8) 598 7550 23
379 (41.2), 414 (15.7) 622 8080 16
4f 388 (27.8), 414 (21.2) 435 1170 3.9 n.d. n.d.
385 (31.8), 412 (22.1) 461 2580 31
386 (33.9), 413 (23.6) 47 3030 45
385 (30.0), 413 (20.1) 473 3070 52
4g 396 (46.8), 448 (18.3) 464 770 27 n.d. n.d.
402 (54.1), 451 (23.0) 469 850 38
404 (51.4), 450 (23.0) 476 1210 31
404 (49.1), 451 (23.0) 473 1030 39

#.ps / Ag — absorption / emission wavelength, ¢ - molar absorption coefficient, Av - Stokes shift, @y - fluorescence quantum yield in solution, A4

wavelength, ®@,SCUP fluorescence quantum yield in solid

stability of the helical structures. Importantly, neither the TAPP
formation nor the bromination steps required chromatographic
purification, because all intermediates precipitated cleanly from
methanol. This synthetic efficiency, combined with the robust-
ness of the key direct arylation step, renders the method scalable
and well suited to the gram-scale preparation of structurally
diverse functional 7z-systems.

2.1 | Photophysical Properties

The described intramolecular direct arylation protocol offers
a straightforward approach to tuning photophysical properties.
Fusion of the peripheral oligoaryl subunits with the central
1,4-dihydropyrrolo[3,2-b]pyrrole core significantly expands and
rigidifies the 7-electron system. As a result, bathochromic shifts
of both absorption (1,,, = 414 nm) and emission (13 = 436 nm)
are observed, while good emissive properties are retained (&y ~
50%) for 4a (Table 1). These features resemble those of previously
reported DHPP-based functional dyes [34, 36, 45]. Replacement
of the benzene ring with a phenanthrene unit in dye 4b or
a thianthrene moiety in product 4f slightly affects the absorp-

SOLID _ emission

tion maxima (Table 1), indicating that the applied 7-expansion
strategy modulates the optical bandgap of the chromophore.
Nevertheless, a more pronounced effect is observed for the molar
absorption coefficient (¢). In both cases, the most red-shifted
absorption bands show a noticeable decrease in ¢; however,
for 4b this decrease is particularly large, by approximately a
factor of five compared with 4a (Table 1). 7-Expansion also
affects both the fluorescence spectra and fluorescence quantum
yields.

The centrosymmetric dyes 4b and 4f exhibit weak solvatochromic
behavior in emission (Figures S39 and S46), suggesting excited-
state symmetry breaking [46, 47]; however, this effect remains
modest, likely because of the absence of a strong electron-
accepting substituent. In contrast, the distortion of molecule 4b,
caused by steric repulsion between the phenanthrene scaffold and
the adjacent benzene ring, enhances non-radiative deactivation of
the excited state, leading to a decrease in fluorescence quantum
yield to @, ~ 30%. However, the even larger decrease in &y
observed for dye 4f (Table 1) cannot be attributed solely to steric
effects. We hypothesize that the presence of four sulfur atoms
promotes intersystem crossing (ISC), thereby opening an efficient
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FIGURE 2 | Absorption (solid) and emission (dot) spectra of 4c (left) and 4e (right) in hexane, toluene, tetrahydrofuran, dichloromethane and

dimethylformamide.

non-radiative deactivation pathway through the T, excited state
[48].

The observation of fluorescence in the crystalline state for dye
4a prompted us to investigate this phenomenon systematically.
Upon going from solution to the solid state, a bathochromic
shift of the fluorescence spectrum is observed, accompanied by
a significant decrease in emission quantum yield for 4a and
4b. In contrast, no solid-state emission could be detected for 4f
(Table 1), suggesting substantial aggregation-caused fluorescence
quenching.

Peripheral decoration of the electron-rich 1,4-dihydropyrrolo[3,2-
b]pyrrole core with electron-withdrawing units, such as the NO,
group (4c,d) or 5-thiatruxene sulfone (4e), leads to quadrupolar
donor-acceptor (D-A) systems with valuable solvatochromic
properties. Compared to the compounds discussed above, dyes
4c-e exhibit noticeably red-shifted absorption spectra, with A,
up to 483 nm for dye 4c (Figure 2), and lower ¢ values than
compound 4a. The changes in the absorption spectra upon
varying solvent polarity remain limited, which is consistent with
the nearly centrosymmetric nature of dyes 4c-e (Figure 2).
The impact of the electron-deficient unit is, however, much
more pronounced in emission. As is typical for charge-transfer
transitions, broad fluorescence spectra are observed, with a
strong bathochromic shift upon increasing solvent polarity,
reaching the near-infrared region (13 = 841 nm) for 4d in
dichloromethane, accompanied by a very large Stokes shift (4v
= 12260 cm™) (Table 1, Figure S43). Unfortunately, in contrast
to other nitroaromatics bearing a DHPP core [47], @, values for
4c,d are significantly decreased, most likely as a result of the
combined effects of internal conversion and intersystem crossing
[29, 48-50]. Due to the weaker electron-accepting properties of
the SO, group in dye 4e compared with the NO, group, charge
separation in the S, state of dye 4e remains moderate, and the
fate of the excited state is less affected by the so-called energy gap
law [50, 51]; @ ~ 20% in all investigated solvents (Table 1). Once
again, going from solution to the solid state results in a decrease in
emission quantum yield, accompanied by a bathochromic shift to
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FIGURE 3 | CD (full lines) and CPL (thin lines with dots) spectra
of the enantiomers of 4g in dichloromethane. Grey line: absorption
spectrum (arbitrary units).

the orange-red region for 4c and 4e, whereas 4d does not exhibit
significant solid-state emission (Table 1).

2.2 | Chiroptical Properties

The circular dichroism (CD) spectra of the separated enantiomers
of 4g in dichloromethane (Figure 3) exhibit multiple bands, with
absorption dissymmetry factors (g,,,) remaining well below 1072,
Circularly polarized luminescence (CPL) spectra of the 4g enan-
tiomers in dichloromethane were recorded upon excitation at 405
nm. To minimize possible artifacts arising from linearly polarized
emission components, a horizontal polarizer was placed in the
excitation path [51, 52]. As shown in Figure 3, the CPL spectra
closely resemble the fluorescence spectra recorded in the same
solvent (Figure S47), displaying comparable band shapes and
weak indications of vibronic progression. The luminescence
dissymmetry factor (gy,,) is approximately 2.2 X 1073, which is
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TABLE 2 | Chiroptical properties of 4g in hexane (green) and
dichloromethane (red).

8ium €400nm BcpL
(E1/E2) Dy [Mt.cm™] [M~!ecm™]
—2.05-1073/ 0.27 4.6-10* 12.5
1.96-1073

—2.25.1073/ 0.31 5.10* 17.2
2.19-1073

Zum — fluorescence dissymmetry factor, @y - fluorescence quantum yield,
€400nm - absorption coefficient, Bopy, — CPL brightness

in line with values reported for other helicenes containing B—N
bonds [52, 53] and indicates moderate chiral emission activity.
This value is very similar to the g, value of the lowest-energy
CD band, approximately 2.7 x 1073, suggesting only moderate
structural reorganization in the excited state.

To evaluate the CPL-emitting performance of 4g, its CPL bright-
ness (Bcpr,) was determined using equation [53, 54],

Bepr = Gum - P - €/2

where @j is the fluorescence quantum yield and ¢ is the molar
absorptivity at a fixed wavelength, typically the absorption max-
imum. The By, value obtained for dye 4g in dichloromethane
is 17.2 M~! cm™! (Table 2), which classifies this compound as
a moderate-to-good CPL emitter [53-55]. Additional chiroptical
measurements of 4g were performed in hexane to assess the effect
of solvent polarity (Figure S48). The g, value, approximately
2.0 x 1073, is very similar to that measured in dichloromethane
and closely matches the g, value of the lowest-energy absorption
band (Figure S49). The corresponding CPL brightness is 12.5 M
cm™! (Table 2). To assign the absolute configuration of each eluted
fraction of 4g, TD-DFT calculations were performed according
to the procedure detailed in the Supporting Information. Com-
parison of the calculated and experimental CD spectra shown
in Figure S48, particularly the signs of the main bands, enabled
assignment of the absolute configuration. Specifically, the second
eluted fraction of 4g was assigned to the (M,M) enantiomer.

2.3 | First-Principles Calculations

To probe the nature of the excited states involved in the syn-
thesized compounds and how they are affected by substitution,
we performed first-principles calculations using a protocol previ-
ously applied to DHPPs by our groups [55-57]. In this protocol, the
ground- and excited-state structures were determined using DFT
and TD-DFT, respectively, whereas total and transition energies
were calculated at the second-order coupled-cluster level (CC2),
and solvent effects, here toluene, were modeled using the cLR?-
PCM solvation approach [57, 58]. Details of this protocol are
provided in the Supporting Information. The main results are
summarized in Table 3.

For all compounds studied here, both C, and C; point-group
structures can be considered, depending on the relative orienta-
tions of the substituents around the DHPP core. We optimized

all structures in both symmetries (Figures S54-S69). For most
dyes, the two point groups give optimized geometries with similar
energies, with differences below 2 kcal mol™, suggesting that
both forms may coexist in solution. However, for 4a and 4g, the
bowl-shaped C, structures are markedly more stable.

For dye 4a, the excited-state structures are stable in both point
groups, as confirmed by the absence of imaginary frequencies,
and theory predicts a 0-0 energy of 2.74 eV for the most stable
C, conformer, in reasonable agreement with the experimental
absorption/emission crossing point at 2.92 eV. The electron-
density-difference (EDD) plots corresponding to this transition
are shown in Figure 4. As expected, the transition has a
rather localized 7—7* character, centered on the DHPP core,
consistent with the absence of any significant solvatochromic
or solvatofluorochromic effect in the experiment. For this com-
pound, we simulated the vibronic profiles of both absorption
and fluorescence for both point groups (see Figures S71-S72).
These computations successfully reproduce the experimental
absorption and emission band shapes, including all key features.
For the C, conformer, the three main peaks are accurately
reproduced, together with their relative broadening. In contrast,
the spectrum calculated for the C; conformer shows the three
main peaks blue-shifted by approximately 20 nm and exhibits a
more pronounced fine structure than that of the C, conformer,
particularly for the first two peaks, which appear too narrow
relative to the experimental data. The computed molar absorption
coefficient for the most intense band is approximately 50 000
M~ cm™ for both point groups, in good agreement with the
experimental values. Regarding emission, both the C, and C;
spectra successfully reproduce the fine structure of the two main
peaks. However, as observed for the absorption spectra, the C;
emission is blue-shifted by approximately 30 nm. The better
agreement obtained for the C, spectra, together with the relative
ground-state energies estimated previously (Table 3), supports
the assignment of a C, geometry for 4a in solution at room
temperature.

For 4b and 4f, both conformations are likely to coexist in solution
(Figures S56-S67). Theory predicts rather similar absorption
and emission energies for the two conformers, although the C;
conformer undergoes slight excited-state symmetry breaking for
4b and 4f, even in toluene. This result is consistent with the
experimental observation of limited solvatochromism but more
pronounced solvatofluorochromism for these two compounds.
Indeed, the EDD plots suggest that a significant quadrupolar
charge-transfer character appears in both 4b and 4f, with DHPP
acting as an electron-donating moiety and the peripheral aro-
matic rings acting as accepting units. We note that the evolution
of the absorption and emission wavelengths predicted by theory,
relative to 4a, matches the experimental trends well, especially
when considering the most stable conformers for each dye. In the
nitro-substituted dyes 4c and 4d, the charge-transfer character
is pronounced, and the nitro groups, which are slightly twisted
relative to the adjacent six-membered rings because of steric
hindrance, act as electron acceptors, as expected (Figure 4). This
enhanced charge-transfer character leads to excited-state sym-
metry breaking and strongly red-shifted fluorescence, especially
for 4d, in agreement with both theory and experiment. Dye 4e
behaves similarly, although the charge-transfer character is less
pronounced than in the nitro-substituted compounds, consistent
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TABLE 3 | Computational results for dyes 4a-4g.

AE lvert—abs lvert—ﬂ
S, PG (kcal/mol) (nm) S; PG (nm) AE’0 (eV)
4a C, 0.00 386 C, 441 2.74
G 6.15 381 G 428 2.78
4b C, 0.45 403 C, 468 2.55
G 0.00 397 C, 467 2.70
4c C, 0.00 424 (O 574% 2.09
G 1.29 421 C? 5742 2.02
4d C, 0.00 397 C, 617 2.08
G 1.19 407 C, 631 2.04
4e C, 0.00 430 (N b b
G 0.62 432 C, 519 2.30
4f C, 0.70 385 C, 431 2.81
G 0.00 386 C, 446 2.73
4g C, 0.00 444 C, 491 2.35
G 5.22 437 C, 518 2.49

PG - conformers’ point group and AE their relative ground-state energies (PCM-DFT, E+ZPVE), Avert=abs / avert=fl _ vertical absorption / emission wavelengths,

AE®0 - 0-0 transition energies. All the latter are CC2-corrected.

2in 4c, the excited-state optimization starting from the C, and C; ground-state structures yields imaginary frequencies. Lowering the structures to C; delivers the
same optimal structure for the two starting points
bthe CC2 calculation did not converge in that case.

4d (Cz) \

4e (C)

FIGURE 4 | Electron density difference (EDD) plots corresponding to the absorption to the lowest state of selected compounds. The blue and red
lobes represent regions of decrease and increase of electron density (threshold: 0.001 au). Complete data are provided in the SI.

with the weaker experimental solvatochromism observed for 4e

compared with 4c and 4d.

Finally, in 4g, the more stable C, conformer has a highly
delocalized excited state, but with a less pronounced charge-

transfer character (Figures S6 and S68). Theory does not pre-
dict excited-state symmetry breaking in this case, but does
predict red-shifted absorption and emission relative to 4a,
in excellent agreement with the experimental measurements.
Overall, these theoretical results confirm that subtle struc-
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tural changes give rise to a broad range of photophysical
behaviors.

2.4 | Electrochemistry

To evaluate the electrochemical properties of the synthe-
sized compounds, cyclic voltammograms were recorded in 1,2-
dichlorobenzene containing 0.1 M (TBA)PF, as the supporting
electrolyte (Figures S50, S51, S52 and S53). Owing to the electron-
rich nature of the DHPP core, all systems exhibit a quasi-
reversible redox process, indicating the formation of a relatively
stable radical cation. The presence of electron-withdrawing sub-
stituents modulates the oxidation potential, leading to a shift of
the first oxidation potential from 0.077 V vs Fc/Fc* for 4a to 0.458
V vs Fc/Fc* for 4d (Table S3). Further oxidations are generally
irreversible and lead to adsorption of decomposition products
on the electrode surface. Notably, the electrochemical response
of 4g, which possesses a more complex three-dimensional
structure, is richer than those of the other investigated dyes,
displaying a larger number of oxidation processes (Figure S50
and S52).

In contrast, neither 4b nor 4g exhibits reduction processes within
the accessible negative potential window, whereas irreversible
reduction processes are observed for 4a and 4c-f between —0.9
and —1.5 V vs Fc/Fc* (Table S3, Figure S51). Compared with
the other systems, the nitro-substituted dyes 4c and 4d show
more complex reduction behavior, with multiple overlapping
processes. This likely results from reduction of both the 7-electron
system and the nitro groups themselves.

3 | Conclusions

In summary, we have developed a facile and modular syn-
thetic strategy for the construction of structurally diverse, 7-
expanded DHPPs. The key advantage of this strategy over
previously reported approaches is its broad substrate scope.
This approach relies on double intramolecular direct aryla-
tion, providing a robust strategy that tolerates significant steric
demand and electron-deficient substituents, thereby enabling
the synthesis of large molecular frameworks. As a result of
this strategy being compatible with various electronic and steric
factors, the photophysical properties of these dyes can be sys-
tematically modulated, e.g., with emission extending beyond
700 nm.

This robust protocol provides access to diverse architectures,
ranging from 7-expanded DHPPs containing up to 20 fused rings
to a helically twisted B, N-doped system, whose enantiomers
could be resolved and characterized chiroptically. The latter
exhibits measurable CPL activity, with a CPL brightness reaching
approximately 17 M~! cm™. Theoretical analysis demonstrated
that the central DHPP unit consistently acts as the main
electron-donating moiety, whereas the nature and position of the
peripheral groups enable extensive tuning of the optical proper-
ties. Overall, this synthetic platform opens the door to scalable
and cost-effective access to functional N-doped nanographenes
and offers considerable potential for the future development of
optoelectronic materials.

4 | Experimental Section
4.1 | Synthesis

All reagents and solvents were purchased from commercial
sources and were used as received unless otherwise noted. For
water-sensitive reactions, solvents were dried using a Solvent
Purification System from MBraun (https://www.mbraun.com/
us/). Reactions involving moisture- and oxygen-sensitive com-
pounds were performed under a stream of argon. The reaction
progress was monitored by means of thin-layer chromatography
(TLC), which was performed on aluminium foil plates, covered
with Silica gel 60 F254 (Merck). Product purification was done
by means of column chromatography with Kieselgel 60 (200-400
mesh, Merck).

The identity and purity of the prepared compounds were proved
by 'H NMR and *C NMR spectrometry as well as by MS
spectrometry (via EI-MS, ESI-MS or APCI-MS). NMR spectra
were measured on Bruker AM 500 MHz, Varian 600 MHz, and
Varian 500 MHz instruments with TMS as the internal standard.
Chemical shifts for 'H NMR are expressed in parts per million
(ppm) relative to tetramethylsilane (§ 0.00 ppm), CDCl, (6 = 7.26
ppm), CD,Cl, (6 =5.33 ppm), DMSO-d6 (6 = 2.50 ppm). Chemical
shifts for *C NMR are expressed in ppm relative to CDCl, (6 77.16
ppm), CD,Cl, (53.84 ppm), DMSO-d6 (6 = 39.52 ppm). Data are
reported as follows: chemical shift, multiplicity (s = singlet, bs
= broad singlet, d = doublet, dd = doublet of doublets, ddd =
doublet of doublet of doublets, t = triplet, td = triplet of doublets,
q = quartet, qu = quintet, m = multiplet), coupling constant (Hz),
and integration.
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