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Abstract

DFT calculations demonstrate that an isoacenofuran of any size possesses a smaller HOMO-LUMO gap than the corresponding
acene bearing an isoelectronic m-system (i.e., the same total number of rings). Isoacenofurans show limited stability due in part to
the highly reactive 1,3-carbons of the furan ring. Both 1,3-dimesitylisobenzofuran and 1,3-di(2’,4’,6’-triethylphenyl)isobenzofuran,
each bearing sterically congesting ortho-alkyl groups on their phenyl substituents, have been synthesized and shown to adopt non-
planar conformations with the ortho-alkyl groups located above and below the most reactive 1,3-carbons of the furan ring. These
bulky substituents provide a strong measure of kinetic stabilization. Thus, 1,3-dimesitylisobenzofuran and 1,3-di(2’,4’,6’-
triethylphenyl)isobenzofuran are significantly less reactive than 1,3-diphenylisobenzofuran toward the strong dienophiles DMAD
and acrylonitrile. The insights gained here suggest that the synthesis of large, persistent, kinetically stabilized isoacenofurans with
unusually small HOMO-LUMO gaps is achievable. As such, these molecules deserve increased attention as potential p-type
organic semiconductors.

Introduction

Acenes are composed of linearly annellated benzene rings.
Compared to their non-linearly annellated isomers, acenes pos-
sess smaller HOMO-LUMO gaps. This is attributed to their
novel electronic structures which manifest that no more than
one benzene ring can be drawn with a full aromatic sextet in
any neutral, closed-shell resonance form (Figure 1) [1]. One can

view an aromatic sextet in any one resonance form as a set of

six m-electrons that are localized to one ring whereas other
m-electrons are delocalized over the remaining m-system. We as-
sociate larger, more highly delocalized m-systems with smaller
HOMO-LUMO gaps.

Isoacenofurans are composed of linearly annellated benzene

rings that terminate with a furan ring. Isoacenofurans and
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Figure 1: Neutral, closed-shell resonance forms for pentacene highlighting Clar aromatic sextets (see [1]) and the degree to which the remaining

m-electrons are extensively delocalized, or not.

acenes possess isoelectronic m-systems when the total number
of rings is the same. Unlike acenes, none of the 6-membered
rings in an isoacenofuran possess an aromatic sextet in any
neutral, closed-shell resonance form (Figure 2). Thus, com-
pared to the corresponding acene, an isoacenofuran could pos-
sess a more highly delocalized m-system and an even smaller
HOMO-LUMO gap. For example, consider pentacene and
isotetracenofuran. Pentacene can be drawn in several neutral,
closed-shell resonance forms (Figure 1) in which any one of the
five 6-membered rings possess an aromatic sextet. If the aro-
matic sextet is located in a terminal ring of the molecule, as in
resonance forms P1 and PS5 of Figure 1, then the remaining
m-electrons are delocalized over four rings. However, calcula-
tions indicate that the center ring of pentacene and other acenes
is the most aromatic [2] and therefore resonance form P3 of
Figure 1 is most significant.

N —

0
N S e

Figure 2: The only neutral, closed-shell resonance form for 5-ring
isotetracenofuran with its highly delocalized m-system.

By contrast, isotetracenofuran and other isoacenofurans can
only be drawn in one neutral, closed-shell resonance form in
which only the furan ring possesses an aromatic sextet
(Figure 2). The remaining m-electrons of isotetracenofuran are
fully delocalized over the remaining four rings. This analysis
suggests that all isoacenofurans should possess a more highly
delocalized m-system than their acene counterparts, and poten-
tially with smaller HOMO-LUMO gaps. However, a system-
atic study of HOMO-LUMO gaps for isoelectronic acene—iso-
acenofuran pairs has not been published. Should such a study
reveal unusually small HOMO-LUMO gaps for isoacenofurans,
we would consider persistent versions of these molecules to be

a highly interesting class of organic semiconductors.

Hamura and co-workers pioneered the synthesis of large iso-
acenofurans. They prepared a pair of 1,3-diarylisoanthraceno-
furans [3] and a pair of 1,3-diphenethynylisoanthracenofurans
[4], and impressively utilized the latter as intermediates for the
synthesis of stabilized hexacenes. Their beautiful work docu-
mented the lack of stability associated with isoanthraceno-
furans. Thus, their 1,3-diarylisoanthracenofurans rapidly
oxidized in solution to form endoperoxides [3]. These com-
pounds persisted longer in the solid state, but clearly the lack of
stability and persistence associated with isoacenofurans is of
great concern if these molecules are to be utilized as organic
semiconductors. Likewise, Hamura and co-workers’ 1,3-
diphenethynylisobenzofurans were fleeting intermediates that
could not be isolated, but were instead trapped in situ by a suit-
able dienophile [4].

Large acenes are prone to photooxidation, especially when dis-
solved in solution while exposed to ambient light and air. They
sensitize singlet oxygen formation, and the same is expected
from large isoacenofurans. Indeed, the endoperoxides observed
by Hamura and co-workers [3] confirm this expectation. We
previously studied substituent effects in acenes and reported
that several substituents promote photooxidative resistance in
pentacenes [5] and larger acenes including heptacene [6] and
nonacene [7]. One or more substituents that promote photoox-
idative resistance by quenching singlet oxygen could be utilized
on isoacenofurans, too. Additionally, the 1,3-carbons of the
furan ring in isoacenofurans are highly reactive towards dieno-
philes, including singlet oxygen. Thus, we believe that the
design of large, persistent isoaceneofurans should include
multiple substituents that provide photooxidative resistance,
especially along the acene-like segment, plus a strong measure
of kinetic stabilization at the 1,3-carbons of the furan ring.

As described here, there are compelling reasons to contemplate

the synthesis of large, persistent isoacenofurans with unusually
small HOMO-LUMO gaps. In this work, we probe several
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aspects of this challenge. First, we utilize a DFT method to
calculate HOMO-LUMO gaps associated with several
isoacenofurans and compare them to the calculated
HOMO-LUMO gaps of their isoelectronic acenes. Second, we
synthesized two 1,3-diarylisobenzofurans that provide steric
resistance to the most reactive 1,3-carbons of the furan ring. A
combination of experimental and computational studies clari-
fies the impacts of these sterically congesting substituents on
each molecule’s electronic structure. We further studied the
reaction rates of 1,3-diarylisobenzofurans with the strong dieno-
philes dimethyl acetelyenedicarboxylate (DMAD) and acrylo-
nitrile. We conclude that the synthesis of large, persistent, kinet-
ically stabilized isoacenofurans with unusually small
HOMO-LUMO gaps is an achievable goal.

Results and Discussion

Computational HOMO-LUMO gaps for
isoacenofurans and comparable acenes

We studied the HOMO-LUMO gaps associated with acenes
and isoacenofurans (Figure 3) using a DFT method that has
proven reliable for large acenes both in terms of absolute values
and trends. In all cases, isoacenofurans possess a smaller
HOMO-LUMO gap than the corresponding acene with an
isoelectronic m-system. For example, naphthalene and isobenzo-

furan (1) both possess 10 m-electrons and are calculated to have

Beilstein J. Org. Chem. 2024, 20, 1099-1110.

HOMO-LUMO gaps of 4.73 and 4.05 eV, respectively. The in-
corporation of 1,3-diphenyl substituents (compound 2) or 1,3-
diphenylthio substituents (compound 4) lowers the
HOMO-LUMO gaps of the corresponding isobenzofurans to
3.05 and 3.65 eV, respectively. These groups provide for
expanded delocalization of m-electron density outside the
isobenzofuran core. Phenylthio substituents have also been
shown to impart considerable photooxidative resistance to
pentacene [5]. The incorporation of 1,3-dimesityl substituents
(compound 3) also provides for modest lowering of the
HOMO-LUMO gap despite the non-planar geometry that these
groups must adopt (Figure 4). We are keenly interested in pre-
paring isoacenofurans with small HOMO-LUMO gaps. The
non-planar geometry of mesityl and similar groups additionally
provides for enhanced steric congestion at the most reactive 1,3-
carbons of the furan ring (vide infra), and this could prove to be

Figure 4: A structural rendering of 1,3-dimesitylisobenzofuran showing
the requirement for non-planar mesityl groups in order to avoid steric
repulsion between ortho-methyl groups and the nearest benzo hydro-
gen atoms.

R 1R=H 4.05eV
— 2R =Ph 3.05eV
< 3R=mesityl 3.57 eV
4R =SPh 3.65eV
473 eV R
R 5R=H 2.89 eV
N = 6 R = Ph 2.36 eV
P <° 7R=mesityl 263eV
8 R = SPh 273 eV
3.53 eV R
R 9R=H 217 eV
= 10R =Ph 1.86 eV
< 11R = mesityl 2.01 eV
12R=SPh  2.09eV
274 eV R
: R 13R=H 1.69 eV
E — 14 R = Ph 1.51eV
OOOOO § <P 15 R = mesityl 1.59 eV
= 16R=SPh 1656V
218 eV g R
§ R 17R=H 1.36 eV
COCOO0 4o i
i <°  19R=mesityl 1.28eV
1.77 eV 5 S 20R=SPh  1.34eV

Figure 3: DFT calculated HOMO-LUMO gaps of acenes and isoacenofuran
using Spartan "20 [8].

s performed at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level of theory
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an important design strategy for large, persistent isoaceno-
furans.

The trend continues for the entire acene series calculated, from
anthracene to hexacene (Figure 3). Thus, pentacene, a bench-
mark organic semiconductor, has a calculated HOMO-LUMO
gap of 2.18 eV, nearly 0.5 eV greater than that of isotetraceno-
furan (13) with an isoelectronic m-system (22 m-electrons each).
The incorporation of phenylthio groups (compound 16) further
lowers the HOMO-LUMO gap to 1.65 eV. Even in the pres-
ence of sterically congesting, non-planar 1,3-dimesityl groups,
the corresponding isotetracenofuran (15) possesses an unusu-
ally small HOMO-LUMO gap of 1.59 eV.

Among the isoacenofurans studied here, the smallest calculated
HOMO-LUMO gaps are observed in the isopentacenofuran
series (compounds 17-20). They possess HOMO-LUMO gaps
between 1.25 and 1.36 eV, well below the 1.77 eV value calcu-
lated for hexacene. These Spartan *20 [8] calculations confirm
our expectation of a more highly delocalized m-system in any
isoacenofuran (Figure 2) compared to the corresponding acene
with isoelectronic m-system (Figure 1). As such, isoacenofurans
represent a highly interesting class of molecules that, although
largely ignored in the literature, deserve increased attention as
organic semiconductors with unusually small HOMO-LUMO

gaps.

Synthesis of two 1,3-diarylisobenzofurans
with sterically congesting substituents

In order to study the impacts of sterically congesting substitu-
ents at the 1,3-carbons of the furan ring, we synthesized two
1,3-diarylisobenzofurans (compounds 3 and 23, Scheme 1).
Combined with commercially available 2, these compounds

provide varying degrees of steric congestion to the highly reac-

X AICI;, DCM
E Cl + 2 3
= Cl R R rt

Scheme 1: Synthesis of 1,3-diarylisobenzofurans 3 and 23.

Beilstein J. Org. Chem. 2024, 20, 1099-1110.

tive 1,3-carbons on the furan ring. Thus, phthaloyl chloride was
reacted with mesitylene or 1,3,5-triethylbenzene to produce the
corresponding diketones 21 and 22. Each diketone was in turn
reacted with zinc metal in glacial acetic acid [9] to afford the
corresponding 1,3-diarylisobenzofurans 3 and 23. The latter
reductions in the presence of zinc likely proceed through the
corresponding ketols which are known to undergo ring closure
in acidic solution [10,11]. These syntheses utilizing mesitylene
or 1,3,5-triethylbenzene are considerably simpler than other ap-
proaches that would place sterically congesting groups only at
the ortho positions of the 1,3-diaryl substituents. Compounds 3
and 23 contain an additional para substituent that serves no par-
ticular purpose but is innocuous.

The syntheses of compounds 24 and 25 with 2°,4’,6’-triiso-
propylphenyl and 2°,4°,6’-tri-fert-butylphenyl substituents, re-
spectively, were also attempted but without success. In these
cases, the sterically congesting ortho isopropyl and fert-butyl
groups stymie the Friedel-Crafts acylation step leading to di-
ketone (Scheme 1).

Experimental and computational studies of

1,3-diarylisoacenofurans

Purified isobenzofurans 2, 3 and 23 were studied by UV-vis
and fluorescence spectroscopies (Figure 5). Compound 2 is
devoid of ortho groups on its 1,3-diphenyl substituents and
shows the longest wavelengths of absorption (Apx = 415 nm)
and emission (emission Ay ,x = 484 nm) in this series, consis-
tent with a more highly conjugated m-system in which the 1,3-
diphenyl substituents lie flat or nearly flat relative to the isoben-
zofuran backbone. Likewise, compound 2 is yellow while com-
pounds 3 and 23 are colorless. Compounds 3 and 23 show simi-
lar absorption (Ay,x = 364 and 360 nm for 3 and 23, respective-
ly) and emission (Apy,x = 442 and 436 nm for 3 and 23, respec-

Zn, AcOH

reflux

21 R = Me 99%
22R=Et 35%

3 R=Me 60%
23 R=Et 62%
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tively) spectra, both consistent with a less conjugated m-system
compared to 2. This is due entirely to out-of-plane rotation of

the sterically congesting 1,3-diaryl groups (Figure 4).

Abs.

250 300 350 400 450 500 550
Wavelength/nm

Intensity

350 400 450 500 550 600 650
Wavelength/nm

Figure 5: UV-vis (top) and fluorescence (middle) spectra for 106 M
solutions of 1,3-diarylisobenzofurans 2, 3 and 23 in CHxCly solvent.
The vials of 2, 3 and 23 showing fluorescence emission (bottom) were
excited at 365 nm.

In order to further probe the impact of sterically congesting 1,3-
diaryl substituents in 1,3-diarylisobenzofurans, we studied com-
pounds 1, 2, 3, 23, 24 and 25 (Figure 6) using a DFT method.
The calculated HOMO and LUMO orbitals are shown in
Figure 6. Here, the impacts of 1,3-diaryl substituents are illumi-
nated. Thus, both HOMO and LUMO orbital densities for 2 are
spread throughout the molecule’s entire r-system including the
1,3-diphenyl substituents. This extensive delocalization of
orbital density significantly raises the HOMO energy level and
lowers the LUMO energy level compared to parent isobenzo-
furan (1). Conversely, both the HOMO and LUMO orbitals for
compound 3 with 1,3-dimesityl substituents show reduced
orbital density on the mesityl substituents compared to the
phenyl substituents of 2. Likewise, 3 possesses a lower energy
HOMO orbital and a higher energy LUMO orbital compared to
2. The m-systems for compounds 23, 24 and 25 with 2°,4’,6’-

Beilstein J. Org. Chem. 2024, 20, 1099-1110.

triethylphenyl, 2°,4’,6’-triisopropylphenyl and 2’,4’,6’-tri-tert-
butylphenyl substituents are quite similar to each other. Each
shows little or no HOMO or LUMO orbital densities on their
respective 1,3-diaryl groups indicating greater out-of-plane
rotation compared to 3 and modestly larger HOMO-LUMO

gaps.

The calculated UV—-vis spectra for this series are shown in
Figure 7. Compounds 23, 24 and 25 show nearly identical spec-
tra indicating that each hindered 1,3-diaryl ring is similarly
rotated out of plane leading to m-systems with similar
HOMO-LUMO gaps. These findings inform any design
strategy leading to large, persistent isoacenofurans. Thus, unless
there is a need for improved kinetic stabilization of the most
reactive 1,3-carbons on the furan ring, there appears little
benefit of utilizing highly hindered 2’,4°,6’-triisopropyl- (com-
pound 24) or 2°,4°,6’-tri-tert-butyl (compound 25) substituents,
especially as these compounds are considerably more difficult
to synthesize compared to 3 and 23.

Relative rates for the reactions between 1,3-
diarylisobenzofurans 2, 3 and 23 with the
strong dienophiles dimethyl acetelyene-
dicarboxylate (DMAD) and acrylonitrile

We studied the reactions of 2, 3 and 23 under pseudo-1st order
kinetic conditions by utilizing a 7000-fold excess of dimethyl
acetylenedicarboxylate (DMAD) at room temperature. The
reactions were monitored by UV-vis spectroscopy. Compound
2 undergoes rapid reaction with DMAD under these conditions
and is more than 90% consumed after 2.5 hours (Figure 8, top).
Conversely, compounds 3 (Figure 8, bottom) and 23 are unreac-
tive under these conditions, even after extended periods of time.
The absorptions for 3 and 23 actually increased slowly over ex-
tended time due to the gradual evaporation of CH;Cl, solvent in
the capped UV-vis cuvette. Similar results were obtained upon
switching the dienophile from DMAD to acrylonitrile. Once
again, compounds 3 and 23 were unreactive, even after
184 hours of reaction time with a 13,500-fold excess of acrylo-

nitrile.

The reaction between 3 and a large excess of DMAD
(116 equivalents) in boiling toluene (111 °C) was also studied
by 'H NMR spectroscopy. After 51 hours of reaction in boiling
CH,Cl,, Diels—Alder adduct 27 was observed in 22% yield.
Compound 27 was identified by '"H NMR and !3C NMR spec-
troscopies as well as high-resolution ESI mass spectrometry.

Although the lack of reactivity observed for 3 and 23 limited

our kinetic analysis, we can nonetheless conclude that the rates

of reactions between either 3 or 23 and either of the strong
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Figure 6: Calculated HOMO and LUMO orbitals for parent isobenzofuran (1) and 1,3-diarylisobenzofuran derivatives 2, 3, 23, 24 and 25 using a DFT
method performed at the B3YLP/6-311+G(d,p)//B3YLP/6-31G(d) level using Gaussian 09 [12].

dienophiles, DMAD or acrylonitrile, are at least two orders of
magnitude slower than the corresponding reactions involving 2
(Scheme 2). Clearly, the non-planar geometry of the mesityl
(Figure 4) and 2°,4°,6’-triethylphenyl substituents in com-
pounds 3 and 23, respectively, provides for enhanced steric
congestion at the most reactive 1,3-carbons of the furan ring.
Likewise, 3 and 23 are stable indefinitely in the solid state and
persist for days in solution phase without significant decompo-

sition (see Supporting Information File 1). The mesityl and

2’,4°,6’-triethylphenyl substituents both provide a strong
measure of kinetic stabilization. Solution phase stability is par-
ticularly important if isoacenofurans are to be utilized as thin-

film organic semiconductors cast from solution.

Conclusion
We utilized DFT calculations to demonstrate that isoaceno-
furans of any size possess smaller HOMO-LUMO gaps than

the corresponding acene bearing an isoelectronic m-system. This
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Figure 7: UV-vis spectra calculated for 1,3-diarylisobenzofuran derivatives 1, 2, 3, 23, 24 and 25 using a DFT method performed at the B3YLP/6-
311+G(d,p)//B3YLP/6-31G(d) level using Gaussian 09 [12].
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250

250

2 + DMAD
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Wavelength/nm

0

S00

3 + DMAD

=2 16h

Figure 8: UV-vis spectra for the reactions of 2 (top) and 3 (bottom)

with a 7000-fold excess of DMAD in CHxCl, solvent at room tempera-

ture.

finding alone provides compelling reasons to attempt the syn-
thesis of large, persistent isoacenofurans for use as organic
semiconductors. However, such syntheses must account for the
projected lack of stability associated with isoacenofurans. We
demonstrated that sterically congesting ortho groups on 1,3-
diarylisobenzofurans like 3 and 23 force the molecules to adopt
non-planar conformations in which the aryl groups rotate out-
of-plane. The out-of-plane rotations provide for enhanced steric
congestion both above and below the most reactive 1,3-carbons
of the furan ring, dramatically reducing their reactivity with
dienophiles including DMAD, acrylonitrile and singlet oxygen.
Due to these non-planar conformations, the HOMO and LUMO
orbitals for 3 and 23 and related compounds show reduced
orbital densities on their aryl substituents, effectively reducing
m-conjugation and raising HOMO-LUMO gaps. There appears
little benefit to utilizing highly hindered 2’,4°,6’-triisopropyl-
phenyl groups as in 24 or 2’,4°,6’-tri-tert-butylphenyl groups as
in 25, especially as (i) isoacenofurans with these substituents
are considerably more difficult to synthesize, and (ii) com-
pounds 3 and 23 already provide excellent kinetic stabilization
to the most reactive 1,3-carbons of the furan ring. Like acenes,
large isoacenofurans will be prone to photooxidation along their
acene-like backbones, necessitating additional, strategically
placed substituents that are known to slow photooxidation. The
insights gained here suggest that the synthesis of large, persis-
tent, kinetically stabilized isoacenofurans with unusually small
HOMO-LUMO gaps is achievable. As such, these molecules
deserve increased attention as a new class of organic semicon-

ductors.
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ko, k3 << ki

Scheme 2: Reactions between 1,3-diarylisobenzofurans 2, 3 and 23 and DMAD to produce Diels—Alder adducts 26, 27 and 28.

Experimental

Materials and methods

Commercial reagents and solvents were purchased from Sigma-
Aldrich, Alfa Aesar, TCI America or Thermo Fisher Scientific,
and used as received. Dry solvents were obtained using a sol-
vent purification system (Innovative Technologies, Inc.) and
handled under a nitrogen atmosphere, unless otherwise noted.
Flash chromatography was performed using SiliaFlash® F60
40-63 um (230—400 mesh) 60 A silica from Silicycle Inc. and
RediSep® Rf Silica Flash Columns (12 g, 24 g or 40 g) on a
CombiFlash® Rf 200 instrument (Teledyne Isco, Inc.). Evapora-
tion of solvents was accomplished using an IKA® RV 10 digital
rotary evaporator. Baker-flex® silica gel IB2-F thin-layer chro-
matography (TLC) plates were purchased from J.T. Baker. A 4
watt 254 nm lamp (Analtytik Jena Co.) and a modified card-
board box were utilized for detection of TLC spots. Melting

points were determined in open capillary tubes using a Mel-

Temp apparatus, and are uncorrected. Proton nuclear
magnetic resonance ('\H NMR) spectra and carbon nuclear
magnetic resonance (13C NMR) spectra were recorded on
either a Bruker 500 MHz or Bruker 700 MHz nuclear magnetic
resonance spectrometer using 5 mm NMR tubes with plastic
caps. High-resolution mass spectra (HRMS) were obtained on a
Thermo Scientific Vanquish UHPLC and Exploris 120 Mass
Spectrometer at the University of New Hampshire’s University
Instrumentation Center using a peak-matching protocol to
determine the mass and error range of the molecular ion,
and employing electrospray as the ionization technique.
UV-vis absorption spectra were measured with a Varian
Cary 50 Scan UV-visible spectrophotometer and corrected
for background signal with a solvent-filled cuvette. Fluores-
cence spectra were measured on a FS5 spectrofluorometer
(150 W CW Ozone-free xenon arc lamp) from Edinburgh

Instruments.
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1,3-Dimesitylisobenzofuran (3)

To a round bottom flask was added 1,2-phenylenebis(mesityl-
methanone) (21, 0.10 g, 0.27 mmol), zinc dust (0.70 g,
11 mmol) and 10 mL glacial acetic acid. After attaching a reflux
condenser, the mixture was heated to reflux for 12 hours with
stirring. The hot reaction solution was filtered. To the hot
filtrate was added 5 mL of cold water leading to the precipita-
tion of crude product. The crude product was vacuum filtered,
washed with 5 mL water, and then air dried to give 3 as a white
solid (57 mg, 60%, Scheme 3). Mp 169-170 °C (from [13],
188-189 °C); 'H NMR (500 MHz, CDCl3) & 7.15-7.08 (m,
2H), 6.98 (s, 4H), 6.86-6.79 (m, 2H), 2.35 (s, 6H), 2.12 (s,
12H); 13C NMR (126 MHz, CDCl3) & 143.54, 139.17, 138.71,
128.23, 127.43, 123.39, 121.93, 119.78, 21.22, 20.49; UV-vis
Amax (7 X 107 M in CH,Cl,): 364.3 nm; HRESIMS: calcd for
[M + H]*, 355.2062; found, 355.2042. For an alternative syn-
thesis, see [13].

1,2-Phenylenebis(mesitylmethanone) (21)

To a 100 mL round bottom flask equipped with a stir bar was
added anhydrous aluminum chloride (0.26 g, 2.0 mmol) and
10 mL of CH;Cl, solvent. An addition funnel was attached and
to this was added phthaloyl dichloride (0.20 g, 0.99 mmol) and
5 mL CH,Cl,. The content of the addition funnel was added
dropwise into the round bottom flask over 5 minutes with stir-
ring. The addition funnel was reloaded with mesitylene
(0.215 g, 1.79 mmol) and an additional 5 mL CH,Cl,. The
content of the addition funnel was once again added dropwise
into the round bottom flask over 5 minutes with stirring. The
light-yellow solution turned to dark brown. After 15 min,
10 mL of a saturated aqueous solution of NaCl was added to
quench the reaction. The content of the flask was transferred to
a 125 mL separatory funnel and extracted twice with 20 mL of
CH,Cl,. The organic extracts were combined, dried over an-
hydrous NaySOy4 and gravity filtered. The solvent was evaporat-
ed at reduced pressure leaving a yellow solid as crude product.
The crude product was recrystallized using 10 mL of hexane to
obtain 21 as a crystalline white solid (0.33 g, 99%, Scheme 4).
Mp 234-235 °C (from [14], 237-238 °C); '"H NMR (500 MHz,
CDCl3) 6 7.48-7.36 (m, 4H), 6.86 (s, 4H), 2.30 (s, 6H), 2.19 (s,
12H); 13C NMR (126 MHz, CDCl3) 5 199.60, 141.23, 139.54,

S0

21

Scheme 3: Synthesis of 1,3-dimesitylisobenzofuran (3).
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136.54, 136.07, 131.22, 130.38, 129.00, 21.17, 20.29. For an al-

ternative synthesis, see [14].

cl AICl3, DCM
Cl rt

o ®

21

Scheme 4: Synthesis of 1,2-phenylenebis(mesitylmethanone) (21).

1,2-Phenylenebis((2,4,6-
triethylphenyl)methanone) (22)

To a 100 mL round bottom flask equipped with a stir bar was
added anhydrous aluminum chloride (0.66 g, 4.9 mmol) and
10 mL of CH,Cl; solvent. An addition funnel was attached and
to this was added phthaloyl dichloride (0.56 g, 2.8 mmol) and
5 mL CH,Cl,. The content of the addition funnel was added
dropwise into the round bottom flask over 5 minutes with stir-
ring. The addition funnel was reloaded with 1,3,5-triethylben-
zene (0.90 g, 5.5 mmol) and an additional 5 mL CH,Cl,. The
content of the addition funnel was once again added dropwise
into the round bottom flask over 5 minutes with stirring. The
light-yellow solution turned to dark brown. After 30 min,
10 mL of a saturated aqueous solution of NaCl was added to
quench the reaction. The contents of the flask were transferred
to a 125 mL separatory funnel and extracted twice with 20 mL
of CH,Cl,. The organic extracts were combined, dried over an-
hydrous Na,SO4 and gravity filtered. The solvent was evaporat-
ed at reduced pressure leaving a yellow oil. The oil was puri-
fied by silica gel CombiFlash chromatography (hexane/EtOAc
9:1) to obtain 22 as a yellow solid (0.44 g, 35%, Scheme 5). Mp
59-60 °C; '"H NMR (500 MHz, CDCls) & 7.43 (s, 4H), 6.93 (s,
4H), 2.64 (q, J = 7.6 Hz, 4H), 2.53 (q, J = 7.5 Hz, 8H), 1.25 (t,
J =17.6Hz, 6H), 1.08 (t,J = 7.5 Hz, 12H); '3C NMR (126 MHz,

\O/
L)

3
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Scheme 5: Synthesis of 1,2-phenylenebis((2,4,6-triethylphenyl)methanone) (22).

CDCl3) 6 199.43, 145.73, 142.40, 141.03, 135.73, 131.19,
131.05, 125.93, 28.78, 26.50, 15.81, 15.34; HRESIMS: calcd
for [M + HJ", 455.2950; found, 455.2938.

1,3-Bis(2,4,6-triethylphenyl)isobenzofuran
(23)

To a round bottom flask was added 1,2-phenylenebis((2,4,6-
triethylphenyl)methanone) (22, 0.20 g, 0.44 mmol), zinc dust
(1.15 g, 17.6 mmol) and 13 mL glacial acetic acid. After
attaching a reflux condenser, the mixture was heated to reflux
for 12 hours with stirring. The hot reaction solution was filtered.
To the hot filtrate was added 5 mL of cold water leading to
precipitation of crude product. The crude product was vacuum
filtered, washed with 5 mL water, and then air dried to give 23
as a white solid (0.12 g, 62%, Scheme 6). Mp 83-84 °C;
TH NMR (500 MHz, CDCls) & 7.15-7.08 (m, 2H), 7.02 (s, 4H),
6.84-6.77 (m, 2H), 2.69 (q, J = 7.6 Hz, 4H), 2.44 (m, 8H), 1.30
(t, J = 7.6 Hz, 6H), 1.01 (t, J = 7.5 Hz, 12H); '3C NMR
(126 MHz, CDCl3) d 145.90, 145.48, 143.28, 126.29, 125.50,
123.32, 122.18, 119.64, 28.85, 27.14, 15.82, 15.37; UV-vis
Amax (7 X 107> M in CH,Cl,): 360.2 nm; HRESIMS: calcd for
[M + H]", 439.3001; found, 439.2987.

Zn, AcOH S \
reflux ‘
22 23

Scheme 6: Synthesis of 1,3-bis(2,4,6-triethylphenyl)isobenzofuran
(23).

Dimethyl 1,4-diphenyl-1,4-dihydro-1,4-
epoxynaphthalene-2,3-dicarboxylate (26)

In a similar manner to [15], 1,3-diphenylisobenozfuran (2,
0.10 g, 0.37 mmol), 5 mL CH,Cl, and dimethyl acetylene-
dicarboxylate (DMAD, 0.116 g, 0.814 mmol) were added to a
round bottom flask. The reaction mixture was stirred at room

temperature for 2 hours. The solvent was removed by rotary

evaporation at reduced pressure to give a light-yellow solid as
crude product. The crude product was recrystallized using 5 mL
of a hexane/ethanol mixture (10:1) and then air dried to give 26
as a white solid (0.11 g, 72%, Scheme 7). Mp 153.5-154.0 °C
(from [15], 181-183 °C); 'H NMR (500 MHz, CDCl3) &
7.76-7.70 (m, 4H), 7.53 (m, 2H), 7.50-7.40 (m, 6H), 7.15 (m,
2H), 3.68 (s, 6H); 13C NMR (126 MHz, CDCl3) d 164.14,
153.90, 149.13, 133.16, 129.08, 128.58, 128.00, 125.99, 122.20,
94.05, 52.29; UV-vis Apayx (1 X 1074 M in CH,Cly): 230 nm;
HRESIMS: calcd for [M — OCH3] *, 381.1127; found,
381.1115.

I 0]
O
D w

Scheme 7: Synthesis of dimethyl 1,4-diphenyl-1,4-dihydro-1,4-epoxy-
naphthalene-2,3-dicarboxylate (26).

OCH,
OCH,

Dimethyl 1,4-dimesityl-1,4-dihydro-1,4-
epoxynaphthalene-2,3-dicarboxylate (27)

To a round bottom flask was added 1,3-dimesitylisobenozfuran
(3, 0.05 g, 0.14 mmol), 5 mL CH,Cl, and dimethyl acetylene-
dicarboxylate (DMAD, 2.31 g, 16.3 mmol). The reaction mix-
ture was stirred at room temperature for 4 hours. The solvent
was removed by rotary evaporation at reduced pressure to give
a light-yellow solid. TLC (hexane/EtOAc 3:1) indicated no
reaction. Additional DMAD was added to the unreacted mix-
ture in the round bottom flask (2.31 g, 16.3 mmol) along with
2 mL toluene. After attaching a reflux condenser, the mixture
was heated to reflux for 51 hours. The mixture was cooled to
room temperature and toluene was removed by rotary evapora-
tion at reduced pressure to give a sticky, dark brown solid. The
solid was pre-purified by silica gel CombiFlash chromatogra-
phy (hexane/EtOAc 9:1) to obtain a yellow oil as crude product
(23 mg). Finally, the crude product was purified by preparative
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TLC (petroleum ether/EtOAc 3:1) to give 27 as a yellow
powdery solid (15 mg, 22%, 35% based on reacted 3,
Scheme 8). Mp 180 °C (dec.); "H NMR (700 MHz, CDCl3) &
7.29 (m, 2H), 6.98 (m, 2H), 6.88 (s, 4H), 3.64 (s, 6H), 2.30 (s,
12H), 2.28 (s, 6H); 13C NMR (176 MHz, CDCl3) & 164.38,
155.13, 151.10, 139.03, 137.93, 130.68, 128.02, 124.72, 124.49,
95.54, 51.98, 23.71, 20.75; HRESIMS: calcd for [M + H]",
497.2328; found, 497.2316.

(0]
COMe  pcm —
O o+ | | toluene ‘@ OCH;
= i, 4h— OCHs

CO,Me reflux, 51 h o)

Scheme 8: Synthesis of dimethyl 1,4-dimesityl-1,4-dihydro-1,4-epoxy-
naphthalene-2,3-dicarboxylate (27).

27

Supporting Information

Supporting Information File 1

'H NMR stability studies for compounds 3 and 23, 'H and
13C NMR spectra for key compounds and ESI
high-resolution mass spectra.
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We report the synthesis and characterization of naphthalene and anthracene scaffolds end-capped by cyclic imides. The solid-state

structures of the N-phenyl derivatives, determined by X-ray crystallography, reveal changes in packing preference based on the

number of aromatic rings in the core. The optical and electronic properties of the title compounds compare favorably with other

previously described isomers and expand the toolbox of electron-deficient aromatic compounds available to organic materials

chemists.

Introduction

Aromatic diimides are ubiquitous molecular scaffolds that have
served as the basis for robust polymers, supramolecular assem-
blies, and (opto)electronic materials. The vast majority of this
research has focused on 1,2,4,5-benzene (pyromellitic), 1,4,5,8-
naphthalene, and 3,4,9,10-perylene diimides. Beyond these,
researchers have demonstrated that translocating the cyclic
imides around the periphery of the aromatic core to yield differ-
ent structural isomers is effective for producing interesting new
materials. Ourselves and others have investigated 1,2,3,4-
benzene diimide, also known as mellophanic diimide [1], as a
building block for heteroacenes [2-5] and polyimides [6-8]. The

1,2,5,6- [9,10] and 2,3,6,7-naphthalene diimides (NDIs) have
been produced and utilized in electronically active polymers
(Figure 1). The linear extension of 1,4,5,8-naphthalene diimide
to produce tetracene [11] and hexacene [12] diimides, some
with interesting properties such as near-IR absorption, has been
achieved as well. Other efforts have demonstrated that
anthracene diimides (ADIs) can be tuned to achieve decent elec-
tron mobilities in electronic settings [13,14]. Although there
have been calculations conducted that suggest 6-membered
cyclic imides are more compelling than 5-membered cyclic

imides in organic electronic materials [15], the experimental ob-
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Figure 1: a) Structures of previously reported naphthalene and anthracene diimide isomers. b) The novel 1,2,3,4-naphthalene and -anthracene

diimides reported here.

servation of similar electron mobilities across different struc-
tural isomers of naphthalene and anthracene diimide [16]
confirms the need to experimentally evaluate the unstudied

isomers.

We became interested in the cata- (i.e. 1,2,3,4-) derivatization
of aromatic scaffolds because it can be exploited to stabilize the
longer (hetero)acenes. In contrast to cata-benzannulation, cata-
imide-annulation does not perturb aromaticity patterns and
further introduces inductive stabilization of frontier MO levels,
which has enabled the production of n-type organic thin-film
transistors from heteroacenes. Inspired by these results, we
sought to demonstrate the preparation of all-carbon scaffolds,
i.e., acenes, that are cata-annulated with cyclic imides. Here, we
communicate the successful synthesis of 1,2,3,4-NDIs and

-ADIs and the characterization of their physical properties.

Results and Discussion
Synthesis

The synthesis of the title compounds is shown in Scheme 1. To
obtain a naphthalene core with the requisite 1,2,3,4-tetracar-
bonyl derivatization pattern, we leveraged the cycloaddition of
1 equiv of aryne percursor 1 with 2 equiv of dimethyl
acetylenedicarboxylate (DMAD). Although this [2 + 2 + 2]
cycloaddition reactivity strategy has been reported under a
variety of aryne generation conditions [17-19], in our hands we
were only able to generate practical amounts of tetraesters 3

using the method reported by Peifia et al. [18]. Hydrolysis of 3

with sodium hydroxide, followed by acidification with HCI,
yielded a mixture of carboxylic acids and anhydrides 5, as evi-
denced by 'H NMR spectroscopy (Figure S13 in Supporting
Information File 1). Gratifyingly, purification of these mixtures
was not necessary as they could be used directly for imidiza-
tion. Heating 5 with hexylamine or aniline in refluxing acetic
acid successfully led to the formation of the targeted aromatic
diimides bearing either N-hexyl (7-Hex) or N-phenyl (7-Ph)
substitutions in good yields. The same strategy was employed to

create the imide-capped anthracenes 8-Hex and 8-Ph.

Crystallography

Despite exhaustive efforts, we were unable to obtain single
crystals of 7-Hex and 8-Hex; these compounds formed poly-
crystalline bundles that are fragile and insufficient for obtain-
ing diffraction data. Fortunately, single crystals of the N-phenyl
compounds were successfully grown by slow evaporation of
CH,Cl1,/MeOH solutions and characterized by X-ray crystallog-
raphy. 7-Ph crystallizes in the Pbcn space group into a solvent
superstructure of m-stacked columns of 7-Ph. The imide groups
are pointed in alternating directions within a stack. While this
may occur in part as a consequence of the steric demands of the
N-phenyl groups, there are also C—H:--mr interactions between
phenyl groups of adjacent m stacks, with the closest Ph centroid
to H distance being 2.613 A (Figure 2a). Additionally, the
middle carbonyl oxygens are in short contact (2.376 A) with the
7- and 8-H atoms of the naphthalene in the adjacent molecule

(Figure 2a).
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Scheme 1: a) Synthesis of the 1,2,3,4-naphthalene and -anthracene diimides. Conditions: i) CsF/Pdx(dba)s/MeCN; ii) NaOH/H,O/THF, then HCI;
iii) R-NH2/AcOH. b) X-ray crystal structures of 7-Ph and 8-Ph.

a) 7-Ph superstructure b) 8-Ph superstructure

c) 7-Ph top-down of r-stack d) 8-Ph AB-mode r-interaction e) 8-Ph AA/BB mode r-interaction
O /—-EJ 19°
\ﬁg-» AN LY ~
%@i&: Lyesiyip B 0e

Figure 2: Superstructures for a) 7-Ph and b) 8-Ph as determined by X-ray crystallography. Representative C=0--*+H-C and C—H--'mr interactions are
indicated in teal and magenta, respectively. Top-down views of m-stacking modes in c) 7-Ph and d, e) 8-Ph. Hydrogen atoms have been removed for
clarity in c—e. Atom color code: C = tan, H = white, Cl = green, N = blue, and O = red.

On the other hand, 8-Ph crystallizes in the Pbca space group in a fashion analogous to that observed for 7-Ph (Figure 2c).
with two molecules of interest along with one molecule of = These pairs, however, are then infinitely packed such that adja-
CH;Cl,. Pairs of 8-Ph molecules are n-stacked together with  cent 8-Ph molecules are aligned in the same direction to create
their imide groups oriented in opposing directions (Figure 2d) an AA-BB stacking pattern, unlike the more common
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A—-B—A-B stacking pattern found for 7-Ph. Additionally, it is
worth observing that the m-interaction involving two 8-Ph mole-
cules pointed in the same nominal direction is not linearly
aligned, but is instead twisted by 19°. This angle, likely
enforced by the sterics of the phenyl groups, may be an interest-
ing approach to inducing helical turns in supramolecular assem-
blies derived from the title compounds.

Despite this different packing mode within the stack, the inter-
stack interactions exhibited by 8-Ph are similar to those found
in 7-Ph. Although there are still observable C—H---7t interac-
tions and C=0---H-C interactions between stacks, they appear
to be weaker, as evidenced by the longer interaction distances
and interceding incorporation of CH,Cl, (Figure 2b). Further-
more, in 8-Ph the interstack C=0---H-C interaction is skewed
such as to involve only one C=0, compared to the symmetric
dual-contact that is seen for 7-Ph.

Optical and electronic characterization

The absorption spectra of the diimides dissolved in CH,Cl, are
depicted in Figure 3a. All of these compounds exhibit broad
absorption bands. 7-Hex has more well-defined features with
Amax = 391 nm while 7-Ph has a slightly longer wavelength
absorption with A, = 398 nm. A similar trend is observed for
8-Hex and 8-Ph, with A, = 489 and 499 nm, respectively.
These absorption features are roughly comparable to other
naphthalene and anthracene diimides that have been reported in
the literature. The emission profiles of all four compounds are
shown in Figure 3b. While N,N’-dibutyl-1,4,5,8-naphthalene
diimide has low fluorescence intensity (® = 0.006) [20], 7-Hex
emits more efficiently with ® = 0.41. Interestingly, 7-Ph has
nearly no emission intensity, as evidenced by the low signal-to-

noise ratio in the data and a near-zero quantum yield when

a) UV-vis spectroscopy in CH,Cl,
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excited at 400 nm. This fluorescence quenching is likely related
to non-radiative emission that is observed for N-phenyl-substi-
tuted imides [21]. It is possible this effect is more significant for
7-Ph than 8-Ph because the naphthalene core is less conforma-
tionally locked than the anthracene scaffold.

As is expected for aromatic diimides, the title compounds
undergo reversible chemical reduction processes, as determined
by cyclic voltammetry in CH,Cl; solvent (Figure 4). There are
two factors at play. The imide substitution is impactful as the
N-phenyl derivatives are roughly by 100 mV easier to reduce
than the N-hexyl analogs. The anthracene scaffold also lends
itself to a more facile reduction process, with an approximately
150 mV shift of the event toward more positive potentials for
8-R vs 7-R. When compared to other structural isomers, aro-
matic diimides with 5-membered cyclic imides tend to be
slightly harder to reduce than those with 6-membered cyclic
imides (Table 1). Overall, however, the cata-annulation does
not lead to substantially different electrochemical behavior,
which is encouraging because we had anticipated that the
deflection away from planarity caused by adjacent placement of

cyclic imides might adversely affect extent of m-delocalization.

As part of our previous work constructing heteroacenes bearing
cata-imide groups, we investigated the 9,10-diaza analog of
compound 8-Hex (9, Figure 5). It is interesting to note that the
all-carbon scaffold in 8-Hex results in a narrower bandgap than
that of 9, with Al = 85 nm. This difference can be attributed
to a significantly higher HOMO level in 8-Hex arising from
having fewer electronegative atoms in the aromatic backbone.
For the same reasons, compound 9 is a superior electron
acceptor by 0.36 V. These trends confirm the value of back-

bone atom substitution for fine-tuning molecular properties.

b) Normalized emission in CH,Cl,
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Figure 3: a) Absorption and b) emission spectra of the compounds dissolved in CH>Clo.
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Figure 4: Cyclic voltammograms of the compounds collected on
ca. 1 mM solutions of the analyte in CH>Clo with 0.1 M BuyNPFg as
electrolyte. The major y-axis tick mark spacing corresponds to 5 pA.

Figure 5: Structural formula of 9, the diaza-analog of compound 8-Hex
that was reported previously [2].

Table 1: Summary and comparison of optical and electronic properties.

7-Hex

7-Ph

1,2,5,6-NDI [9]
1,4,5,8-NDI [22]
8-Hex

8-Ph
1,9,5,10-ADI" [14]
2,3,6,7-ADI [13]
91[2]

Ey, (V vs Fc/Fc*)2

Eo Ey;
V) V)
-1.83 -1.33
-1.74 -1.23
-1.209
-1.51 -1.10
-1.66 -1.19
-1.56 -1.09
-1.409 -1.109
-1.69
-1.30 -0.76

Amax®
(nm)

391
398

370
489
498
480

404

Aem
(nm)

450
519

575
595
525
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Conclusion

In conclusion, we have demonstrated the facile construction of
two new aromatic diimide scaffolds: 1,2,3,4-naphthalene and
-anthracene diimides through a cycloaddition approach to
construct the aromatic backbone prior to imide formation. The
physical characterization of the title compounds indicates that
they are optically and electronically similar to previously re-
ported naphthalene and anthracene diimides, absorbing/emit-
ting light in the visible region and readily undergoing one-elec-
tron-reduction processes. As such, this work opens the possibili-
ty of incorporating the 1,2,3,4-naphthalene and -anthracene
diimide motifs as productive building blocks in imide-based
organic materials.

Supporting Information

Supporting Information File 1

Experimental procedures, synthetic protocols, and X-ray
crystallographic data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-155-S1.pdf]

Supporting Information File 2

Crystallographic information file for compound 7-Ph.
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Supporting Information File 3

Crystallographic information file for compound 8-Ph.
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Eq° LUMOd HOMO® 0]

(eV) (eV) (eV)

2.82 -3.5 -6.3 0.41

2.64 -3.6 -6.2 <0.01
-3.6

3.18 -3.7 -6.9 0.006 [20]

2.15 -3.6 -5.7 0.20

2.07 -3.5 -5.6 0.04

2.2 -3.8 -6.0

2.56 -4.2 -6.8

aUnless otherwise noted, ca. 1 mM analyte in CHoCly, 0.1 M BugNPFg. bUnless otherwise noted, longest wavelength absorption maxima of analyte in
CH,Cl, solution. ¢Optical bandgap estimated from absorption onset. LUMO estimated from reduction onset. ®HOMO = LUMO - Eqy. fLow intensity
emission. 9Estimated from graphical data. "PhCI solvent.
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Polycyclic aromatic systems (PASs) are pervasive compounds that have a substantial impact in chemistry and materials science. Al-

though their specific structure—property relationships hold the key to the design of new functional molecules, a detailed under-

standing of these relationships remains elusive. To elucidate these relationships, we performed a data-driven investigation of the

newly generated COMPAS-2 dataset, which contains ~500k molecules consisting of 11 types of aromatic and antiaromatic rings

and ranging in size from one to ten rings. Our analysis explores the effects of electron count, geometry, atomic composition, and

heterocyclic composition on a range of electronic molecular properties of PASs.

Introduction

Polycyclic aromatic systems (PASs) — molecules made up of
fused aromatic rings — are among the most prevalent classes of
molecules known to humankind; indeed, it is estimated that
two-thirds of known molecules contain (or are themselves) an
aromatic moiety [1]. In addition to their presence in naturally
occurring molecules, such as DNA and proteins, they have also
been harnessed for various uses, ranging from ligands for cata-
lysts [2], through pharmaceuticals [3], to organic semiconduc-
tors [4,5]. Despite their fundamental and applicative impor-

tance to many fields, the vast chemical space of PASs has

remained largely unexplored. As a result, the relationships be-
tween the arrangement and composition of a PAS’s rings and its
various molecular properties remain elusive. Revealing these
relationships can deepen our understanding of these systems, as
well as pave the way toward efficient and effective design of
new functional PASs.

Given its breadth and complexity, a natural approach to

exploring the PAS chemical space is with data-driven methods,

which have proven in the last few years to be extremely suc-
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cessful at uncovering underlying structure—property relation-
ships. To enable such exploration, we initiated the COMPAS
Project (COMputational database of PASs), the first database
dedicated to PASs and their molecular properties. The first
installment, COMPAS-1 [6], contains ~35k cata-condensed
polybenzenoid hydrocarbons (cc-PBHs) and has already
enabled various directions of investigation, including by
training of both interpretable machine [7] and deep learning
methods [8], which led to new insights into these molecules.
[Note: cata-condensed refers to fused PASs in which each atom
participates in no more than two rings].

The second installment, COMPAS-2 [9], houses ~500k cata-
condensed heterocyclic-PASs (cc-hPASs) comprising 11 types
of aromatic and antiaromatic rings containing the heteroatoms
boron, nitrogen, oxygen, and sulfur and ranging in size from
four-membered to six-membered rings. Compared to the parent
polycyclic aromatic hydrocarbons (PAHs), PASs containing
heterocycles offer greater structural diversity as well as a much
broader range of optoelectronic properties. Such molecules have
been used in diverse settings, functioning as organic field effect
transistors [10-12], light-emitting diodes [13-15], organic semi-
conductors [16,17], organic photovoltaics [1,18-22], photocata-
lysts [23], and biological agents for tracking or inhibition
[24,25], and have also been incorporated into larger structures
such as nano-hoops, in order to tune and expand their function-
ality [26].

Herein, we perform an in-depth analysis of the data contained
within COMPAS-2, aiming to elucidate the effects of electron
count, geometry, atomic composition, and aromatic nature on
the molecular properties of PASs. Our goal is to delineate spe-
cific structure—property relationships that may shed light on
these prevalent, yet still mysterious, compounds and serve as
design principles for future PASs.

Beilstein J. Org. Chem. 2024, 20, 1817-1830.

Data

The molecules in COMPAS-2 contain 11 cyclic building blocks
varying in size, composition, and aromatic character: benzene,
pyridine, pyrazine, borinine, 1,4-diborinine, 1,4-dihydro-1,4-
diborinine, borole, pyrrole, furan, thiophene, and cyclobuta-
diene (Figure 1A). These building blocks encompass 6-, 5-, and
4-membered rings with aromatic and antiaromatic character,
and contain nitrogen, boron, oxygen, and sulfur atoms. Using
these building blocks, we generated a chemical library of cata-
condensed hetero-PASs (cc-hPASs) ranging in size from 3- to
10-ring systems, by combining the rings according to the annu-
lation types shown in Figure 1B. The number, type, and posi-
tion of the individual building blocks were determined
randomly to avoid biasing the data and to increase the likeli-
hood of sampling previously unstudied cc-hPAS structures.
Further details on the structure enumeration and data genera-
tion are reported elsewhere [9].

It is important to note that in constructing the COMPAS-2
dataset, we opted to maintain equal percentages of the different
types of heterocycles (~10% of each type). This was done to
avoid biasing the construction of molecules towards specific
motifs. However, because there are multiple types of B-contain-
ing and N-containing heterocycles, and because some of them
contain more than one heteroatom, this resulted in an unequal
distribution of the heteroatoms themselves. Thus, due to the
design of the dataset construction, the relative prevalence is
approximately 6:4:1:1 for B:N:O:S.

COMPAS-2 comprises two datasets — COMPAS-2x and
COMPAS-2D. The former contains geometries and molecular
properties obtained at the GFN1-xTB [27] level for 524,392
unique cc-hPASs. The latter is a representative subset of the
former, containing 52,000 cc-hPASs with geometries opti-
mized and properties obtained at the CAM-B3LYP/def2-SVP

-~ A) Building Block Library
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Figure 1: A) The building blocks used in the COMPAS-2 datasets. B) Possible annulation types formed when combining the different types of rings.
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[28-33] level, including the D3 dispersion correction [29] by
Grimme with Becke-Johnson damping [30]. We used the DFT-
calculated dataset to generate fitting functions, such that all
xTB-generated data was corrected to near DFT-level accuracy
[9]. It is these corrected data that we use in this report to
analyze the structure—property relationships of the cc-hPASs.

Results and Discussion

At first glance, the chemical space of PASs may appear to be
quite homogenous. After all, the molecules share certain struc-
tural features, such as their multi-ring structures, rigidity, and
m-conjugation. Nevertheless, simply by changing the combina-
tion of the individual building blocks (i.e., rings), we obtain
molecules with varying sizes, geometries, atomic compositions,
and aromatic character. In such multi-faceted data, it can be
difficult to ascertain which structural features determine the dif-
ferent molecular properties. Therefore, we designed the current
study with an aim to chart a clear path through this chemical
space, and we present our findings along these same lines (as
illustrated in Figure 2). In the first section, we provide context,
giving a short comparison between the data contained within
COMPAS-2 [9] and COMPAS-1 [6]. The second, third, and
fourth sections then present analyses of the data, each focused
on different structural aspects: global electronic and geometric
features, atomic composition, and heterocyclic composition. A
roadmap of the article structure is shown in Figure 2.

Comparison between COMPAS-1 and
COMPAS-2

To obtain a better overview of the COMPAS-2 chemical space
and to study the effects of including these new components, we

- A) Molecular Shape - . B) Molecular Properties [eV]

HOMO
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Figure 2: Roadmap of the work described in this article. Three main
criteria are defined in increasing structural information content. For
each criterion, we note the specific features that are studied in this
work. For each of these, we investigate the effect of the feature on the
set of molecular properties.

first compare the cc-PBHs in COMPAS-1 to the cc-hPASs in
COMPAS-2, in terms of their shape diversity and molecular
properties. As mentioned above, COMPAS-1 houses PBHs,
molecules comprising only one type of ring — the aromatic, six-

membered, carbon-based benzene.

The principal moments of inertia (PMI) plots in Figure 3A show
that the two datasets have similar tendencies to form “rod” and
“disc”-like structures (i.e., 1D or 2D, respectively). Because
some of the building blocks contained in the COMPAS-2
library can only annulate linearly (specifically, cyclobutadiene,
pyrazine, 1,4-diborinine, 1,4-dihydro-1,4-diborinine), this
dataset shows a greater density of structures close to the “rod”
vertex and along the “rod/disc” edge of the PMI plot.

I compas-1 [l COMPAS-2

LUMO AIP AEA

10

Figure 3: Comparison between COMPAS-1 (blue) and COMPAS-2 (purple). A) Principal Moments of Inertia shape distribution, all molecules sorted
according to their normalized principal moments of inertia (I,, n = 1-3), with |y < I> < I3. B) Molecular properties (all reported in eV): HOMO, LUMO,

AIP, and AEA.
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COMPAS-1 molecules have a higher tendency to form angular
annulations and branching points and therefore we observe the
increased density closer to the “disc” corner. Both datasets have
very few structures close to the “sphere”-like vertex, which
represents 3D geometries, i.e., non-planar molecules. For PASs,
it is unlikely to find actual “sphere”-like molecules, as the indi-
vidual building blocks have rigid and planar geometries and
fusing such components together in a cata-condensed fashion is
unlikely to generate molecules with a spherical structure.
Rather, for our dataset, the 3D-type molecules are expected to
be those with helical structure. Indeed, as we highlight in
Figure 3A, the polycyclic molecules that inhabit the spherical
corner of the plot are those that have helical structures, and this
is common to both data sets. In other words, the comparison be-
tween the two datasets demonstrates that increasing the diver-
sity of conjugated cyclic building blocks does not have a
notable impact on the relative distribution of molecular shapes.

In contrast to their relatively high geometric similarity, the mo-
lecular properties of the two datasets vary substantially. We
compared the distributions of five molecular properties: highest
occupied molecular orbital (HOMO) energy, lowest unoccu-
pied molecular orbital (LUMO) energy, HOMO-LUMO gap
(Gap), adiabatic ionization potential (AIP), and adiabatic elec-
tron affinity (AEA). As shown in the violin plots in Figure 3B,
for all properties, the distribution of the COMPAS-1 molecules
(light blue) is contained within the distribution of the
COMPAS-2 molecules (purple). In other words, the expansion
of the building block library widens the property distributions
towards both higher and lower energies, providing access to
functional molecules with different (opto)electronic properties.
For example, while the HOMO energies of the COMPAS-1
PBHs range between —7 and —6 eV, the HOMO energies for the
COMPAS-2 cc-hPAS cover the range from —8 to —4.5 eV, a
widening of 3.5 eV. Similarly, the range of LUMO energies
expands substantially, from —0.8 to —1.8 eV in the cc-PBHs to
+0.2 to —3.5 eV in the cc-hPASs, with a larger tendency
towards lower-lying LUMOs than in the PBHs. The remaining

properties show similar expansions of property ranges.

Overall, the comparison between the two datasets demonstrates
that the cc-hPASs are structurally similar to cc-PBHs, notwith-
standing the higher tendency of the COMPAS-2 molecules
towards linear annulations (due to the types of building blocks
used). In contrast, their electronic properties cover much
broader ranges, which is what makes them so promising as
functional compounds. However, to what extent each type of
building block affects the properties, and whether these effects
are due solely to the presence of the heteroatoms or to the aro-
matic nature of heterocycles are among the questions we aim to

answer in the subsequent sections.
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Influence of global structural features

In this section, we investigate the effect of global structural fea-
tures on the set of electronic properties detailed above (HOMO,
LUMO, Gap, AIP, AEA). At this lowest resolution analysis, we
aim to ascertain to what extent the overall molecular size and
geometry determines molecular properties.

Molecular size

The molecular size of cc-hPASs may be evaluated in various
ways — e.g., by the total number of atoms, total number of rings,
total number of electrons (or specifically m-electrons). In our
view, the number of rings is the simplest and most intuitive
metric; it has the added benefit of revealing trends while still
rendering a manageable number of groups. Therefore, we chose
this descriptor and plotted the kernel-density estimates (KDEs)
of the distributions of the five properties described above,
colored according to the number of rings in the molecule
(Figure 4). In all cases we observe “drifts”: for the HOMO, the
values become less negative as the molecules increase in size;
for the LUMO, Gap, AIP and AEA, the values become smaller
or more negative as the molecules increase in size. These trends
align with the commonly known effect in polyenes and annu-
lenes, whereby increasing conjugation causes the HOMO to be
raised, the LUMO to be lowered, and the Gap to be reduced.
The differences between consecutive groups become smaller as
the molecules grow in size, which is consistent with the 1/n

relationship reported for other polycyclic systems [34].

Molecular geometry

In our previous work on cc-PBHs, we observed a similar corre-
lation to size, however, our data-driven analysis revealed that
the underlying source of the correlation is not just the molecu-
lar size, per se, but rather the formation of linear stretches
(substructures that are linearly annulated) [6]. Accordingly, the
longer the linear stretch, the higher the HOMO, the lower the
LUMO, etc., and the apparent size dependency arises simply
because larger molecules have more opportunities to create

longer linear stretches.

The scatter plot of the HOMO/LUMO space showed that a sim-
ilar trend does exist for COMPAS-2, albeit weaker than the
COMPAS-1 case (see section 1.1 in Supporting Information
File 1 for further details). To investigate this further, and to
avoid the size-dependency issue, we focused only on the 9-ring
systems in the dataset. In this collection of 152,121 molecules,
all molecules have the same number of rings but differ in their
annulations and composition and therefore have varying
numbers of atoms and m-electrons. We plotted the KDE distri-
butions of the HOMO, LUMO, and Gap for this subset of data,
colored according to the longest linear stretch in the molecules

(Figure 5A). Note that, for cc-hPASs, a linear annulation is
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Figure 4: Distributions of electronic properties of the dataset. KDE plots of HOMO, LUMO, Gap, AIP, and AEA colored according to the number of
rings in the molecule. The KDEs are normalized such that the area under the curve is equal to 1 for each family.

-~ A) All 9-ring systems . -~ B) Only arom. rings in - . -~ C) Molecules without g
longest linear stretch antiaromatic rings

>
2

(@)

=

(@]

I

-8 -7 -6 -5 -4
S

2

o

=

>

-

-4 -3 -2 -1 0

S

2

Q.

©

© k
' 3 4 5 6

R Longest L /1 /1 2 / 3 /1 4 /5 [ I— G /7

Figure 5: KDE distributions of the HOMO, LUMO, and Gap separated and colored by the longest L for: A) all 9-ring molecules; B) all 9-ring molecules
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defined as three consecutive rings having an angle of 180° be-
tween the ring centroids; any angle that is not 180° is consid-
ered to be an angular annulation (see Figure 1B). Indeed, al-
though a trend may be observed, it is not nearly as pronounced
as the trend we observed for the cc-PBHs in COMPAS-1 [6].
This led us to hypothesize that the presence of antiaromatic
moieties in the linear stretch (cyclobutadiene and/or 1,4-
dihydro-1,4-diborinine) may be distorting the results. In other
words, perhaps the effect is only relevant to linear stretches of
aromatic rings. To verify this, we identified within the same
molecules the longest linear stretch comprising only aromatic
rings. These distributions (shown in Figure 5B) do indeed show
a clearer trend, but it is still weaker than the cc-PBHs. There-
fore, in the next step, we plotted the distributions of all 9-ring
molecules containing only aromatic building blocks (i.e., have
no cyclobutadiene, borole, or 1,4-dihydro-1,4-diborinine
moieties; a collection of 127,019 molecules). In this case
(Figure 5C), the stratification of the data did become more pro-
nounced, indicating that antiaromatic rings mask the longest
linear stretch effect. Overall, these results show that the longest
linear stretch effect does generalize from cc-PBHs to cc-hPASs,
but it is most significant for cc-hPASs that comprise only aro-
matic rings. This observation aligns with previous experimental
work from the groups of Vollhardt. Miao, and Xia, who studied
diareno-fused cyclobutadienes and found similar trends [35-38].

In addition to this structural feature, we also examined the
effects of the number of branching points and deviation from
planarity. Neither of these structural features showed any mean-
ingful trend (further details are provided in sections 1.2 and 1.3
of Supporting Information File 1).
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n-Electron count

In contrast to COMPAS-1, COMPAS-2 contains both mole-
cules with a (4n + 2) m-electron count and molecules with a 4n
m-electron count, allowing us to study the difference between
formally Hiickel aromatic and formally Hiickel antiaromatic
PASs. We note in this regard that the ‘Hiickel Rule’ (a term that
was actually introduced by Doering) [39] was originally de-
veloped solely for monocyclic systems, but was later extended

by Vol’pin to cata-condensed polycyclic systems [40].

It is generally assumed that aromatic molecules are character-
ized by excess stability and a large Gap, while antiaromatic
molecules are less stable and have smaller Gaps. To investigate
whether this assumption holds true for cc-hPASs, we plotted the
distributions of several properties for the two subsets of mole-
cules, separated by size. As seen in Figure 6A, the distributions
of the HOMO and LUMO values are both higher for the
(4n + 2) systems than for the (4n). However, these differences
diminish at different rates: for the HOMOs, the two distribu-
tions become essentially indistinguishable at 4-ring systems,
whereas for the LUMOs it is only at 10-ring systems that the
values attain parity. Unsurprisingly, the (4n + 2) systems show
higher Gap values (Figure 6B), however, the difference
consistently diminishes until it is negligible for 10-ring systems.
(For further analysis based on this criterion, including
molecular stability, see section 1.4 of Supporting Information
File 1.)

Influence of atomic composition
The incorporation of different atoms is a well-known strategy
for modulating the frontier molecular orbitals of -conjugated
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Figure 6: Distributions of molecular properties for 4n and (4n + 2) m-electron count systems, divided by the number of rings for: A) HOMO and LUMO

energies and B) Gaps.
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systems. For example, it has been empirically observed, and can
also be rationalized with molecular orbitals-based considera-
tions, that lone-pair bearing heteroatoms such as oxygen raise
the HOMO level [41,42], while boron lowers the LUMO level
[43]. COMPAS-2 provides, for the first time, the possibility to
substantiate these observations in a data-driven manner and,
perhaps, to extract quantitative assessments of these effects. In
this section, we study the effects of the presence and number of
different heteroatoms on the electronic properties of the mole-
cules in COMPAS-2.

We first visualized the distribution of the various types of
heteroatoms across the property space by generating a series of
scatter plots (HOMO versus LUMO) and coloring each plot ac-
cording to the number of heteroatoms of a certain type (section
2 of Supporting Information File 1). These plots (Figure S6 in
Supporting Information File 1) made it readily apparent that the
B atoms unsurprisingly accumulate in the regions of lower
LUMO value and, to a lesser extent, higher HOMO values. The
N, O, and S atoms appear to be more evenly distributed over the
property space, however, certain areas can be identified with
slightly higher populations of heteroatom-rich PASs.

To explore this further, we divided each property into ten
evenly spaced sections and binned all the molecules in each
respective section (as before, this analysis focused on the 9-ring
systems, to avoid any size-dependency artifacts). For each bin,
we plotted the relative prevalence of the various heteroatoms as
a stacked histogram (Figure 7), where the different colored
blocks represent the different heteroatoms and the sum of all
blocks in each bin is equal to 1. The size of each block repre-
sents the likelihood of a heteroatom from this bin being a

certain type. As we noted in the Data section, the total numbers
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of heteroatoms are not equal (the ratios of B:N:O:S atoms are
approximately 6:4:1:1). Therefore, each block was normalized
according to the relative prevalence of the heteroatom in the
dataset, which allows for a more straightforward comparison
between different heteroatoms, as well as for the same hetero-
atom across the property range.

Figure 7 shows that the likelihood of finding O and S atoms is
relatively uniform across the HOMO range, while it decreases
for N and increases for B as the HOMO values rise. The trends
are more pronounced for the LUMO: the B atoms are clearly
most prevalent at the lower LUMO levels and steadily decrease
towards the higher LUMO levels, concurrent with a steady rise
in the likelihood of O and S atoms, while the N likelihood
remains rather uniform. The trends become even more pro-
nounced in the plot of the Gap, as it is a sum of the HOMO and
LUMO complementary effects. For the Gap and AIP, an
increase in N towards higher values can be noted. For the AEA,
the B clearly dominates the lower values, while again N, S, and
especially O show an increase towards the higher values. We
note that the relative uniformity of the N prevalence across the
various property ranges could be due to contradicting effects of
the different types of N-containing rings and does not necessari-
ly imply that N does not have a strong impact on the properties.
Conversely, the prevalence of B at certain property values does
not mean that all B-containing systems have similar effects; it
could be that one or more B-containing systems have stronger
effects that dominate. These questions are addressed in subse-
quent sections.

Influence of heterocycle type
In this section, we focus on the character and type of the rings

comprising the cc-hPASs, going from the broader perspective
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Figure 7: Stacked histograms showing the prevalence of the different heteroatoms across different areas of the property space, for A) HOMO,

B) LUMO, C) Gap, D) AIP, and E) AEA. The colors of each block correspond to the color-coded heteroatoms shown at the top. The size of each block
represents the fraction of that heteroatom out of the overall number of heteroatoms in that respective bin. The sum of all heteroatoms is 1 for each
bin. Molecules below and above the 0.01 and 0.99 percentiles, respectively, were discarded as not statistically meaningful.
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(size) to a more detailed view (aromatic/antiaromatic) and
finally to the specific type of ring.

Size of ring

In the broadest sense, without analyzing their specific composi-
tion or character, the individual building blocks in our library
may be categorized according to their sizes. To study the effect
on the molecular properties, we plotted the KDE distributions of
the various properties, separated by the number of 4-, 5-, and
6-membered rings, respectively. We observed that the sizes of
the individual rings do not have an inherent effect on the elec-
tronic properties (see Supporting Information File 1, section 3.1
for further details).

Aromatic character of the rings

The rings can be further classified as Hiickel aromatic [(4n + 2)
m-electrons] or antiaromatic [(4n) m-electrons)]. To study the
relationship between the number of rings of each type and
the molecular properties, we plotted the distributions of the
five molecular properties, separated by the number of antiaro-
matic rings (Figure 8). Once again, to circumvent the size-
dependency issue (see section "Molecular size" above), we
analyzed only the molecules containing 9 rings (a subset of
152,121 molecules). All the properties showed a definite trend,
although it appears to be strongest for the LUMO and Gap and
smallest for the AIP. Overall, molecules with a higher number
of antiaromatic moieties show lower HOMOs, lower LUMOs,
lower Gaps, and stronger electron affinity — regardless of the
specific type of rings that are contained in the molecule. How-
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ever, we note that two of the three antiaromatic rings in our
library are B-containing heterocycles. As shown above, boron
also has a strong effect on the molecular properties. Thus, it is
unclear whether the apparent trends here stem from the boron
atom or from the antiaromatic character of the building blocks.
This will be addressed in the subsequent section. (Additional
analysis based on this descriptor is provided in Supporting

Information File 1, section 3.2.).

Specific identity of heterocycle

The previous analyses revealed two relationships: lower LUMO
values were shown to correspond to both the presence of boron-
containing rings and to the presence of antiaromatic rings. How-
ever, two-thirds of our antiaromatic building blocks are boron-
containing rings (borole, 1,4-dihydro-1,4-diborinine). Thus, it is
not clear whether these trends are due to the identity of the
heteroatom or to the nature of the ring. To answer this question,
we investigated the influence of each individual building block.

Figure 9A shows scatter plots of the HOMO versus LUMO,
each colored according to the presence of a specific type of
heterocycle. To avoid ambiguity, only molecules that contain
benzene and the heterocycle highlighted in the respective plot
are colored (i.e., molecules that contain mixtures of hetero-
cycles are not colored). This is to ensure that our focus is on the

effect of one specific heterocycle at a time.

Several observations can be made based on Figure 9, which are
best demonstrated in comparison to the cc-PBH data (i.e., using

-~ Effect of Number of Antiaromatic Rings on Molecular Electronic Properties
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Figure 8: Distributions of electronic properties of the dataset. KDE plots of A) HOMO, B) LUMO, C) Gap, D) AIP, and E) AEA colored according to the
number of antiaromatic rings in the molecule. The KDEs are normalized such that the area under the curve is equal to 1 for each family.
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Figure 9: A) Scatter plot of the HOMO (x-axis) and LUMO (y-axis) values of the molecules in COMPAS-2. In each plot, the molecules containing only
benzene are colored in gray and the molecules containing only benzene and a single other type of building block are colored according to the color-
coded library. B) Stacked histograms showing the prevalence of the different building blocks for HOMO, LUMO, Gap, AIP, and AEA. The colors of
each block correspond to the color-coded molecules. The size of each block represents the fraction of that building block out of the overall building
blocks (excluding benzene). The sum of all building blocks is 1 for each bin. Molecules below and above the 0.01 and 0.99 percentiles, respectively,
were discarded as not statistically meaningful. Note: for the plot of borinine, 5 outlier data points were removed following visual inspection, which de-
termined that these molecules did not optimize correctly.
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this data as a “baseline”). Thus, each different types of building
block are plotted together with the cc-PBHs contained in
COMPAS-2 (light gray circles). First and foremost, we note
that molecules containing the same heterocycle tend to cluster
in the same region of the HOMO/LUMO space, rather than be
dispersed over the entire space. Secondly, we note that the
shape and breadth of the property space covered differs notice-
ably. Furan, thiophene, and cyclobutadiene all cover a similar
region of the property space as the baseline PBHs, which is a
relatively small swath that shows a linear relationship —
meaning, molecules with higher HOMOs have lower LUMOs
and vice versa. In contrast, for all the B- and N-containing
heterocycles, the respective regions are quite broad and without
a well-defined shape, meaning that it is possible to find mole-
cules with different combinations of low/high/mid-range
HOMO and LUMO values within the region. Overall, it is
apparent that the significant increase in property space over the
COMPAS-1 baseline (Figure 3) is due mostly to the B- and
N-containing heterocycles, or to heterogeneous mixing of dif-
ferent types of heterocycles, which suggests a cumulative effect
of incorporating different types of building blocks (for addition-
al details on the coverage of property space, see section 4 of
Supporting Information File 1).

Having several types of N-containing and B-containing hetero-
cycles enables us to further explore the behavior of these
systems. For the B-containing heterocycles, we observe that the
two aromatic rings (borinine and 1,4-diborinine) both shift the
distribution to the right of the PBH baseline, towards higher
HOMO values, while remaining in a similar range of LUMO
values. In contrast, the two antiaromatic rings (borole and 1,4-
dihydrodibornine) both shift the distribution to the left and
downwards, towards lower HOMO and lower LUMO values.
This sheds new light on our previous observations and the ques-
tion we posed at the beginning of this section, regarding the
“boron-effect” and the effect of antiaromatic rings. Namely,
these plots elucidate that the LUMO-lowering effect of the
boron atoms is not a general rule for boron, nor is it a general
rule for antiaromatic components (cyclobutadiene, another
antiaromatic building block, does not exhibit the same effect).
Rather, it stems from the presence of boron atoms in antiaro-
matic rings. Further substantiation of this conclusion is provi-
ded in section 5 of Supporting Information File 1.

For the N-containing heterocycles, we observe a similar
dichotomy, although in this case all systems are aromatic. The
two six-membered rings (pyridine and pyrazine) shift the distri-
bution to the left and downwards of the baseline, towards lower
HOMO and LUMO values (the effect is more pronounced for
pyrazine than pyridine). Conversely, the five-membered ring

(pyrrole) shifts it to the right and upwards, maintaining a simi-
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lar HOMO range to COMPAS-1, but extending into much
higher LUMO values. The behavior of the various N-contain-
ing rings is well documented in the literature [17,44-49], al-
though to the best of our knowledge, these three systems have
never been compared directly before in a data-driven manner.

These findings are summarized in a more quantitative manner
in Figure 9B. In this set of stacked histogram plots, the colored
rectangles represent the relative prevalence of the various build-
ing blocks (in this case, we also included cyclobutadiene as a
non-benzene building block). These plots reiterate the findings
described above for the HOMO and LUMO properties and
provide further information regarding the change in prevalence
for each building block across the other property spaces, as
well. In the interest of conciseness, we provide a detailed
MO-based rationalization for all of the trends in section 6 of
Supporting Information File 1.

Having studied the property space covered by the individual
heterocycles, we performed a final analysis to investigate the
effects of having multiple building blocks of a certain type in a
single cc-hPAS (regardless of the presence and number of the
other building blocks). To circumvent the size dependency, we
once again focused only on the 9-ring systems. For this subset
of molecules, we plotted the various molecular properties as a
function of the number of building blocks of each type (from
1-4; the number of examples containing more than 4 building
blocks of a single type are too few to be statistically mean-
ingful).

Not surprisingly, the trends shown in Figure 10 reiterate and
further substantiate some of the previous findings, however they
also reveal additional information. Primarily, these plots
demonstrate the cumulative effect of incorporating multiple
rings. Furthermore, the slopes of the lines indicate the strength
of the effects — e.g., it can be seen clearly that pyrrole has a
much stronger effect on the HOMO values than either furan or
thiophene, and that 1,4-diborinine has the strongest LUMO-
lowering effect of all building blocks in our library. In addition,
these plots can provide further insight into the three building
blocks that showed similar coverage as the cc-PBHs, namely,
furan, thiophene, and cyclobutadiene. Although the distribution
plot itself indicated a weak or negligible effect of these build-
ing blocks, Figure 10 reveals that indeed they do influence the
molecular properties. Cyclobutadiene appears to have very little
effect on the LUMO but does contribute to raising the HOMO
and therefore decreasing the Gap. Furan and thiophene display
very similar behaviors, as can be seen from the slopes of their
plots for all three properties. An additional version of this figure
that includes the benzene trend in provided in section 3.3 of

Supporting Information File 1.

1826



Beilstein J. Org. Chem. 2024, 20, 1817-1830.

A) HOMO [eV] ................................ S B) LUMO [eV] ................................ - C) Gap [e\/] .......................................
é -5.8 5.2
\_/ -1.0 /°
y -6.0 P 4.8 /‘
@ e e —
—
\ / -2.5 4.0
08 2 3 4 i 2 3 4 i 2 3 ]
|:| No. heterocycles No. heterocycles No. heterocycles
‘ -1.6
. .——_./'\. A
Q 5.6 / / :t:::>_! 4.8 /
“ / o \‘ . L
o c\.
N -6.0 // \. 4.4 \Q —
. i~ 2.4 \ \
B -6.4 o
B \ \ o \
B 6.8 \ 2.8 =
] A |
[ ] 36
[ j 1 2 3 4 1 2 3 4 1 2 3 4

TITW

No. heterocycles

No. heterocycles

No. heterocycles

Figure 10: The effect of multiple heterocycles of a certain type on the A) HOMO, B) LUMO, and C) Gap. For all 9-ring systems in the dataset, we
calculated the average property value of the rings containing 1, 2, 3, and 4 building blocks of a certain type, respectively. The data corresponding to
each building block and each number of repeating units is represented by points corresponding to the color-coding shown on the left. For clarity, we
have separated the 4- and 5-membered rings (top row) from the 6-membered rings (bottom row) and connected the points in each series by lines to
assist in visual identification. The shading represents the 95% confidence interval of the value.

Conclusion

We have performed a comprehensive data-driven analysis of the
new dataset of cata-condensed hetero-polycyclic aromatic
systems, COMPAS-2, which contains over 500,000 molecules.

Following a comparison to cc-PBHs to establish a baseline for

our study, our analysis was divided into three main levels,

proceeding from low to high structural resolution: a) global
properties, b) atomic composition, and c) building block com-
position. At each of these levels, we analyzed the data accord-
ing to various structural features, to elucidate the underlying
structure—property relationships and delineate clear principles

that can aid in rational design of new cc-hPASs.
The main findings of our analysis are as follows:
1. Global features: this analysis revealed that molecular size

affects electronic properties, but that the sensitivity to size

becomes less apparent in larger molecules. Similarly, the

overall electron count [(4n) or (4n + 2)] has a noticeable effect
in smaller molecules but becomes unimportant in medium-sized
and larger PASs. Finally, no specific trends were found be-
tween geometric features and molecular properties, except for
the longest linear stretch. However, this effect is only clearly

apparent in PASs that contain no antiaromatic rings.

2. Atomic composition: the analysis in this section revealed a

clear “boron effect” (the presence of boron corresponds to high
HOMO, low LUMO, small Gap). However, it could not be
ascertained whether the boron effect stems solely from the pres-
ence of the atom, or from the fact that the boron atoms are often
found in antiaromatic rings (borole, 1,4-dihydrodiborinine).
Similarly, the N, O, and S atoms appeared more prevalent in
molecules with high LUMOs and high HOMO-LUMO
gaps, but it remained unclear whether this is due to the electro-
negativity of these atoms or their presence in aromatic building
blocks.
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3. Building block composition: the investigation in this section

uncovered several findings. We observed that the molecular
properties of cc-hPASs are dictated to some extent by the aro-
matic character of the building blocks contained in the mole-
cule — the more antiaromatic rings there are, the lower the
HOMO, LUMO, and Gap become. Further analysis revealed
that, in fact, cyclobutadiene has a relatively small effect on the
frontier molecule orbitals, thus the majority of observed trend
stems from the B-containing antiaromatic rings. Indeed, we
found that boron atoms have a strong impact on the molecular
properties, however, the direction of this impact is in opposite
directions, depending on whether the specific heterocycle is ar-
omatic or antiaromatic. Furthermore, we observed an interest-
ing divergence between pyrrole and the other five-membered
aromatic rings. Although all three rings lead to an increase in
the Gap, the pyrrole raises the HOMO and LUMO while furan
and thiophene lower the HOMO and raise the LUMO. In addi-
tion, thiophene and furan show similar behavior both in the
magnitudes of their effects and in the size of the property space
they cover, whereas pyrrole displays a much stronger impact on
the property values and a much more broadly distributed prop-
erty space. This suggests that the properties of the pyrrole-con-
taining cc-hPASs are much more sensitive to variations in struc-
ture than their furan- and thiophene-containing counterparts.
The other N-containing building blocks, pyridine and pyrazine,
lower both frontier molecular orbitals, with the pyrazine having
a stronger effect, due to the fact that it contains two nitrogens.
Indeed, we demonstrated that for all building blocks there is a
cumulative effect on the properties, whereby incorporation of
multiple building blocks continuously impacts the molecular
properties.

To the best of our knowledge, this is the first data-driven inves-
tigation of this kind. It provides for the first time a clear
overview of the property space that is achievable with these
molecules, as well as detailed information on how to access dif-
ferent parts of this property space through structural design. The
insight gleaned from this analysis not only deepens our under-
standing of the chemical properties of these important mole-
cules, but also provides us with important tools for designing
new molecules with desired properties. We emphasize that there
is still much more to be learned from this rich database, includ-
ing the reciprocal effects of adjacent building blocks, the impor-
tance of multi-ring substructures, and the interplay of different
building blocks. Combining different types of heterocycles has
been found to endow cc-hPASs with promising properties (e.g.,
pyrrole and thiophene [50], pyrrole and furan [51], borinine and
thiophene [52]). Our data now shines new light on the interplay
of these building blocks, but the exact relationships governing
the resulting properties are unknown. Such complex relation-

ships require more advanced data-analysis tools, and we are

Beilstein J. Org. Chem. 2024, 20, 1817-1830.

currently leveraging different machine learning and deep
learning techniques to tap the full potential of the COMPAS-2
dataset.
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The COMPAS-2 dataset is freely available online at the
Poranne Group repository:

https://gitlab.com/porannegroup/compas.

Supporting Information File 1

Further discussion and additional visualizations, an
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Norcorrole is a stable 16m-antiaromatic porphyrinoid that exhibits characteristic reactivities and physical properties. Here, we

disclose the reaction of Ni(II) norcorroles with alkyl radicals derived from azo radical initiators. The radical selectively attacked the

distal a-position relative to the meso-position to construct a nonaromatic bowl-shaped structure. The photophysical and electro-

chemical properties of the obtained radical adducts were compared to those of the parent Ni(II) norcorrole. The radical reactivity of

Ni(II) norcorroles was investigated by density functional theory (DFT) calculations.

Introduction

Considerable attention has been directed toward antiaromatic
norcorroles [1-3] due to the fascinating physical properties,
such as reversible redox properties [4,5] and stacked-ring
aromaticity [6-10]. While Ni(II) norcorroles are stable under
ambient conditions despite the distinct 16m-antiaromaticity, they
show unique reactivities with various reagents due to the high-
lying HOMO and low-lying LUMO (Figure 1) [11]. Reactions
with nucleophiles (Nu) proceed with perfect regioselectivity at
the distal B-position relative to the meso-position [12-15]. On
the other hand, reactions with electrophiles (El) also occur pref-
erentially at the B-positions, but the regioselectivity depends on
the electrophile [16-18]. In addition, C—C double bonds of the

norcorrole skeleton outside the m-delocalization pathway exhib-
it a reactivity similar to an alkene to afford hydrogenated
norcorroles by hydrogenation [19] or reduction with hydrazine
[20] and [3 + 2]-cycloadducts with 1,3-dipoles [21]. Moreover,
the ring-expansion or ring-opening reactions of Ni(II) norcor-
roles are induced by an activated zwitterionic intermediate [22],
oxidants [23,24], and carbenes [25,26].

During the last decade, the various reactivities of Ni(II) norcor-
roles have been elucidated. However, the reaction with radical
species has remained unexplored. Here, we disclose the radical

functionalization of Ni(II) norcorroles with simple and
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Figure 1: Reactivities of norcorroles with various reagents.

frequently used azo radical initiators to furnish nonconjugated
macrocycles with bowl-shaped structures [27]. The photophysi-
cal and electronic properties of the obtained products are also
presented. We also discuss the selectivity of the radical addi-

tion to Ni(II) norcorroles using DFT calculations.

Results and Discussion

Reactivity with azo radical initiators

We selected 2,2'-azobis(isobutyronitrile) (AIBN) as a radical
source. Ni(II) dimesitylnorcorrole 1 was treated with AIBN in

refluxing toluene (Scheme 1). The reaction smoothly proceeded

Mes
AIBN (2.0 equiv)
toluene, reflux, 1 h
Mes
1

Scheme 1: Reaction of norcorrole 1 with AIBN.

Beilstein J. Org. Chem. 2024, 20, 1967-1972.

R
hydrogenation
cycloaddition
radical addition \

not explored

to afford dialkylated macrocycle 2a in 92% yield. In addition to
2a, monoalkylated product 3a and dipyrrin dimer 4a were ob-
tained as minor products in 4% and 3% yield, respectively.

The structure of 2a was unambiguously confirmed by single-
crystal X-ray analysis, which revealed that two alkyl substitu-
ents were located on the same side of the molecule (Figure 2a).
Compared to the planar structure of 1 (Figure 2b) [2], 2a
displays a nonplanar structure due to the sp> carbon atoms adja-
cent to the nitrogen atoms. The '"H NMR spectrum of 2a con-

firmed that the antiaromatic character of the macrocycle
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Figure 2: Top and side views of the X-ray structures of a) 2a and b) 1 [2]. Mesityl groups and hydrogen atoms were omitted for clarity. Thermal ellip-

soids are drawn at 50% probability.

changed to nonaromatic upon radical addition (see Supporting
Information File 1).

1,1'-Azobis(cyclohexane-1-carbonitrile) (V-40) was also exam-
ined as a radical source. The reaction afforded 2b in 87% yield
(Scheme 2). Unfortunately, other radical sources, such as
benzoyl peroxide, TEMPO, and the combination of alkyl

halides with BEt3, were not applicable to this reaction.

Physical properties

The electronic absorption spectra of norcorrole 1 and adduct 2a
are shown in Figure 3. While norcorrole 1 exhibited a weak
absorption band from 600 nm to the NIR region, due to the
characteristic forbidden HOMO-LUMO transition of the
antiaromatic compound, nonconjugated macrocycle 2a did not
possess such an absorption band, indicating the loss of antiaro-

maticity in 2a. Macrocycle 2a possessed new absorption bands

Mes
V-40 (2.0 equiv)
toluene, reflux, 1 h
Mes
1

Scheme 2: Reaction of norcorrole 1 with V-40.
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Figure 3: UV-vis—NIR absorption spectra of 1 and 2a in CHxClo.
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from 600 to 800 nm. The simulated absorption spectrum of 2a
obtained by TD DFT calculations at the M06/6-31G(d)+SDD//
B3LYP-D3/6-31G(d)+SDD level of theory was consistent with
the experimental results. Therein, the absorption band at
670 nm (f = 0.0026) was attributed to the transition from
HOMO to LUMO+1.

Next, the electrochemical properties of 2a in CH,Cl, were ex-
amined using cyclic voltammetry (Figure 4). Macrocycle 2a
exhibited one reversible oxidation wave at 0.44 V and two re-
versible reduction waves at —0.85 V and —1.14 V. The electro-
chemical HOMO-LUMO gap of 2a is 1.29 V, which is larger
than that of 1a (1.08 V) [2].

DFT calculations

We next conducted DFT calculations using Gaussian 16 [28] to
elucidate the reactivity of Ni(II) norcorroles with radical species
(Scheme 3). All calculations for the ground state were per-
formed at the (U)B3LYP-D3/6-31G(d)+SDD level of theory.
The SOMO of an isobutyronitrile radical (=5.98 eV), which was

generated through denitrogenation of AIBN, is closer to the

HOMO of 1

spin density of I [ |

convex face

o 9
29 “d’

2_9 -
i

ERg )
E B o
s J f"

concave face
MPD =0.293 A
side view of |

Scheme 3: Plausible reaction mechanism.
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Figure 4: Cyclic voltammogram of 2a in CH»Cl,. Supporting elec-
trolyte: 0.1 M BugyNPFg; working electrode: glassy carbon; counter
electrode: Pt; reference electrode: Ag/AgNOs; scan rate: 50 mV-s—1.

HOMO level of Ni(II) norcorrole 1 (—4.68 eV) rather than its
LUMO (-3.16 eV). This result explains the selective addition of
the electrophilic isobutyronitrile radical to the distal a-position
of the pyrrole unit. The calculated molecular orbital coefficient

of the HOMO indicates that two a-carbon atoms of the pyrrole
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subunits are the most reactive positions for electrophilic
species. In addition, the distal a-carbon atom relative to the
meso-position could be more reactive than the proximal a-car-
bon atom due to the steric hindrance of bulky mesityl groups.
Consequently, the isobutyronitrile radical predominantly attacks
the distal a-carbon atom relative to the meso-position to afford
the corresponding radical intermediate I. The calculated spin
density of radical I revealed a substantial radical character at the
a-position of the pyrrole skeleton. Finally, another isobutyro-
nitrile radical reacts with I at the convex face to form the major
product 2a, with two alkyl substituents on the same side of the
molecule. The mean-plane deviation (MPD) of I was 0.293 A,
where the mean plane was defined by carbon, nitrogen, and
nickel atoms of the norcorrole core. For the byproducts, 3a
would be generated through the quenching of radical I with a
hydrogen atom source. Bisdipyrrin 4a could be formed through
the ring-opening reaction of I by the homolytic cleavage of the
C(spz)—C(spz) bond to radical II, the addition of the isobutyro-
nitrile radical, and subsequent demetallation.

Conclusion

In conclusion, we have investigated the addition reaction of
electrophilic alkyl radicals derived from azo radical initiators to
antiaromatic Ni(II) norcorroles. The reaction smoothly
proceeded to afford bowl-shaped nonconjugated macrocycles
2a in excellent yield, which exhibited markedly different photo-
physical and electrochemical properties with norcorrole 1. The
intrinsic reactivities of Ni(II) norcorroles with neutral radical
species were revealed by DFT calculations, where populations
of the HOMO of the norcorrole unit and the spin density of the
radical intermediate governed the regioselectivity.

Supporting Information

Supporting Information File 1

Experimental procedures, compound characterization data
including NMR and MS spectra, additional crystal data and
details from DFT calculations.
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The di(9-anthryl)methyl (DAntM) radical was synthesized and investigated to elucidate its optical, electrical properties, and reactiv-

ity. The generation of the DAntM radical was confirmed by its ESR spectrum, which showed two broad signals. The unpaired elec-

tron is primarily localized on the central sp? carbon and slightly delocalized over the two anthryl moieties. Although the DAntM

radical undergoes dimerization in solution, the radical still remains even at 190 K due to the bulky nature of the two anthryl groups.

Interestingly, upon exposure to air, the purple color of the radical solution quickly fades to orange, resulting in decomposition to

give 9-anthryl aldehyde and anthroxyl radical derivatives.

Introduction

Organic radicals have garnered significant attention in various
research fields, including catalysis [1-4], chromophores [5-8],
and as agents in dynamic nuclear polarization [9-12]. Recently,
highly stable aromatic hydrocarbon radicals, which can persist
in air-saturated solutions for several days to months, have been
synthesized by employing bulky substituents around the spin-
localized carbon center [13-15]. These stable radicals have
paved the way to elucidate the nature of radical species,
advancing the field of radical chemistry. However, reducing the

reactivity of radical species can mean losing one of their most

attractive properties. Therefore, it is very important to explore
aromatic hydrocarbon radicals that are sufficiently stable for

handling, yet reactive under specific conditions.

Previously, we reported aromatic hydrocarbon radicals with
9-anthryl (Ant) units at the spin-center carbon, exhibiting high
stability (Figure 1a) [16-21]. Although bulky phenyl substitu-
tions at the spin-center carbon can also provide high stability
[13-15], the introduction of an Ant unit allows for spin localiza-

tion at the 10-position of anthracene through C—C bond rotation,
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Figure 1: (a) Typical example of stable aromatic hydrocarbon radicals with 9-anthryl units. (b) Tail-to-tail o-dimer formation by rotating anthryl group

and spin center shift.

resulting in a tail-to-tail o-dimer (Figure 1b). The o-dimer ex-
hibits an equilibrium state between the monomer radical and the
o-dimer in solution, and mechano-stimulus-induced C—C bond
fission in the solid state yields the monomer radical [16-18].
Therefore, aromatic hydrocarbon radicals with Ant units pos-
sess both stability and reactivity depending on the conditions,
giving them high potential for use as reactive catalysts [22,23]
and stimuli-responsive sensors [24,25].

(a

To further investigate this system, we designed the di(9-
anthryl)methyl (DAntM) radical, which lacks one Ant unit com-
pared to the tri(9-anthryl)methyl (TAntM) radical (Figure 2)
[17]. By reducing the number of Ant units, we anticipated that
the DAntM radical would exhibit spin delocalization between
the two Ant units, differing from the basic skeleton of the
highly reactive diphenylmethyl radical [26-28]. This spin delo-

calization is similar to that of the galvinoxyl radical, which

)

DANtM radical

H
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(b)
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Figure 2: (a) The structure of DAntM radical (left) and its spin delocalization on two anthryl units. (b) Plausible head-to-head o-dimerization of the

DANtM radical.
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shows high stability in air [29]. Thus, the DAntM radical would
be a stable radical with a reactive site. Additionally, utilizing
the reactive site, head-to-head o-dimerization of the DAntM
radical could yield 1,1,2,2-tetra(9-anthryl)ethane, which is a
new anthracene embedded ethane [30] and would be a good
candidate for the synthesis of overcrowded ethylene [31-36].

Herein, we report the synthesis and properties of the DAntM
radical. The unpaired electron is primarily located at the central
sp? carbon, a highly reactive site. The DAntM radical readily
reacts with oxygen, leading to 1,2-dioxetane intermediate and
decomposition to give anthryl aldehyde and a stable anthroxyl
radical.

Results and Discussion

The synthetic route to the DAntM radical is shown in Scheme 1.
The alcohol precursor 3 was prepared via addition reaction of
lithium reagent 2 to 10-mesitylanthracene-9-carbaldehyde (1) in
moderate yield (59%). The generation of the DAntM radical
was performed using stannous chloride dihydrate with hydro-
gen chloride in THF. Upon adding hydrogen chloride to the

Mes

Beilstein J. Org. Chem. 2024, 20, 2254—-2260.

solution, the solution color changed from orange to deep purple.
The presence of the DAntM radical under this reaction condi-

tions was confirmed by ESR measurement.

For the ESR measurement, a sample was prepared by taking an
aliquot from the reaction solvent to ESR tube, evaporating it,
and then dissolving it in degassed toluene. The ESR spectrum
of the DAntM radical displayed two broad signals with
g = 2.0028 (Figure 3a). The simulated spectrum indicated that
the unpaired electron mainly locates at the central sp? carbon
but is slightly delocalized over the two anthryl moieties
(Figure 3b, Supporting Information File 1, Figure S1). DFT
calculations for structural optimization revealed that the energy
difference between two DAntM radical structures with differ-
ent spin positions, spin localization at the central sp? carbon and
on the anthryl group, is small about 1.18 kcal mol~! (Support-
ing Information File 1, Figure S2). To investigate the activation
barrier of this equilibrium, potential energy curve by changing
the dihedral angle © of one anthryl group was calculated. The
transition state was calculated with the dihedral angle 6 = 30.6°

and the activation barrier is only 2.94 kcal mol™!' (Supporting

OH SnCly-2H,0 H

2 ' g HCI
0 o Do S
CHO 1 Mes 0 ‘ Mes THF Mes ' ‘ Mes
1 DAnNtM radical

Scheme 1: Synthetic route to the DAntM radical.
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H2: 0.012 mT
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318 319
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Figure 3: (a) ESR spectrum of the DAntM radical (black line, Exp.) and its simulated pattern (red line, Sim.). (b) Hyperfine coupling constant of the

DANtM radical.
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Information File 1, Figure S3). Thus, these two structures are
likely in equilibrium and rapidly exchange with each other in
solution. The energy difference between DAntM dimer (head-
to-head o-dimer) and DAntM radical monomer was also evalu-
ated, showing that the dimer form is energetically preferable by
about 3.97 kcal mol~! (Supporting Information File 1, Figure
S2). In VT-ESR measurements at low temperatures, the ESR
signal integral decreased with cooling (Supporting Information
File 1, Figure S4). However, even at 190 K, the relative signal
integral compared to that at 295 K remained 0.56. Thus, the
o-dimer formation occurs but the o-dimer readily dissociates,
probably due to the steric bulkiness of the two Ant units [37].

It is noteworthy that the purple colored solution of the DAntM
radical immediately fade to orange when exposed to air, indicat-
ing that the high reactivity of the central sp? carbon. To eval-
uate the decomposition pathway, the decomposed materials
were characterized. Surprisingly, the major compound detected
by 'H NMR measurement of the crude material was compound
1, along with di(10-mesityl-9-anthryl)methane (4) as a minor
product. After silica gel column purification, the isolated yield

of these compounds were 64% and 13%, respectively. Addition-

(a)

Beilstein J. Org. Chem. 2024, 20, 2254—-2260.

ally, a radical species, showing an ESR peak pattern distinct
from that of the DAntM radical and mainly splitting into five
peaks with g = 2.0037, was confirmed (Figure 4, Figure S7,
Supporting Information File 1). ESR and MS measurements as
well as X-ray crystallography revealed that the radical species
was assigned 10-mesityl-9-anthroyxyl radical (5), obtained in
47% yield (Figure 4c, Figure S8, Supporting Information
File 1). Thus, two decomposition pathways were considered: a
minor pathway involving hydrogen abstraction from water
yielding 4, and a major pathway involving oxygen addition to
the central carbon to afford 1,2-dioxetane (DOT) intermediate.
Usually, DOT derivatives are known to readily decompose [38],
and this DOT intermediate is also considered to decompose
upon C—C and O-O bond cleavage to give compounds 1 and 5
(Scheme 2).

Owing to the high reactivity of the DAntM radical, cyclic
voltammogram (CV) was measured by using the stable DAntM
cation, prepared from compound 3 oxidized by antimony(V)
chloride, which can be characterized by ly, 13¢ NMR, and
UV-vis spectroscopy under ambient conditions. The CV of
DAntM species showed a reversible wave at E{p = —0.20 V

(b) .

H':0.081 mT
H2: 0.322 mT
H3:0.106 mT
H4 0.291 mT

318.5 319 319.5 320

Magnetic Field / mT

() C-0:1.240A

78.3°

320.5 321

Figure 4: (a) ESR spectrum of anthroxyl radical 5 (black line, Exp.) and its simulated pattern (red line, Sim.). (b) Hyperfine coupling constant of 5.

(c) X-ray structure of 5. Hydrogen atoms are omitted for clarity.
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Mes Mes
— :
CHO o,

1 5

DOT intermediate

Mes
DAnNtM radical
H H
H,0 % R\
minor pathway Mes ’ Mes

4

Scheme 2: Decomposition pathway of the DAntM radical under air conditions.

(V vs Fe/Fct) (Figure 5a) [39]. This redox potential is close to
that of TAntM radical and cation [17]. Additionally, at a scan
rate of 0.1 V s™!, the current peak intensity on the anodic side
(from radical to cation) was significantly lower than that on the
cathodic side (from cation to radical), resulting in an irre-
versible redox wave. However, by increasing the scan rate, the
current peak intensity on the anodic side gradually increased,
and the difference in current intensity between the anodic and
cathodic sides became smaller, resulting in a reversible redox
wave (Figure 5b). This indicates that the generated DAntM
radical rapidly decomposes during the CV measurement,
leading to the irreversible redox wave at slow scan rate.

The UV-vis spectra of the DAntM radical and cation were
shown in Figure 6a and 6b, respectively. The DAntM radical

(b)

exhibited a forbidden near-IR (NIR) band centered at 900 nm
and relatively intense bands at 580 and 540 nm, whose spectral
pattern is similar to the spectrum pattern of the TAntM radical
[17]. The result of TD-DFT calculations could reproduce the
obtained spectrum shape (Supporting Information File 1, Figure
S10). On the other hand, the UV-vis spectrum of the DAntM
cation, generated from 3 in TFA solution, showed an intense
absorption band at 890 nm, which is the opposite trend com-
pared to the DAntM radical.

Conclusion

The synthesis and characterization of the DAntM radical were
successfully conducted. Although the DAntM radical exhibits
o-dimerization in solution, it readily dissociates into a

monomeric radical due to the presence of two bulky 9-anthryl

0.4

potential / V vs Fc/Fc*

scan rate: 1.0Vs™!
01Vs! ===== 20Vs
- 05Vvs 3.0Vs™t
0.2 0 -0.2 —-0.4 -0.6 -0.8 0.4 0.2 0 -0.2 -0.4 —-0.6 -0.8

potential / V vs Fc/Fc*

Figure 5: Cyclic voltammogram (CV) of DAntM cation. (a) CV measured with scan rate at 3.0 V s='. (b) Scan rate dependency (0.1, 0.5, 1.0, 2.0, and
3.0 V s71) of the redox wave. Measurement conditions: 100 mM n-BusNPFg and 1 mM DAntM cation in CHoCl. Red arrows indicate the sweep direc-

tion.
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Figure 6: UV—-vis—NIR spectra of (a) DAntM radical in toluene, (b) DAntM cation in TFA.

groups. However, the DAntM radical retains a highly reactive
nature with oxygen, resulting in the formation of a 1,2-dioxe-
tane (DOT) intermediate and decomposition to aldehyde 1 and
anthroxyl radical 5 via C—C and O-O bond cleavage. This reac-
tivity is attributed to the predominant localization of an
unpaired electron at the central sp? carbon of the DAntM
radical. These findings provide variable insights for the molecu-
lar design of readily handled aromatic hydrocarbon radicals that
possess both stability and reactivity.

Supporting Information

Supporting Information File 1

Synthetic procedure and compound characterization data
('H, 13C NMR, MS, melting point, X-ray crystallography)
of new compounds. DFT calculation results and optimized
structural Cartesian coordinates.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-193-S1.pdf]

Supporting Information File 2
Crystallographic information file for compound 5.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-193-S2.cif]

Funding

This study was supported by Grant-in-Aid for Scientific
Research (C) (JSPS KAKENHI Grant Number JP20K05475, T.
N.), Scientific Research (B) (JSPS KAKENHI Grant Number
JP24K01454, T. N.), Transformative Research Areas (A) (Grant
Number JP20H05865, T. K.), and by research grant from The
Murata Science Foundation (T. N.). Quantum chemical calcula-

tions were performed at the Research Center for Computational

Science, Okazaki, Japan (Project: 23-IMS-C212 and 24-IMS-
C214). This work was the result of using research equipment
shared in the MEXT Project for promoting public utilization of
advanced research infrastructure (Program for supporting con-
struction of core facilities. Grant Number JPMXS0441200024.).

Author Contributions

Tomohiko Nishiuchi: conceptualization; data curation; funding
acquisition; investigation; project administration; supervision;
visualization; writing — original draft; writing — review &
editing. Kazuma Takahashi: formal analysis; investigation. Yuta
Makihara: formal analysis; investigation. Takashi Kubo:
funding acquisition; writing — review & editing.

ORCID® iDs

Tomohiko Nishiuchi - https://orcid.org/0000-0002-2113-0731
Takashi Kubo - https://orcid.org/0000-0001-6809-7396

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

Preprint

A non-peer-reviewed version of this article has been previously published
as a preprint:
https://chemrxiv.org/engage/chemrxiv/article-details/6659448521291e5d1d
b5d909

References

1. Braunecker, W. A.; Matyjaszewski, K. Prog. Polym. Sci. 2007, 32,

93-146. doi:10.1016/j.progpolymsci.2006.11.002

Studer, A.; Curran, D. P. Angew. Chem., Int. Ed. 2016, 55, 58—102.

doi:10.1002/anie.201505090

. Volger, T.; Studer, A. Synthesis 2008, 1979—-1993.
doi:10.1055/s-2008-1078445

2.

2259


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-193-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-193-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-193-S2.cif
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-193-S2.cif
https://orcid.org/0000-0002-2113-0731
https://orcid.org/0000-0001-6809-7396
https://chemrxiv.org/engage/chemrxiv/article-details/6659448521291e5d1db5d909
https://chemrxiv.org/engage/chemrxiv/article-details/6659448521291e5d1db5d909
https://doi.org/10.1016%2Fj.progpolymsci.2006.11.002
https://doi.org/10.1002%2Fanie.201505090
https://doi.org/10.1055%2Fs-2008-1078445

4. Ahmed, J.; P, S.; Vijaykumar, G.; Jose, A.; Raj, M.; Mandal, S. K.
Chem. Sci. 2017, 8, 7798-7806. doi:10.1039/c7sc02661g

5. Hattori, Y.; Kusamoto, T.; Nishihara, H. Angew. Chem., Int. Ed. 2014,
53, 11845-11848. doi:10.1002/anie.201407362

6. Ai, X.; Evans, E. W.; Dong, S.; Gillett, A. J.; Guo, H.; Chen, Y.;
Hele, T. J. H.; Friend, R. H.; Li, F. Nature 2018, 563, 536—540.
doi:10.1038/s41586-018-0695-9

7. Gao, S.; Cui, Z; Li, F. Chem. Soc. Rev. 2023, 52, 2875-2885.
doi:10.1039/d2cs00772j

8. Arikawa, S.; Shimizu, A.; Shiomi, D.; Sato, K.; Takui, T.; Sotome, H.;
Miyasaka, H.; Murai, M.; Yamaguchi, S.; Shintani, R.
Angew. Chem., Int. Ed. 2023, 62, €202302714.
doi:10.1002/anie.202302714

9. Haze, O.; Corzilius, B.; Smith, A. A.; Griffin, R. G.; Swager, T. M.
J. Am. Chem. Soc. 2012, 134, 14287—14290. doi:10.1021/ja304918g

10. Ardenkjeer-Larsen, J. H.; Laursen, |.; Leunbach, I.; Ehnholm, G.;
Wistrand, L.-G.; Petersson, J. S.; Golman, K. J. Magn. Reson. 1998,
133, 1-12. doi:10.1006/jmre.1998.1438

11.Reddy, T. J.; lwama, T.; Halpern, H. J.; Rawal, V. H. J. Org. Chem.
2002, 67, 4635-4639. doi:10.1021/jo011068f

12. Lurie, D. J.; Li, H.; Petryakov, S.; Zweier, J. L. Magn. Reson. Med.
2002, 47, 181-186. doi:10.1002/mrm.10029

13.Zeng, Z.; Sung, Y. M.; Bao, N.; Tan, D.; Lee, R.; Zafra, J. L.; Lee, B. S.;

Ishida, M.; Ding, J.; Lépez Navarrete, J. T.; Li, Y.; Zeng, W.; Kim, D;
Huang, K.-W.; Webster, R. D.; Casado, J.; Wu, J. J. Am. Chem. Soc.
2012, 134, 14513-14525. doi:10.1021/ja3050579

14.Li, Y.; Huang, K.-W.; Sun, Z.; Webster, R. D.; Zeng, Z.; Zeng, W.;
Chi, C.; Furukawa, K.; Wu, J. Chem. Sci. 2014, 5, 1908-1914.
doi:10.1039/c3sc53015a

15.Zeng, W.; Gopalakrishna, T. Y.; Phan, H.; Tanaka, T.; Herng, T. S.;
Ding, J.; Osuka, A.; Wu, J. J. Am. Chem. Soc. 2018, 140,
14054—14058. doi:10.1021/jacs.8b09075

16.Tian, Y.; Uchida, K.; Kurata, H.; Hirao, Y.; Nishiuchi, T.; Kubo, T.
J. Am. Chem. Soc. 2014, 136, 12784—12793. doi:10.1021/ja507005¢

17. Nishiuchi, T.; Aibara, S.; Kubo, T. Angew. Chem., Int. Ed. 2018, 57,
16516-16519. doi:10.1002/anie.201811314

18. Nishiuchi, T.; Ito, R.; Takada, A.; Yasuda, Y.; Nagata, T.;
Stratmann, E.; Kubo, T. Chem. — Asian J. 2019, 14, 1830—1836.
doi:10.1002/asia.201801806

19. Nishiuchi, T.; Ito, R.; Stratmann, E.; Kubo, T. J. Org. Chem. 2020, 85,
179-186. doi:10.1021/acs.joc.9b02432

20. Nishiuchi, T.; Ishii, D.; Aibara, S.; Sato, H.; Kubo, T. Chem. Commun.
2022, 58, 3306-3309. doi:10.1039/d2cc00548d

21. Nishiuchi, T.; Uchida, K.; Kubo, T. Chem. Commun. 2023, 59,
7379-7382. doi:10.1039/d3cc02157b

22.Huang, P.; Baldenhofer, R.; Martinho, R. P.; Lefferts, L.;
Faria Albanese, J. A. ACS Catal. 2023, 13, 6590-6602.
doi:10.1021/acscatal.3c00276

23.Thaggard, G. C.; Haimerl, J.; Fischer, R. A.; Park, K. C.;
Shustova, N. B. Angew. Chem., Int. Ed. 2023, 62, €202302859.
doi:10.1002/anie.202302859

24.Beyer, M. K.; Clausen-Schaumann, H. Chem. Rev. 2005, 105,
2921-2948. doi:10.1021/cr030697h

25.Caruso, M. M.; Davis, D. A.; Shen, Q.; Odom, S. A.; Sottos, N. R.;
White, S. R.; Moore, J. S. Chem. Rev. 2009, 109, 5755-5798.
doi:10.1021/cr9001353

26.Quinkert, G.; Opitz, K.; Wiersdorff, W. W.; Weinlich, J.
Tetrahedron Lett. 1963, 4, 1863—1868.
doi:10.1016/s0040-4039(01)90931-1

Beilstein J. Org. Chem. 2024, 20, 2254—-2260.

27.Gould, I. R.; Zimmt, M. B.; Turro, N. J.; Baretz, B. H.; Lehr, G. F.
J. Am. Chem. Soc. 1985, 107, 4607—4612. doi:10.1021/ja00302a001

28.Hirano, T.; Li, W.; Abrams, L.; Krusic, P. J.; Ottaviani, M. F.;
Turro, N. J. J. Am. Chem. Soc. 1999, 121, 7170-7171.
doi:10.1021/ja9912628

29. Coppinger, G. M. J. Am. Chem. Soc. 1957, 79, 501-502.
doi:10.1021/ja01559a073

30. Aoki, S.; Tsurumaki, E.; Yamashina, M.; Wakamatsu, K.; Toyota, S.
ChemPlusChem 2022, 87, €202100447. doi:10.1002/cplu.202100447

31.Agranat, |.; Suissa, M. R. Struct. Chem. 1993, 4, 59-66.
doi:10.1007/bf00672100

32. Suzuki, T.; Fukushima, T.; Miyashi, T.; Tsuiji, T.
Angew. Chem., Int. Ed. Engl. 1997, 36, 2495-2497.
doi:10.1002/anie. 199724951

33.Ishigaki, Y.; Hayashi, Y.; Suzuki, T. J. Am. Chem. Soc. 2019, 141,
18293-18300. doi:10.1021/jacs.9b09646

34. Ishigaki, Y.; Hashimoto, T.; Sugawara, K.; Suzuki, S.; Suzuki, T.
Angew. Chem., Int. Ed. 2020, 59, 6581-6584.
doi:10.1002/anie.201916089

35. Nishiuchi, T.; Aibara, S.; Yamakado, T.; Kimura, R.; Saito, S.; Sato, H.;
Kubo, T. Chem. — Eur. J. 2022, 28, e202200286.
doi:10.1002/chem.202200286

36. Nishiuchi, T.; Aibara, S.; Sato, H.; Kubo, T. J. Am. Chem. Soc. 2022,
144, 7479-7488. doi:10.1021/jacs.2c02318

37. Although VT-'H NMR measurements were performed to detect the 'H
NMR signals of dimer structure, it was difficult to observe even at 173 K
probably due to the equilibrium between monomer and dimer. See
Supporting Information File 1, Figure S5.

38.Vacher, M.; Fdez. Galvan, I.; Ding, B.-W.; Schramm, S.;
Berraud-Pache, R.; Naumov, P.; Ferré, N.; Liu, Y.-J.; Navizet, |.;
Roca-Sanjuén, D.; Baader, W. J.; Lindh, R. Chem. Rev. 2018, 118,
6927-6974. doi:10.1021/acs.chemrev.7b00649

39. Due to the high reactivity, only irreversible redox wave corresponding
to DANtM radical and anion at negative potential field was observed.
See Supporting Information File 1, Figure S9.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.193

2260


https://doi.org/10.1039%2Fc7sc02661g
https://doi.org/10.1002%2Fanie.201407362
https://doi.org/10.1038%2Fs41586-018-0695-9
https://doi.org/10.1039%2Fd2cs00772j
https://doi.org/10.1002%2Fanie.202302714
https://doi.org/10.1021%2Fja304918g
https://doi.org/10.1006%2Fjmre.1998.1438
https://doi.org/10.1021%2Fjo011068f
https://doi.org/10.1002%2Fmrm.10029
https://doi.org/10.1021%2Fja3050579
https://doi.org/10.1039%2Fc3sc53015a
https://doi.org/10.1021%2Fjacs.8b09075
https://doi.org/10.1021%2Fja507005c
https://doi.org/10.1002%2Fanie.201811314
https://doi.org/10.1002%2Fasia.201801806
https://doi.org/10.1021%2Facs.joc.9b02432
https://doi.org/10.1039%2Fd2cc00548d
https://doi.org/10.1039%2Fd3cc02157b
https://doi.org/10.1021%2Facscatal.3c00276
https://doi.org/10.1002%2Fanie.202302859
https://doi.org/10.1021%2Fcr030697h
https://doi.org/10.1021%2Fcr9001353
https://doi.org/10.1016%2Fs0040-4039%2801%2990931-1
https://doi.org/10.1021%2Fja00302a001
https://doi.org/10.1021%2Fja9912628
https://doi.org/10.1021%2Fja01559a073
https://doi.org/10.1002%2Fcplu.202100447
https://doi.org/10.1007%2Fbf00672100
https://doi.org/10.1002%2Fanie.199724951
https://doi.org/10.1021%2Fjacs.9b09646
https://doi.org/10.1002%2Fanie.201916089
https://doi.org/10.1002%2Fchem.202200286
https://doi.org/10.1021%2Fjacs.2c02318
https://doi.org/10.1021%2Facs.chemrev.7b00649
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.193

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

C-C Coupling in sterically demanding porphyrin environments

Liam Cribbin!, Brendan Twamley?, Nicolae Buga', John E. O’ Brien?, Raphael Biihler?,
Roland A. Fischer® and Mathias O. Senge 14

Full Research Paper

Address:

School of Chemistry, Chair of Organic Chemistry, Trinity Biomedical
Sciences Institute, 152-160 Pearse Street, Trinity College Dublin, The
University of Dublin, Dublin, D02 R590, Ireland, 2School of Chemistry,
Trinity College Dublin, The University of Dublin, Dublin 2, Ireland,
3TUM School of Natural Sciences, Technical University of Munich,
Lichtenbergstr. 4, 85748 Garching, Germany and “Institute for
Advanced Study (TUM-IAS), Technical University of Munich,
Lichtenberg, Str. 2a, 85748 Garching, Germany

Email:

Beilstein J. Org. Chem. 2024, 20, 2784-2798.
https://doi.org/10.3762/bjoc.20.234

Received: 17 August 2024
Accepted: 17 October 2024
Published: 04 November 2024

This article is part of the thematic issue "m-Conjugated molecules and
materials”.

Guest Editor: A. Mateo-Alonso

Mathias O. Senge” - sengem@tcd.ie
© 2024 Cribbin et al.; licensee Beilstein-Institut.
License and terms: see end of document.

* Corresponding author

Keywords:
C—C coupling; conformational analysis; nonplanar porphyrin;
Pd-catalysis; porphyrin

Abstract

Unlike their planar counterparts, classic synthetic protocols for C—C bond forming reactions on nonplanar porphyrins are underde-
veloped. The development of C—C bond forming reactions on nonplanar porphyrins is critical in advancing this field of study for
more complex porphyrin architectures, which could be used in supramolecular assemblies, catalysis, or sensing. In this work a
library of arm-extended dodecasubstituted porphyrins was synthesized through the optimization of the classic Suzuki—-Miyaura cou-
pling of peripheral haloaryl substituents with a range of boronic acids. We report on palladium-catalyzed coupling attempts on the
ortho-, meta-, and para-meso-phenyl position of sterically demanding dodecasubstituted saddle-shaped porphyrins. While para-
and meta-substitutions could be achieved, ortho-functionalization in these systems remains elusive. Furthermore, borylation of a
dodecasubstituted porphyrin’s meso-phenyl position was explored and a subsequent C—C coupling showed the polarity of the reac-
tion can be reversed resulting in higher yields. X-ray analysis of the target compounds revealed the formation of supramolecular
assemblies, capable of accommodating substrates in their void.

Introduction

Porphyrins are tetrapyrrolic macrocycles that perform essential ~ phyrins with nonplanar ring distortions are vital for many

processes in nature, such as oxygen transport in hemoglobin and  natural processes to occur, e.g., nonplanarity can alter oxygen
photosynthesis [1]. Porphyrins are often described as planar 18w affinity of the metal iron core [4,5]. Nonplanar porphyrins offer
aromatic macrocycles; however, molecular structure analysis a marked difference in chemical and physical properties when

frequently reveals nonplanar ring distortion [2,3]. In fact, por-  compared to their planar compatriots [6], with relatively smaller
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HOMO-LUMO gaps resulting in an observed bathochromic
shift in the UV-vis absorption spectrum [7]. The phenomenon
of nonplanarity results from the porphyrin ring deforming from
the mean porphyrin plane either by steric repulsion in the core
of the macrocycle or by bulky substituents at the porphyrin
periphery [3]. This affords four principle distortion modes,
saddle, dome, ruffle or wave [8], which can be quantified by the
normal-coordinate structural decomposition (NSD) method de-
veloped by Shelnutt and co-workers [9] and further imple-
mented and visualized by us [8,10]. Of the four main quantifi-
able distortion modes, saddle-shaped porphyrins can be
afforded by peri-interactions between B-substituents and the
meso-substituents [3,11], or alternatively by core protonation,
whereby all four-core nitrogen atoms are protonated to produce
the diacid [12,13]; these diacids can tilt the pyrrole rings 20—40°
[14] from the mean-porphyrin plane. NorvaiSa et al. showed
that a saddle-shaped porphyrin as a dodecasubstituted diacid
can bind anions via two independent faces and trap anions such
as pyrophosphate [15]. Saddle-shaped porphyrins have also
been exploited by researchers for the use in organocatalysis as
bifunctional system [16,17]. Dodecasubstitution of porphyrin,
as seen in Figure 1, often results in saddle-shaped distortion;

G

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

however, ruffled [18] and almost planar [19] dodecasubstituted
porphyrins have been reported.

Despite the increasing interest in the chemical and physical
properties of nonplanar porphyrins only limited synthetic
methods are available for the functionalization of these macro-
cycles [6]. An attractive approach to accomplish further substi-
tution directly on the meso- or a meso-phenyl ortho/meta/para
positions of a porphyrin, is the introduction of C—C bond
forming chemistry. This is typically achieved using palladium
and/or another transition-metal catalyst [20]. Sonagashira [21],
Suzuki-Miyaura [22], Heck [23], Stille [24,25], Negishi [26],
and Kumada [27] coupling reactions, as well as modern iridium
and rhodium-based coupling techniques [28], are just some ex-
amples of the C—C bond formations that have been imple-
mented to achieve complex substitution patterns and functional

arrangements on porphyrins.

Of these named coupling reactions, Suzuki—Miyaura couplings
are known to be a robust tool when functionalizing porphyrins
[29,30]. Many complex porphyrinoid architectures have been
synthesized in this manner, from functional porphyrin arrays

1 2 3
R
B \
B—aryl  R=0H, pin
R
Pd cat.
ligand

base

Br = ortho/meta/para

toluene/water
24-48 h, Ar
85-110 °C

aryl = ortho/meta/para

Figure 1: (A) Structures of tetrasubstituted 5,10,15,20-tetraphenylporphyrin (TPP, 1), dodecasubstituted 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-
tetraphenylporphyrin (OETPP, 2), and octasubstituted 2,3,7,8,12,13,17,18-octaethylporphyrin (OEP, 3). (B) Aim of this work, the arm extension of the

meso-phenyl position of dodecasubstituted porphyrins.
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[31-33] to sterically challenging meso-substituted aryl bis-
pocket porphyrins [34] and tetrabromoanthracenyl porphyrins
[35]. In general, the halogen atom needed for the Suzuki
coupling reaction resides on the porphyrin; however,
Suzuki-Miyaura reactivity has also been shown to be reversed
whereby the synthesis of borolanylporphyrins leads to a differ-
ent approach to reactivity [36]. Borolanylporphyrins can be syn-
thesized by Miyaura-borylation of the halogenated porphyrin
[24,37]. There are also reported instances of borolanylpor-
phyrins being synthesized under condensation conditions
[36,38]. Despite the many synthetic advancements for the deco-
ration of porphyrins, many of these strategies are utilized only
with planar porphyrins. Apart from the arylation of the B-posi-
tion of 2,3,5,7,8,10,12,13,15,17,18,20-dodecaarylporphyrins,
developed by Smith and co-workers [39] few reports on synthe-
tic techniques for dodecasubstituted nonplanar porphyrins can
be found in literature. In light of the promise of appropriately
designed nonplanar porphyrins as receptors and catalysts we
report here on our efforts to use the Suzuki-Miyaura reaction
for the modification of the o,m,p-phenyl positions in
5,10,15,20-tetraryl-2,3,7,8,12,13,17,18-octaethylporphyrins.

Results and Discussion
Investigation of the Suzuki coupling reaction
at the meso-phenyl position of

dodecasubstituted porphyrins
Synthesis of porphyrin precursors
To investigate the Suzuki coupling at the ortho-, meta- and
para-position of a dodecasubstituted saddle-shaped porphyrin,
first the precursor porphyrins 11, 12, and 13 had to be
synthesized (Scheme 1). The synthetic route to achieve OET-

ortho- 8
meta- 9 AN
para- 10

.
Br
1. BF3-OEt,
2. DDQ

3. TEA
-\

N CH,Cl,
18 h, rt, Ar

ortho- 4

meta- 5

para- 6
not isolated

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

xBrPPs (2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetra(x-
bromo)phenylporphyrin, where x = ortho/metalpara) pyrrole 7
was synthesized through literature procedures [40,41]. Pyrrole 7
was then subjected to condensation with aldehydes 8, 9, and 10
under Lindsey conditions [42] utilizing BF3-OEt, and DDQ
[43] to achieve porphyrins 4, 5, and 6, which were not isolated
and instead reacted immediately.

Ni(II)porphyrins 11, 12, and 13 were prepared by reacting por-
phyrins 4, 5, and 6 in toluene for 18 hours using Ni(II)(acac),
under an inert atmosphere [43] attaining a 18%, 28%, and 29%
yield for porphyrins 11, 12, and 13, respectively, over two
steps. Porphyrins 6 and 13 had previously been described in lit-
erature [43].

Coupling at the meso-para-phenyl position

The exploration of aryl substitution of OET-xBrPPs using the
Suzuki coupling began with investigating first the Suzuki reac-
tion compatibility of boronic acid 14 with porphyrin 13. Por-
phyrin 13 and phenylboronic acid (14) were subjected to cou-
pling at 85 °C for 48 hours using Pdydbas/SPhos as a catalyst/
ligand giving porphyrin 26 in a 32% yield, based on a literature
procedure [35]. With initial success in the synthesis porphyrin
26, this Suzuki coupling reaction was performed on 13, for a
range of boronic acids/esters as shown in Figure 2 and
Scheme 2. Boronic acids/esters were chosen based on their elec-
tronic properties (activating/deactivating) as well as their steric
bulk (e.g., 9-anthracenylboronic acid (15)). Table 1 lists all
attempts at the meso-para-phenyl position.

When attempting the synthesis of tetra(p-phenylanthracene)por-
phyrin (27) the conditions used before (Table 1, entry 1)

Ni(acac),

toluene
18 h, 120 °C
Ar

ortho- 11 (18%)

meta- 12 (28%)

para- 13 (29%)
yield over two steps

Scheme 1: Reaction scheme for the synthesis of OET-xBrPPs and subsequent Ni(ll) metalation.
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Figure 2: Substrates used for the investigations for the Suzuki—-Miyaura coupling reactions.

Br. Br
O Q R—-B(OH),/B(pin)
Pd,dbas/Pd(PPhs)
SPhos
K3PO4/C52003
toluene/water,
Ar, 85-110 °C
O O 1-48 h
Br Br
13
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(16%) (47%) (56%) (25%) (58%)

Scheme 2: Scope of arm-extended dodecasubstituted porphyrins synthesized via modification of the meso-para-phenyl position of porphyrin 13.

resulted only in trace amounts of porphyrin 27 (Table 1, entry  porphyrin 28 using boronic acid 17, affording terphenylpor-
2). phyrin 28 in 48% yield (Table 1, entry 7).

The reaction temperature was increased to 110 °C, affording the = Boronic acids with heteroatoms and activating/deactivating

desired porphyrin 27 in a 39% yield (Table 1, entry 3). A tem- electronic properties were investigated next. Attempts to intro-

perature of 110 °C was also used for the synthesis of terphenyl-  duce electron-withdrawing groups at the para-position with
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Table 1: Optimization table for the Suzuki—-Miyaura coupling reactions with porphyrin 13.

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

Entry  Catalyst/ligand Cat. mol % per Base Temperature  Time Boronic acid/ester  Yield %
SPhos (1 equiv) C-Br (24 equiv) (3 equiv per C-Br)  (porphyrin)

1 Pdodbas/Sphos 6.25% K3POy4 85 °C 48 h 14 32% (26)

2 Pdodbas/Sphos 6.25% K3POyq4 85 °C 48 h 15 trace

3 Pdodbas/SPhos 6.25% K3POy4 110 °C 48 h 15 39% (27)

4 Pdodbag/Sphos  6.25% K3PO4 85 °C 48 h 16a 0

5 Pdadbas/Sphos 6.25% CsoCO3 85 °C 48 h 16a 0

6 Pdadbas/SPhos 6.25% CsoCO3 85 °C 48 h 16b 8% (30)

7 Pdodbas/SPhos 6.25% K3POy4 110 °C 48 h 17 48% (28)

8 Pd>dbas/SPhos 12.5% K3POy4 110 °C 48 h 18a 0

9 Pdodbas/SPhos 6.25% CsoCO3 85 °C 48 h 18b 72% (29)

10 Pdodbas/Sphos  6.25% KsPO4 85 °C 48 h 19 0

11 Pdodbag/SPhos  6.25% K3PO4 110 °C 48 h 192 trace

12 Pdodbas/SPhos 12.5% K3POy4 110 °C 24 h 20 25% (34)

13 Pdodbag/SPhos  6.25% Cs,CO5 110 °C 24h 21 56% (33)

14 Pdodbag/SPhos  6.25% K3POy4 110 °C 48 h 23 trace

15 Pdodbag/SPhos  6.25% Cs>CO3 85 °C 48 h 23 trace

16 Pd(PPhg)4 10% NayCOs 100 °C 1h 23b 0

17 Pdodbag/SPhos  6.25% Cs>CO3 85 °C 24 h 23 trace

18 Pdadbas/SPhos 6.25% CsoCO3 110 °C 24 h 23 trace

19 Pdadbas/SPhos 25% CsoCO3 110 °C 24 h 23 16% (31)

20 Pdadbas/SPhos 12.5% CsoCO3 110 °C 24 h 24 58% (35)

21 Pdadbas/SPhos 6.25% CsoCO3 85 °C 24 h 25 47% (32)

a5 equiv of boronic acid used in this reaction per C-Br. PMicrowave irradiation instead of conventional heating was used.

substrate boronic acid 16a (Table 1, entries 4 and 5) yielded no
tetracoupled product. Similarly, coupling with 18a resulted in
most of the starting material porphyrin 13 being left unreacted.
On switching the substrate from boronic acid to the boronic acid
ester and opting for the weaker base Cs,COj instead of K3POy,
a significant difference in reactivity was observed with a 72%
yield accomplished in the synthesis of porphyrin 29 (Table 1,
entry 9), bearing a methoxycarbonyl electron-withdrawing
group utilizing boronic acid pinacol ester 18b. Following on
from these results porphyrin 30 was synthesized in an 8% yield,
when switching to weaker base CsyCOj3 using pinacol ester 16b
(Table 1, entry 6). Switching the base to a weaker one, may
have slowed down the protodeboronation process, as substrates
with electron-withdrawing groups are postulated to increase the
Lewis acidity of the boronic acid, which may allow an in-
creased incidence of protodeboronation to occur. It is also
known that aryl-B(Pin) complexes have a greater stability than
boronic acids and other employed esters as the four methyl
groups protect the boron center from attack of water [44,45],
preventing protodeboronation from the hydrolysis route. How-
ever, protodeboronation can be complex when it comes to pK,
considerations, for example, 3,5-dinitrophenylboronic acid has

a marginally lower pK, than pentafluorophenyl boronic acid

[46]; however, it undergoes protodeboronation, several orders
of magnitude slower [47].

The synthesis of porphyrin 31 with a benzothiophene moiety,
proved challenging (Table 1, entries 14—19). Use of a micro-
wave-assisted procedure [48], switching catalyst to Pd(PPh)s,
and base to Na,COj (Table 1, entry 16) gave no product.

Ultimately, an increased catalyst loading of 25 mol % per C-Br
bond gave the desired porphyrin in a 16% yield when using
Cs,CO3 as base. The synthesis of other heterocycle-appended
dodecasubstituted porphyrins, achieved porphyrins 32 and 33 in
a47% and 56% yield, respectively (Table 1, entries 13 and 21),
using Cs,COj3 as the base. Electron-withdrawing sulfur-contain-
ing heterocyclic substrates 21 and 23 do not readily undergo
protodeboronation even at high pH [44,47] making the yields of
porphyrins 31 and 33 higher than expected considering the elec-
tronic similarities between substrates 4-nitrophenylboronic acid
and 3-thiaphenylboronic acid (16a and 21) and the yields ob-
tained when coupling. The weakly electron-withdrawing
boronic acid 24 when coupled with porphyrin 13, resulted in
porphyrin 35 in a 58% yield (Table 1, entry 20). Reactivity with
the electron-donating 4-methylphenylboronic acid (34) was
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established using K3PO4 at 110 °C (Table 1, entry 12). No
product was obtained in the coupling of electron-donating
(4-(dimethylamino)phenyl)boronic acid (19), even upon in-
creasing the number of equivalents of boronic acid (Table 1,
entries 10 and 11).

Coupling at the meso-meta-phenyl position

Optimization of conditions for OET-meta-BrPPs 12 (Scheme 3)
were investigated next. Table 2 summarizes the reaction condi-
tions used to synthesize a library of OET-meta-arylPPs as
shown in Scheme 3. As a starting point initial conditions used in
the synthesis for porphyrin 26 were used (Table 1, entry 1).
This gave biphenylporphyrin 36 in a 16% yield (Table 2, entry
1). The lower yield is expected due to the increased steric
demand at the meta-positions. Coupling of sterically bulky
9-anthracenylboronic acid (15) and porphyrin 12 gave no
conversion when the base was switched from K3PO4 to Cs,CO3
(Table 2, entry 2). K3PO4 was reimplemented in the reaction
and trace reactivity was observed by TLC (Table 2, entry 3).
Next, the catalyst loading was increased to 12.5 mol %
(Table 2, entry 4). Formation of palladium black was observed
but product formation was also indicated by TLC and 'H NMR.
For a final attempt at establishing reactivity with boronic acid
15 the temperature was increased to 110 °C and gave the

Br

Q=

R—B(OH),/B(pin)
Pd,dbag/Pd(PPhg)

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

desired anthracenylporphyrin 37 in a 32% yield. In the case of
boronic acids with larger n-systems, e.g., 15, K3POy4 was re-
quired to achieve the tetra-coupled product. This trend is consis-
tent in reactivity observed with porphyrins 12 and 13. Similarly,
no terphenyl product was formed in the coupling reaction be-
tween 12 and 17 (Table 2, entry 6) when using Csp,CO3. Simi-
lar to the reactivity observed with 9-anthracenylboronic acid
(15), no conversion to the desired product was established. In-
creasing the temperature and catalyst loading (Table 2, entry 5)
gave the terphenylporphyrin 38 in a 7% yield (Table 2, entry 7).

The use of Cs,COj is still required for boronic acids bearing
electron-withdrawing functionalities at the meta-phenyl posi-
tion (Table 2, entries 9 and 10). However, an increase in cata-
lyst loading to 12.5% was required per C—Br bond when cou-
pling at the meso-meta-phenyl position in 12 compared to the
corresponding para- position in 13 (Table 2, entry 8). Porphy-
rins 39 and initially 40 were synthesized in a 23% and 4% yield,
respectively. This is significantly lower than for the correspond-
ing para-products. Porphyrin 45 was synthesized in a 31% yield
(Table 2, entry 15), with a 3-methoxy electron-withdrawing
group, again a lower yield compared to the para-analogue por-
phyrin 35. Use of the electron-donating p-tolylboronic acid
(20), resulted in a 30% yield (Table 2, entry 12) again requiring

SPhos
K3PO4/CSQCO3

toluene/water,
Ar, 85-110 °C

RONaR®

24-48 h

Br R
12
C i
999 .
| ( A /-
36 37 38 39 40
(16%) (32%) (7%) (23%) (18%)
~
S O
3, | Q
A @/\ @/ /- y
41 42 43 44 45
(4%) (30%) (10%) (30%) (31%)

Scheme 3: Scope of arm-extended dodecasubstituted porphyrins synthesized via reaction at the meso-meta-phenyl position of porphyrin 12.
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Table 2: Optimization table for the Suzuki-coupling reaction on porphyrin 12.

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

Entry  Catalyst/ligand Cat. mol % per Base Temp. Time Boronic acid/ester Yield %
SPhos (1 equiv) C-Br (24 equiv) (3 equiv per C-Br) (porphyrin)

1 Pdodbag/SPhos  6.25% K3POy4 85 °C 48 h 14 16% (36)

2 Pdodbaz/SPhos  6.25% Cs2CO3 85 °C 48 h 15 0

3 Pdodbag/SPhos  6.25% K3POy4 85 °C 48 h 15 trace

4 Pdodbag/SPhos  12.5% K3POg4 85 °C 48 h 15 trace

5 Pdodbag/SPhos  12.5% K3POg4 110 °C 48 h 15 32% (37)

6 Pdodbaz/SPhos  6.25% Cs2CO3 85 °C 48 h 17 0

7 Pdodbag/SPhos  12.5% K3POg4 110 °C 24 h 17 7% (38)

8 Pdodbas/SPhos  6.25% Cs2CO3 85 °C 48 h 18b 0

9 Pdodbas/SPhos  12.5% Cs2CO3 85 °C 48 h 18b 23% (39)

10 Pdodbaz/SPhos  12.5% Cs2CO3 85 °C 24 h 16b 4% (40)

11 Pdodbag/SPhos  6.25% Cs2CO3 85 °C 48 h 20 0

12 Pdodbag/SPhos  12.5% K3POy4 110 °C 24 h 20 30% (44)

13 Pdodbas/SPhos  12.5% Cs2CO3 110 °C 24 h 21 10% (43)

14 Pdodbas/SPhos  25% Cs2CO3 110 °C 24 h 23 4% (41)

15 Pdodbas/SPhos  12.5% Cs2CO3 110 °C 24 h 24 31% (45)

16 Pdodbas/SPhos  12.5% Cs>CO3 110 °C 24 h 25 30% (42)

17 Pdodbag/SPhos  12.5% NaOAc 110 °C 24 h 16a 18% (40)

an increase of catalyst loading and a change of base to K3POy.
Heterocyclic boronic acids/esters were again investigated for
coupling reactivity with a consistent trend of lower yields expe-
rienced for porphyrins 41, 42, and 43 of 4%, 30%, and 10%, re-
spectively. Overall, a general trend of decreased yield moving
from the para- to meta-position was observed, also a general in-
creased catalyst concentration was needed for reactivity to

occur at the meta-position.

Lastly, decreasing the basicity of the solution further by
switching to sodium acetate as a basic source increased the
yield of porphyrin 40 from 4% with Cs,COs3 to 18% using sodi-
um acetate (Table 2, entry 17). This indicates that a further de-
crease in basicity may improve yields.

Ar—B(OH),/BPin
Pd catalyst
SPhos
base

Coupling at the meso-ortho-phenyl position

Unlike the success achieved in the synthesis of OET-meta/para-
arylPPs, the ortho-position on the meso-phenyl proved much
more intractable (Scheme 4). Table 3 provides a summary of
the attempts made to achieve Suzuki-coupling reactivity in
OET-ortho-BrPPs.

Increasing the reaction temperature compared to the 85 °C used
in the synthesis of the para-equivalent 26 gave no conversion
and was accompanied by the formation of palladium black [49].
No reactivity was observed by either TLC or mass spectrome-
try when switching back to Pd,(dba)s with three different
ligands SPhos, XantPhos, and Rac-Binap (Table 3, entries 3-5).
Increasing the time of reaction, catalyst loading, and equiva-

11

toluene/water,
Ar, 85-110 °C
2-48 h

Scheme 4: Attempts of arm-extension of dodecasubstituted porphyrins at the meso-ortho-phenyl position.
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Table 3: Optimization table for the Suzuki-coupling reaction on porphyrin 11.

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

Entry  Catalyst/ligand Cat. mol % Base Temp. Time Boronic acid/ester Product detected
per C-Br (24 equiv) (°C) (3 equiv per C-Br) by HRMS
1 Pdodbaz/SPhos 6.25% K3POq4 110 °C 48 h 14 no
2 Pdodbas/SPhos 6.25% K3POq4 130 °C 48 h 14 no
3 Pdodbas/SPhos 12.5% Cs2CO3 110 °C 48 h 14 no
4 Pdodbagz/Xantphos 12.5% CsoCO03 110 °C 48 h 14 no
5 Pdodbag/Rac BINAP  12.5% Cs2CO3 110 °C 48 h 14 no
6 Pdodbas/SPhos 100% Cs2CO3 85 °C 7 days 142 no
7 Pd(dppf)Cl2 2% Cs2CO3 100 °C 20 h 20b no
8 Pd(PPh3)4 5% Cs2CO3 100 °C 20 h 20b no
9 Pd(PPh3)4 12.5% Na>CO3 120 °C 2h 21¢ no
10 Pd(PPh3)4 12.5% Cs2CO3 100 °C 48 h 21 no
11 Pdodbas/SPhos 12.5% Cs2CO3 85 °C 48 h 22 no
12 Pdodbas/SPhos 6.25% CsoCO3 85 °C 24 h 25 no

a12 equiv of boronic acid used in this reaction per C—Br. PAlternative procedure for Suzuki—Miyaura coupling [34]. “Microwave irradiation instead of

conventional heating was used [48].

lents of boronic acid significantly also resulted in no product

formation (Table 3, entry 6).

Next, a change in the catalyst was investigated, based on a liter-
ature procedure which was developed by Johnstone and
co-workers for the synthesis of meso-substituted aryl bis-pocket
porphyrins [34]. Therein catalysts Pd(dppf)Cl, and Pd(PPhj);
were identified to be the most effective for accomplishing the
Suzuki-Miyaura coupling at the ortho-position of the meso-
phenyl position in sterically hindered planar porphyrins
(Table 3, entries 7 and 8). The same success could not be repli-
cated for OET-0-BrPPs with no reactivity being observed by
TLC or by mass spectrometry. Likewise, a microwave-assisted
coupling [48], resulted in no product formation (Table 3, entry
9). Thiophene-3-ylboronic acid (21) was also chosen for this
reaction due to the smaller size compared to the phenyl- and
p-tolylboronic acids 14 and 20. Using 21 as the starting materi-
al and the procedure by Droege et al. [34] it was anticipated the
less steric substrate size would possibly allow conversion to
occur; however, no product formation was observed (Table 3,
entries 9 and 10). 4-Pyridylboronic acid pinacol ester (25) was

Table 4: Optimization of the borylation of porphyrin 13 to yield 46.

also attempted; however, no product was formed. Vinylboronic
acid ester 22, was also explored as a substrate, with multiple
porphyrin products being observed by TLC and by 'H NMR.
Desymmetrization of the porphyrin was also observed with the
B-ethyl CH3 resonances splitting into two separate chemical
environments; however, the identity of the product synthesized
was not fully characterized. In future, if reactivity for OET-o-
BrPPs were to be further explored a larger library of ligands
whether biphenyl-based or other could be explored, or further
changes in the pH of the solution. Enrichment to the afaf-
atropisomer may also be favorable [50], as to alleviate the steric
hindrance caused by the short distances (4.3-4.4 A) between

bromines in the ayf,-atropisomers (cf., Figure 5).

Borylation and further coupling of

dodecasubstituted porphyrins

A Miyaura borylation was performed on porphyrin 13, using
bis(pinacolato)diboron (B,Pin,), adapting a procedure from the
literature [51]. This procedure was further optimized (Table 4)
by utilizing conditions in the synthesis of 29 (Table 1, entry 9).
Next, a reversed polarity Suzuki reaction was performed on the

Entry Catalyst mol % per C-Br  Catalyst Equiv of BoPino per C-Br  Temp. Time Product
bond bond

1 20% Pd(dppf)Clao 1 80 °C 48 h 0

2 20% Pd(dppf)Clao 10 80 °C 48 h 0

3 20% Pd(dppf)Clao 10 80 °C 48 h trace

4 40% Pd(dppf)Clao 20 100 °C 48 h 30%
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borolanyl porphyrin 46 (Scheme 5). This reaction yielded por-
phyrin 26 in a 53% yield and tetrapyrenylporphyrin 47 in a 36%
yield, respectively. Compared to the synthesis of 26 by Suzuki
coupling of para-bromo-phenylporphyrin 13 a significant
increase in yield was observed. Furthermore, pyrene was
installed on the para-phenyl position, showing large aromatic
systems can also be installed through this route. Failure of the
similar anthracenylboronic acid 15 to react in the presence of
Cs,CO3 at 85 °C (Table 2, entry 2) shows reversing the polarity
of the reaction can induce reactivity, where not previously
possible.

X-ray crystal structure analysis

Despite the many examples in literature of the crystal structure
and packing of nonplanar porphyrins [3,6,8,13,52,53], few ex-
amples of crystal structure and packing analysis exist for arm-
extended porphyrins. One of the few examples are azide-por-
phyrin derivatives reported by Flanagan et al. [43]. Here, five
crystal structures were obtained of meso-para-phenyl arm-ex-
tended porphyrins (26, 27, 28, 29, 33) and two crystal struc-
tures for meso-meta-phenyl derivatives 36 and 37. In addition,

single crystal structures of 11 and 46 were determined. All

Br. Br O\ /O
/B_B\
QL )~ D 6 o

Pd(dppf)Cl,
NaOH

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

structures were investigated using the NSD method [8,9], which

allows a quantification and visualization of distortion modes.

It can be observed from the crystal structures that the porphy-
rins’ rings all exhibit the typical saddle-shaped conformation.
Interestingly, substitution at the para- or meta-position can also
induce partial ruffling of the porphyrin core (Table 5). Of all
para-functionalized structures, porphyrin 33 bears the most
similarity to that of compound 26, with minimal ruffling ob-
served and the overall magnitudes of out-of-plane and in-plane
distortions are comparable.

With compound 26, no ruffling of the porphyrin ring is ob-
served; however, with anthracene residues (27) a ruffling distor-
tion of almost 1 A is observed. This is not obvious at first, but
differences in molecular symmetry [55] can be easily visual-
ized using the neoplastic NSD plot [10] shown in Figure 3.
Furthermore, the mean pyrrole ring tilt increases by 3-5° in the
case of compounds 28 and 29 compared to that of compound
26. Saddle-shape distortion is reduced compared to that of
biphenyl 26; this may be due to the proximity of the anthracene
moiety to the B-ethyl positions, with C»3—C4g within 3.63 A

0-B

O

DMF, 48 h,
Ar, 100 °C

0

Br Br

13

RBr
Pd,(dba)s/Sphos
Cs,CO3

toluene/water, 48 h,
Ar, 85 °C

R

A I
>§<o 078<
46

)
I

26 47
(53%) (36%)

R

Scheme 5: Borylation and subsequent Suzuki-Miyaura coupling of porphyrin 13.
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Table 5: Mean geometrical parameters of OET-meta/para-ArylPP and out-of-plane and in-plane distortion magnitudes.

Compound 26 27 28
pyrrole tilt 28.0 28.4 31.2
N-N dist. 2.70 2.71 2.71
(adj)

N-N dist. 3.77 3.80 3.80
(opp)

ACmeso? 0.03 0.32 0.13
ACaipha® 0.5 0.47 0.51
ACpeia® 1.21 1.13 1.28
Aip? 1.06 1.03 1.22
Big 0.07 0.05 0.02
Eu(X) 0.08 0.00 0.07
A1g 1.06 0.99 1.21
Agg 0.00 0.27 0.11
Aoop® 3.73 3.58 3.93
B,y (sad) 3.73 3.46 3.91
By (ruf) 0.00 0.92 0.35
Asy (dom) 0.11 0.06 0.01

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

29 33 36 37 Units
329 29.0 29.0 31.1 0
2.72 2.73 2.71 2.71 A
3.81 3.83 3.78 3.79 A
0.15 0.03 0.22 0.22 A
0.53 0.5 0.5 0.5 A
1.32 1.21 1.21 1.26 A
1.28 1.09 1.14 1.24 A
0.00 0.06 0.12 0.04 A
0.00 0.05 0.00 0.05 A
1.27 1.08 1.11 1.21 A
0.17 0.04 0.21 0.22 A
4.06 3.72 3.78 3.91 A
4.04 3.72 3.72 3.86 A
0.45 0.1 0.66 0.61 A
0.00 0.04 0.14 0.04 A

aAverage displacement of meso-carbon atoms from the xy plane, (C5, C10, C15, and C20) relative to the 24-atom mean porphyrin plane (mean plane
defined as Az = 0). PAverage displacement of a-carbon atoms from the xy plane (C1, C4, C6, C9, C11, C14, C16, C19) relative to the 24-atom mean
porphyrin plane (Az = 0). “Average displacement of B-carbon atoms from the xy plane (C2, C3, C7, C8, C12, C13, C17, C18) relative to the mean por-
phyrin plane (Az = 0). 9Average deviation of the 24-atom macrocycle (x,y coordinates) from the mean porphyrin plane, based on the least-squares
method (mean plane defined as Ax and Ay = 0). ®Average deviation of the 24-atom macrocycle (z coordinates) with respect to the least-squares

plane (mean plane defined as Az = 0) [54].

and their respective hydrogen atoms 1.97 A away from each
other. However, this does not account for the increased ruffling
observed in porphyrins 28 and 29, with similar distances to the
B-ethyl groups as in porphyrin 26, and despite this there is
almost 0.5 A magnitude of ruffle distortion. This may also be
due to crystal packing effects or the Ni(II) metal center [56,57],
as well as the crystallization solvent [43]. It is not possible to
ascertain whether steric effects of the f-ethyl and the anthra-
cenyl carbons are causing the ruffling observed, and a full
statistical model of a large library of dodecasubstituted porphy-
rins is needed to understand these observed effects.

When comparing meta-substituted porphyrins 36 and 37, ruftle
distortion of the porphyrin ring is also observed. Interestingly in
the case of the meta-anthracenyl derivative, the para-anthra-
cenylporphyrin 27 experiences a magnitude of ~0.3 A less
ruffling when compared to that of the meta-substituted porphy-
rin 37. In terms of meta-phenyl-substituted porphyrin 36 a
contribution of ruffling is observed, but no ruffling is observed

in the planar analogue.

Crystal packing analysis of arm-extended para-
substituted porphyrins
Nonplanar porphyrins are known to form supramolecular

assemblies [6], either through hydrogen-bonding networks or

through m—m interactions. Examples of this can be seen in the
trapping of Keggin-type heteropolyoxometalate (POM) through
nonplanar Mo(V)—porphyrin complexes [58], or porphyrin
nanotubes/nanochannels by intermolecular 7 interactions of
the peripheral phenyl groups [59]. Additionally nonplanar
supramolecular assemblies have found use in anion capture
[12,15], and sensing [60], making the synthesis of these struc-
tures desirable from a supramolecular standpoint.

Two especially interesting crystal packing features were that
observed in the structures of compound 27 and borylated por-
phyrin 46. In the case of porphyrin 27, when crystallized by
slow evaporation from CDCl3, a crystal structure with a void di-
ameter of approximately 5.8 A was obtained (Figure 4). The
void was measured from the Ni(II)"Ni(II) vector approxi-
mately perpendicular to the metals through the c-axis.

Upon co-crystallization of borylated porphyrin 46 and bis(pina-
colato)diboron, the accommodation of bis(pinacolato)diboron in
the void of the lattice was observed (Figure 4). The crystal
packing of this structure is quite similar to the supramolecular
assembly of borylated porphyrin 5,10,15,20-tetrakis(5,5-
dimethyl-1,3,2-dioxaborinan-2-yl)porphyrin, where nitroben-
zene accommodated tunnels of width of 7-8 A [61]. The

assembly of compound 46 also presents channel-type voids,
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in-plane NSD value ()
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Figure 3: View of the molecular structure of compounds 26 (top left) and 27 (top right) with atomic displacements at 50% probability and hydrogen
atoms omitted for clarity. Bottom left: Neoplastic representation of the molecular symmetry of compound 26. Bottom right: Neoplastic representation of

the molecular symmetry of compound 27.

making it part of only a few porphyrins appended with boronic
ester groups to be structurally disseminated by X-ray crystallog-
raphy [62,63]. Compound 46 was found to crystallize in a 1:1
ratio with bis(pinacolato)diboron, with a void size of 8-9 A.
The formation of channel-type lattice structures is thermody-
namically unfavorable, when compared to tightly packed
arrangements, similar to nitrobenzene, bis(pinacolato)diboron
may be templating the formation of these channels [61]. How-
ever, more research is needed to understand the formation of
these supramolecular assemblies.

X-ray crystal structure analysis of compound 11

As observed in the single crystal X-ray structure of 11
(Figure 5), the environment around the ortho-bromo-position is
extremely sterically hindered.

Figure 5, shows the Br*Br separations in the oyf;-atropsiomer
of compound 11 to be 4.3-4.4 A. While only an illustration of
the situation in the solid phase this illustrates that coupling phe-
nyl, thiophene or other aryl moieties at this position would be
extremely difficult. Furthermore, the distance between the
o-bromine atoms and the nearest carbon neighbor of the -ethyl
groups is 3.7 A, further complicates the success of coupling at
this position. As discussed previously, enrichment to the afaf,
isomer may be necessary to remove the impact of opposing
bromine atoms on the coupling reaction. Separation of the four
individual atropisomers (afafl, a7, azf, o) has been accom-
plished before in dodecasubstituted porphyrins through Ni(1I)
metalation [15]. The core metalation effect prevents inner core
N-H tautomerism [64] and thus increases the structural
symmetry of the macrocycle [65,66], leading to more facile
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Figure 4: Left: packing diagram of 27 viewed normal to the c-axis showing the channels in the lattice with the solvent molecule density removed using
masking in OLEX2. Hydrogen atoms omitted for clarity. Right: packing diagram of 46, viewed normal to the c-axis, with bis(pinacolato)diboron occu-

pying the cavities of the major 46. Hydrogen atoms omitted for clarity.

Figure 5: Left: view of part 0 2 in the molecular structure of the axBz-atropisomer, 11 in the crystal, hydrogen atoms omitted for clarity. Displacement
parameters shown at 50% probability and heteroatoms labelled only. Right: view of part 0 1 of the molecular structure of the aoB-atropisomer, 11 in
the crystal. Displacement parameters shown at 50% probability and heteroatoms labelled only.

atropisomeric separation. However, in the case of compound 11
the atropisomers could not be separated due to low rotational
barriers and similar polarities, even with Ni(II) metalation.
There are many other methods available to achieve different
desired atropisomeric ratios. These include thermal enrichment
[67,68], photoracemization [69,70], axial-ligand coordination
[71], precise separation techniques [50] or a combination of the
procedures mentioned [72]. Many more examples of atropiso-
meric enrichment methods can be found in a 2024 review on
atropisomerism by Maguire et al. [73] and could be further
explored to isolate the afap-atropisomer of porphyrin 11.

X-ray crystal structure analysis of compound 37

Interestingly the anthracenyl arm-extension on the meso-mera-
phenyl position revealed a doubly sandwiched, intercalated
dimeric structure, wherein by two anthracenyl units is sand-
wiched a single anthracenylphenyl arm whilst a anthra-
cenylphenyl arm is sandwiched on the opposing side of the mol-
ecules in the same fashion (Figure 6). Support of the existence
of this structure in solution was obtained from VT-NMR studies
(Figure S51 and Figure S52 in Supporting Information File 1),
with asymmetry observed in the f-ethyl CH3 resonances 8y =
0.58 and 0.73 ppm and peak broadening in both the aromatic
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region and the {'H}'3C NMR spectra. Coalescence of the
B-ethyl resonances was observed when heating the sample to
70 °C and the same 'H NMR spectrum was observed after
subsequent cooling of the sample as before heating. This indi-
cates the thermodynamically favored dimeric structure to reas-
semble when cooling, reverting to the previous NMR trace.

Figure 6: Schematic representation of porphyrin 37 showing a doubly
intercalated structure.

Conclusion

When considering sterically demanding systems with haloaryl
and boronic acids as substrates for the Suzuki-Miyaura cou-
pling, many may consider 2,6-alkyl-disubstituted phenyl rings
as a model sterically demanding system to test the robust nature
of both metal catalyst and ligand, for example, much work has
been done on the synthesis of ortho-substituted biaryls, by the
groups of Buchwald [74], Snieckus [75], Ackermann [76], and
Tang [77] among others. Many of these examples have steric
hindrance ‘adjacent’ to that of the reactive halogen/boronic site
as opposed to the ‘adjacent’ and ‘opposite’ steric demand as
seen with compound 11 with opposing bromines, coupled with
the added complication of being a rotameric mixture, as well as
adjacent hindrance of the nearby f-ethyl groups. Examples of
palladium coupling on ‘opposing’ halogen atoms can be seen in
the annulation of vic-bis(pinacolatoboryl)alkenes and -phenan-
threnes [78]; yet, adjacent hindrance is not a problem in this
case. Clearly, more work is required on the Suzuki—-Miyaura
coupling of molecules with sterically demanding ‘pockets’ with

opposing and adjacent hindrance.

In conclusion, a library of arm-extended dodecasubstituted por-
phyrins was synthesized through classic C—C coupling reac-
tions at the meso-phenyl position. It was found varying temper-
ature and the pH of the solution are effective mitigations to

overcome unfavorable reaction electronics or demanding sterics

Beilstein J. Org. Chem. 2024, 20, 2784-2798.

presented at the meso-phenyls’ meta- or para-position. Functio-
nalization at the meso-phenyls’ ortho- position was not manage-
able and more research is needed to optimize conditions.
Comparing the yields in coupling of borylated porphyrins and
the halogenated analogues revealed a greater yield, when the
polarity of the reaction was reversed; however, due to tedious
synthesis and a lower yield over two steps, this synthetic ap-

proach is disadvantageous.

X-ray crystal structures were reported for almost half of these
compounds. Crystal packing arrangements revealed this new
library of arm-extended porphyrins as interesting candidates for
the formation of supramolecular assemblies possibly capable of
carrying out sensing and or capturing molecules of interest, as

well as a dimeric intercalated structure.
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Abstract

The study of organic small molecule semiconductor materials as active components of organic electronic devices continues to
attract considerable attention due to the range of advantages these molecules can offer. Here, we report the synthesis of three
dicyanomethylene-functionalised violanthrone derivatives (3a, 3b and 3c) featuring different alkyl substituents. It is found that the
introduction of the electron-deficient dicyanomethylene groups significantly improves the optical absorption compared to their pre-
viously reported precursors 2a—c. All compounds are p-type semiconductors with low HOMO-LUMO gaps (=1.25 eV). The hole
mobilities, measured from fabricated organic field-effect transistors, range from 3.6 x 1070 to 1.0 x 1072 cm? V™! s71. We found
that the compounds featuring linear alkyl chains (3b and 3c¢) displayed a higher mobility compared to the one with branched alkyl
chains, 3a. This could be the result of the more highly disordered packing arrangement of this molecule in the solid state, induced
by the branched side chains that hinder the formation of m—m stacking interactions. The influence of dicyanomethylene groups on
the charge transport properties was most clearly observed in compound 3b which has a 60-fold improvement in mobility compared
to 2b. This study demonstrates that the choice of the solubilising group has a profound effect on the hole mobility on these organic
semiconductors.

Introduction
Recently, organic semiconductors have received considerable (OFETs) [1,2], organic light-emitting diodes (OLEDs) [3], and
attention due to their potential technological applications in  organic photovoltaic devices (OPVs)[4-6]. The charge trans-

semiconductor devices, such as organic field-effect transistors  porting properties of organic semiconductors are key to the

2921


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Peter.Skabara@glasgow.ac.uk
mailto:Graeme.Cooke@glasgow.ac.uk
https://doi.org/10.3762/bjoc.20.244

success of the devices and research focusing upon increasing
this remains an important goal to enhance the commercial
viability of the technologies. Typically, organic semiconductor
molecules with large fused conjugated systems have achieved
high charge carrier mobility. Such molecular structures improve
the intermolecular interactions (such as 71— stacking) that are
required to facilitate the hopping of charge carriers between

adjacent molecules [7-9].

Among many intensively investigated organic semiconductors
[10-12], are perylene diimide (PDI) derivatives which feature a
rigid, planar, fused m-skeleton. These molecules have been
widely utilised as n-type materials, due to their exceptional
charge mobility (ue = 0.1-2.1 ecm? V™! s71) [13-17], high elec-
tron affinity, excellent self-assembling properties [18-20], and
thermal and photochemical stabilities [21]. The excellent charge
carrier mobility of PDIs has been explained by the intermolecu-
lar m—m interactions with an interplanar distance (3.3-3.5 A)
[22-25] that leads to the formation of large crystalline domains
which influence charge transport. However, the microscale
domains reduce the donor—acceptor interface which ultimately
impacts on efficient exciton dissociation in OPV devices [12].
Therefore, it is important to further investigate other fused 7
systems to determine if this drawback can be overcome while
maintaining the favourable properties of PDIs.

Violanthrones are a class of materials featuring a large m-conju-
gated system composed of nine fused benzene rings with two
carbonyl groups, in the 5 and 10 positions (Figure 1). The
related structural features of violanthrones suggest that these
materials may possess similar charge transport, optical and elec-
trochemical properties to those of PDIs. However, the larger
m-conjugated system of violanthrone, along with the two car-
bonyl groups, increases the possibility of stronger 7— intermo-
lecular interactions which might result in a narrower
HOMO-LUMO gap than that of PDI, and an absorption band
extending to the near-infrared (NIR) region [26]. This makes
violanthrone and its derivatives potential candidates for NIR
optoelectronic applications. In fact, the intrinsic semicon-
ducting properties of violanthrone is traced back to 1950, when
Akamatu and Inokuchi measured its electrical conductivity (o),
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which was found to be 3.4 x 1074 Q™! em™! [27,28]. The chem-
ical structure of violanthrone allows for its modification and
hence the synthesis of materials with interesting spectral proper-
ties. Due to the low solubility of violanthrone in the majority of
organic solvents, special attention has been drawn to
its dihydroxy derivative (Figure 1), which allows further modi-
fication to the materials via etherification or esterification
[29,30].

There has been a report on the structural modification of
dihydroxyviolanthrone where the effect of three alkoxy substit-
uents on the 16,17-bis(2-ethylhexyloxy)anthra[9,1,2-
cde]benzo|rst]pentaphene-5,10-dione, on aggregation and
photovoltaic properties was studied [30]. It was found that de-
rivatives with the shortest linear alkyl chain (n-hexyl) exhibit
the strongest m— interactions since the distance between two
adjacent molecules is shorter and less steric repulsion is ob-
served. This was reflected by the highest hole mobility of the
derivatives with n-hexyl chains (3.15 x 1074 cm? V71 g7h,
compared to derivatives with n-octyl chains
(1.76 x 107* cm? V~! s7!) and 2-ethylhexyl chains
(4.93 x 1075 ecm? vl s_l). The stronger m— interactions led to
a higher power conversion efficiency (PCE) as a result of the
higher short-circuit current density (Js.), due to films with
higher crystallinity providing a smoother pathway to charge

carriers to pass through the device [30].

The m— intermolecular interactions, the molecular stacking and
mobility of a solution-processable violanthrone derivative has
been studied. It was shown that m— stacking can be enhanced in
solution and in the solid state by adding a non-solvent
(n-hexane) to chloroform. Therefore, the resulting film of the
compound obtained from a solvent mixture of chloroform/n-
hexane showed a hole mobility of an order of magnitude higher
(4.44 x 107 cm? V™! s71) than that of the film obtained from
pure chloroform (4.93 x 1075 ecm2 vl s_l) [26]. Another study
reported the capability of violanthrone 2b to act as an electron
acceptor in OPVs when blended with PDI as a co-acceptor,
which showed an enhanced light harvesting and photocurrent
generation compared to the device without violanthrone being
incorporated (Figure 2) [31].

violanthrone

Figure 1: Chemical structures of violanthrone and dihydroxyviolanthrone.

dihydroxyviolanthrone
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Figure 2: Chemical structures of 2b and 3b.

Liu et al. [32] reported a novel violanthrone derivative 3b via
the incorporation of the strong electron-withdrawing
dicyanomethylene unit. The study suggested that 3b could be a
potential n-type material for OPVs. The incorporation of two
dicyanomethylene groups resulted in a material with strong
electron affinity and low reduction potential of —0.56 V vs
NHE, and a Ay, at 701 nm with € of 4.69 x 104 L mol™! cm™!
which might lead to the contribution of 3b to the photocurrent.

All previous studies suggested that violanthrone and its deriva-
tives display electronic functionality and could be potentially

used in organic electronics. Nevertheless, to the best of our
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knowledge, neither OPV device fabrication nor the charge
mobility of 3b has been reported. Therefore, in this work, the
synthesis of compound 3b and other new analagous solution-
processable derivatives are reported. The performance of these
materials as the semiconductor layer in OFETs was studied to

determine the effect of the different side chains.

Results and Discussion

Synthesis

The synthesis of compounds 2a—c and 3a—c is shown in
Scheme 1. Compounds 2a—c were synthesised through a well-

established etherification protocol [30] via the reaction of the

Br—R
K,CO3, DMF
100 °C, 18 h
60-71%
TiCly, pyridine
NC/\CN chlorobenzene
R= a E/\/CZHS 130°C, 16 h
C4Hg 13-48%
b % ™SCoHys
¢ ™ “CyiHz

Scheme 1: Synthesis of compounds 2a—c and 3a—c.
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commercially available compound 16,17-dihydroxyviolan-
throne with 2-ethylhexyl bromide (a), 1-bromooctane (b), and
1-bromododecane (c) resulting in compounds, 2a, 2b and 2c, re-
spectively. The final target compounds 3a—c were synthesised
in 13%, 48% and 36% yield, respectively, following the re-
ported procedure for anthraquinone, where the Knoevenagel
condensation with malononitrile was successfully reported [33].

Theoretical studies

Density functional theory (DFT) calculations of two derivatives
of compounds 2 and 3, having methoxy groups instead of the
longer alkyl chains have been reported in the literature [32],
providing information on the molecular structure and packing of
these materials. However, no significant information about the
electronic and orbital distributions was provided, therefore
further investigation was needed, using a more suitable
basis set. The molecules were geometrically optimised at the
ground state using the B3LYP functional with the 6-311G (d,p)
basis set. The geometry of the two molecules was found to be
nearly identical to the ones previously reported, with the
nine fused rings of compound 2 almost planar, compared to
the more twisted geometry of compound 3. This could possibly
result in weak m—m interactions with the potential to form
nanoscale pure and mixed domains in the bulk heterojunction
on the length scale of the exciton diffusion length (5-15 nm),
leading to an efficient exciton dissociation and charge genera-
tion [12].

Energy (eV)
bob

!
IS
L

5

-6
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Figure 3 gives an insight into the spatial distribution and the
energies of the frontier molecular orbitals of molecules 2 and 3.
In both cases, the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) are
uniformly delocalised throughout the nine fused rings, indicat-
ing that the two molecules could benefit from a potentially effi-
cient and isotropic charge transport [12]. It is also evident that
the presence of the two dicyanomethylene groups in compound
3 are responsible for lowering the energy of the two frontier
molecular orbitals and for narrowing the energy gap between
HOMO and LUMO. This is likely due to an enhanced
push—pull effect in this molecule due to the presence of a
stronger acceptor. Furthermore, the energy of the LUMO of
compound 3 is comparable to reported PDI-based acceptors
which have been used in OPVs with PCE > 7% [34].

Crystallographic study

Needle-shape crystals of compound 3b suitable for single-
crystal X-ray analysis were obtained by slow evaporation of a
dichloromethane/isopropanol solution of 3b. The crystal struc-
ture of 3b, displayed in Figure 4, shows a very similar twisted
conformation of the core of the molecule to that of the related
methoxy-substituted structure obtained from theoretical studies
[32] (Table S1 in Supporting Information File 1).

Molecules of 3b form stacks along the b-axis linked by m—m

interactions with centroid—centroid distances of 3.65 and

Figure 3: Optimised ground state geometries of compounds 2 and 3 calculated using B3LYP/6-311G(d,p) in the gas phase.
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Figure 4: Views of the crystal structure of 3b (left, shows displacement ellipsoids drawn at 50% probability level, right showing the twisted conforma-

tion).

3.98 A. These stacks lie in sheets with alternating aromatic—ali-

phatic layers (Figure S3 in Supporting Information File 1).

Optical studies

The UV-vis absorption spectra of 3a, 3b, and 3c are presented
in Figure 5, and were carried out in dichloromethane solution
(1 x 1075 mol L™1). The absorption properties are summarised
in Table 1. The UV-vis absorption spectra of the materials
show a wide absorption band from 530 nm to 860 nm for all
compounds. Compound 3a shows a slight hypsochromic shift
(Amax = 741 nm) in comparison with 3b (Ap2x = 745 nm) and 3¢

(Amax = 746 nm). All compounds displayed very similar extinc-

tion coefficients between 45000 and 48000 L mol~! cm™!.
The optical gaps (Eqp) were estimated from the onset values of
absorption (Agpset), and little difference was found with values
of 1.47 eV for 3b and 1.46 eV for 3a and 3ec. It is noted that the
optical properties did not show a significant change upon
altering the alkyl chains which indicates that different alkyl sub-

stituents have a minimal effect on the frontier orbitals.

Electrochemical studies

The electrochemical properties of the dyes were investigated by
square wave voltammetry (SWV) and cyclic voltammetry (CV)
and the data are summarised in Table 1, with the plots shown in

0.6 60000
—3a
0.5 1 3b| 50000
—3c
g 0.4 1 40000 <
5 5
8 0.34 30000 —
o [s}
2 5
< 0.24 20000 3
0.1 1 - 10000
00 T T T T T T 1 0
300 400 500 600 700 800 900 1000
Wavelength (nm)
Figure 5: Absorption spectra of 3a—¢ measured in dichloromethane solution (1 x 10=5 M).
Table 1: The optical and the electrochemical data of compounds 3a—c.
optical properties electrochemical properties
Amax (nm) Aonset (NM) Eqpt (V) e(Lmol~em™)  IE (eV) EA (eV) Etyna (€V)
3a 741 851 1.46 45300 -5.38 -4.11 1.27
3b 745 845 1.47 46700 -5.34 -4.09 1.25
3c 746 851 1.46 47800 -5.40 -4.15 1.25
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Figure 6. All the materials exhibit at least one reversible reduc-  output and transfer curves are shown in Figure S5 (Supporting
tion and two reversible oxidation waves as shown from the CV  Information File 1). The charge mobility was determined
data (Figure 6 and Table 1). This reversibility is crucial for the in the saturation regime. The OFET devices based on 3a—c
regeneration of dyes following redox processes. The com- showed only p-type charge transport, with the highest hole
pounds display ionisation energies (IEs) of =5.38 eV, —=5.34 eV, mobility obtained by 3b. The hole mobilities (up) of 3b and 3c
and —5.40 eV for 3a, 3b, and 3c, respectively, with electron are calculated as 1.07 X 1072 and 1.21 x 1073 cm? V™ Ig71,
affinities (EAs) of —4.11 eV, —4.09 eV, and —4.15 eV. Conse- respectively. However, the hole mobility of 3a is only
quently, the estimated Egyng are 1.27, 1.25 and 1.25 eV for 3a, 3.62 x 107% cm? v~! s71,

3b, and 3c, respectively. The EA value is in a similar range
(from —3.70 to —4.30 eV) of some of the most widely used ful-
lerene-based acceptors such as PCqoBM and PC79BM [35],
which suggests that the three materials might function effec-

Table 2: Summary of OFET characteristics with 3a—c materials.

. ON/OFF ratio Vin (V)  pp (cm2 V-1 1)
tively as electron acceptors.

3a 102 -3 3.62 x 1076 (£ 0.64 x 1077)
OFET device studies 3b 103 _14 1.07 x 1072 (+ 0.44 x 1072)
The electrical characteristics were confirmed by the fabrication 3¢ 10* -19 1.21 x 1073 (£ 0.30 x 109)
of OFETs. Compounds 3a—c were deposited by spin-coating aCalculated from an average of 8 devices. Standard deviation is listed

onto n-doped Si/SiO,/Au substrates. The device performance " Parentheses.

parameters are summarised in Table 2, and their representative

Current (pA)
Current (uA)

Current (pA)
1

Current (1A)
1

3 15 (—3¢|

10

Current (uA)
Current (uA)

— — T —
15 1.0 05 0.0 05 10 15 20 15 1.0 05 0.0 05 10 15 20

Potential (V) Potential (V)

Figure 6: SWV (left) and CV (right) of compound 3a—c (in dichloromethane 1 x 10-3 M) (V vs Fc/Fc*).
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Side chain engineering is crucial for OFET performance since it
plays an important role in determining solubility, molecular
packing, polarity, and film-forming properties. Molecular
packing, in particular, is greatly affected by alkyl chain length
and branching point position [36]. Here, the difference in hole
mobility among the three compounds can rationally be attri-
buted to their distinguishing aggregate structures. Compared to
3a, the linear side chains in compounds 3b and 3¢, might favour
intermolecular m—r interactions and crystallinity in the solid
state, therefore providing an easier pathway for charge carriers
to hop from one molecule to nearby molecules. The introduc-
tion of the bulky dicyanomethylene groups in 3b resulted in a
dramatic increase in py, (1.07 x 1072 cm? V7lg71) compared to
the previously reported 2b (1.76 X 1074 cm? V1571 [30]. On
the other hand, the twisted configuration of the material’s back-
bone upon the introduction of dicyanomethylene groups, along
with branched alkyl side chains in 3a, might have contributed to
a lower intermolecular m—m interaction and, therefore, lower up
(3.62 x 1076 ecm? V™! s71) compared to the previously reported
2a (4.93 x 107 em? V=1 s71) [30].

Conclusion

Violanthrone derivatives represent a promising group of semi-
conductor materials for organic electronics. It has been shown
that molecular tailoring of violanthrone is simple and feasible.
We have synthesised three soluble violanthrone derivatives with
different side chains and found that due to the introduction of
the electron-deficient dicyanomethylene groups, along with the
extended m-conjugated framework, all compounds exhibit a
narrow HOMO-LUMO gap (1.46-1.47 eV), with a wide
absorption range exceeding 800 nm compared to their previ-
ously reported precursors [30]. The electrochemical studies of
the three materials show reversible oxidation and reduction
waves with EA values that are in a similar range (from —3.70 to
—4.30 eV) of some of the most widely used fullerene-based
acceptors such as PCgoBM and PC79BM [35], which suggests
that the three materials might function well as components in
OPVs. Among the three materials the introduction of
dicyanomethylene groups to compound 2b significantly im-
proved the py, by 60-fold. It is also notable that 3a bearing
branched 2-ethylhexyl side chains showed inferior performance
compared to the isomeric 3b with linear n-octyl chains. The
poor device performance is most likely caused by branched side
chains that might induce a stronger disorder in the film, which

results in hindered charge transport.

Experimental
Computational
Density functional theory (DFT) calculations were performed
using Gaussian 09 software. Molecular geometries were

initially optimised semi-empirically (AM1) and then reopti-

Beilstein J. Org. Chem. 2024, 20, 2921-2930.

mised by DFT using the B3LYP method with the 6-311G(d,p)
basis set unless stated otherwise. The absence of transition
states was confirmed by the absence of imaginary frequencies
in vibrational frequency calculations. The long side chains were
replaced by methyl units to aid the convergence of the geome-
try optimisations.

Crystallography

Single crystal X-ray diffraction data for 3b were collected by
the EPSRC National Crystallography Service using a ROD,
Synergy Custom system, HyPix diffractometer with Cu Ka ra-
diation, A = 1.54178 A. Data were collected and processed
using CrysAlis PRO 1.171.39.30d (Rigaku OD, 2015). The
structure was solved using SHELXT 2018/2 [37] and refined
using SHELXL 2018/3 [38] within Olex2 1.3 [39]. Non-H
atoms were refined with anisotropic atomic displacement pa-
rameters (ADPs) and H-atoms were placed in geometrically
calculated positions and included as part of a riding model
except the Me H-atoms which were included as a rigid rotor.

Organic field-effect transistors (OFETS)

fabrication and measurement

Bottom-gate, bottom-contact organic field-effect transistors
were made using prefabricated substrates (Fraunhofer IPMS,
product code 1301). The substrates consisted of an n-doped Si
gate electrode, SiO, (230 nm) dielectric layer and Au (30 nm +
10 nm ITO adhesion layer) interdigitated source and drain elec-
trodes, 1 cm in width. The substrate contained source-drain
electrodes at channel lengths of 20, 10, 5, and 2.5 pm. For all
compounds, four devices of 20 um channel length and four
devices with 10 pm channel length were tested, with the excep-
tion of 2b where some devices failed due to high resistance and
testing was carried out using 5 pm channel length due to the
low currents measured at higher channel lengths. Testing was
carried out using a Keithley 4200 Semiconductor Characterisa-
tion System. Charge mobility was calculated in the saturation
regime.

The substrates were washed using deionised H,O, acetone, and
isopropanol before being dried over a stream of compressed air.
Octadecyltrichlorosilane (30 uM) was dropcast onto the sub-
strate for 5 minutes before the substrate was washed with tolu-
ene. The substrate was then dried over compressed air. A solu-
tion (10 mg mL~! in CHCl3) of the semiconductor material was

deposited by spin-coating at 1000 rpm for 60 seconds.

Synthesis

Compound 2a

16,17-Dihydroxyviolanthrone (500 mg, 1.02 mmol) and
2-ethylhexyl bromide (550 uL, 3.06 mmol) were dissolved in
N,N-dimethylformamide (30 mL). Then, potassium carbonate
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was added (300 mg, 2.04 mmol), and the reaction mixture was
stirred at 100 °C overnight. After cooling the reaction mixture
to room temperature, it was poured into methanol (200 mL),
and the resulting precipitate was filtered, then washed with
water (150 mL) to give the title compound as a dark solid
(440 mg, 60%). '"H NMR (400 MHz, CDCl3) & 8.79 (d, J =
8.0 Hz, 2H), 8.65 (d, J = 8.1 Hz, 2H), 8.56 (d, J = 7.6 Hz, 2H),
8.40 (d, J = 7.8 Hz, 2H), 8.30 (s, 2H), 7.82 (t, J = 7.6 Hz, 2H),
7.62 (t,J = 7.4 Hz, 2H), 4.05 (m, 4H), 1.77 (m, 2H), 1.38 (m,
16H), 0.93-0.51 (m, 12H); '3C NMR (100 MHz, CDCl3) &
183.4, 157.1, 135.7, 134.7, 133.3, 131.1, 129.6, 128.6, 128.3,
127.9, 127.7, 127.3, 123.9, 123.3, 122.9, 117.6, 114.6, 65.5,
42.1, 40.1, 30.2, 29.2, 23.5, 23.2, 14.2, 11.2; ASAP-HRMS
(m/z): [M + H]* calcd for C59Hy904, 713.3646; found
713.3631.

Compound 2b

16,17-Dihydroxyviolanthrone (2.00 g, 4.09 mmol) and
1-bromooctane (2.12 mL, 12.28 mmol) were dissolved in
N.N-dimethylformamide (60 mL). Then, potassium carbonate
was added (1.13 g, 8.19 mmol), and the reaction mixture was
stirred at 100 °C overnight. After cooling the reaction mixture
to room temperature, it was poured into methanol (400 mL),
and the resulting precipitate was filtered, then washed with
water (300 mL) to give the title compound as a dark solid
(1.90 g, 65%). 'H NMR (400 MHz, CDCl3) 5 8.72 (d, J =
8.0 Hz, 2H), 8.60-8.47 (m, 4H), 8.37 (d, J = 8.2 Hz, 2H), 8.27
(s, 2H), 7.80 (t, J = 7.2 Hz, 2H), 7.60 (t, J = 7.3 Hz, 2H), 4.25
(br, 4H), 1.94-1.80 (m, 4H), 1.34 (d, J = 90.2 Hz, 20H), 0.82
(d, J = 6.9 Hz, 6H); 13C NMR (100 MHz, CDCl3) 5 183.2,
156.3, 135.6, 134.5, 133.2, 131.0, 129.4, 128.6, 128.3, 127.7,
127.5,127.1, 123.6, 123.2, 122.7, 117.2, 113.5, 69.8, 31.9, 29.9,
29.6, 29.5, 26.2, 22.8, 14.2; HRESIMS (m/z): [M + Na]* calcd
for C59H4gNaOy, 753.3409; found, 735.3445.

Compound 2¢

16,17-Dihydroxyviolanthrone (500 mg, 1.02 mmol) and
1-bromododecane (800 uL, 3.06 mmol) were dissolved in N,N-
dimethylformamide (30 mL). Then, potassium carbonate was
added (300 mg, 2.04 mmol), and the reaction mixture was
stirred at 100 °C overnight. After cooling the reaction mixture
to room temperature, it was poured into methanol (200 mL),
and the resulting precipitate was filtered, then washed with
water (150 mL) to give the title compound as a dark solid
(600 mg, 71%). '"H NMR (400 MHz, CDCl3) & 8.78 (d, J =
8.0 Hz, 2H), 8.63 (d, J = 8.3 Hz, 2H), 8.57 (d, J = 7.7 Hz, 2H),
8.39 (d, J = 8.0 Hz, 2H), 8.30 (s, 2H), 7.81 (t, J = 7.4 Hz, 2H),
7.62 (t, J = 7.6 Hz, 2H), 4.26 (s, 4H), 1.92-1.72 (m, 4H),
1.55-1.02 (m, 36H), 0.86 (t, J = 6.8 Hz, 6H); 13C NMR
(100 MHz, CDCl3) d 183.2, 156.4, 135.6, 134.5, 133.2, 131.1,
129.5, 128.6, 128.3, 127.8, 127.5, 127.2, 123.7, 123.2, 122.8,
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117.3, 113.6, 69.8, 63.2, 32.9, 32.0, 29.7, 29.6, 29.5, 29.4, 26.2,
25.8 , 22.8, 14.2; ASAP-HRMS (m/z): [M + H]" calcd for
Cs5gHg40y4, 825.4875; found, 825.4883.

Compound 3a

Compound 2a (200 mg, 0.280 mmol) and malononitrile
(100 mg, 0.840 mmol) were dissolved in anhydrous chloroben-
zene (6 mL). To the dark blue mixture titanium tetrachloride
(100 pL, 0.840 mmol) and pyridine (130 pL, 1.68 mmol)
were added and the mixture was stirred under reflux overnight.
After cooling the reaction mixture to room temperature, it
was poured into ice-water (50 mL) and extracted with
dichloromethane (3 x 20 mL). The combined organic
extract was dried over MgSQy, filtered and concentrated
under reduced pressure. The crude product was purified by
silica column chromatography (SiO,, CH,Cl,/diethyl ether
98:2) to give the title compound as a dark solid (30.0 mg,
13%). Mp 295-296 °C; '"H NMR (400 MHz, CDCl3) & 8.75 (d,
J = 8.2 Hz, 2H), 8.55 (dd, J = 12.5, 8.2 Hz, 4H), 8.35 (d, J =
8.1 Hz, 2H), 8.25 (s, 2H), 7.80 (t, J = 7.4 Hz, 2H,), 7.63 (t, J =
7.7 Hz, 2H), 4.24-3.96 (m, 4H), 1.79 (br, 2H), 1.54-1.21 (m,
16H), 0.84 (m, 12H); '3C NMR (100 MHz, CDCl3) 5 183.4,
157.1, 135.7, 134.7, 133.3, 131.1, 129.6, 128.6, 128.3, 127.9,
127.7,127.3,123.9, 123.3, 122.9, 117.6, 114.6, 65.5, 42.1, 40.1,
30.2,29.2,23.2 (C, 14.2, 11.2; ASAP-HRMS (m/z): [M + H]*
caled for C56Hy9N40,, 809.3841; found, 809.3856 .

Compound 3b

Compound 2b (200 mg, 0.28 mmol) and malononitrile
(60.0 mg, 0.840 mmol) were dissolved in anhydrous chloroben-
zene (6 mL). To the dark blue mixture, titanium tetrachloride
(50.0 puL, 0.420 mmol) and pyridine (70.0 pL, 0.84 mmol)
were added and the mixture was stirred under reflux overnight.
After cooling the reaction mixture to room temperature, it
was poured into ice-water (50 mL) and extracted with
dichloromethane (3 x 20 mL). The combined organic
extract was dried over MgSOQy, filtered and concentrated
under reduced pressure. The crude product was purified by
column chromatography (SiO,, petroleum ether/CH,Cl; 1:9) to
give the title compound as a dark solid (110 mg, 48%). Analy-
sis is in agreement with previously reported data [32]. Mp
294-295 °C; 'H NMR (400 MHz, CDCl3) 8 8.75 (d, J = 8.2 Hz,
2H), 8.56 (dd, J = 8.1, 1.0 Hz, 2H), 8.51 (d, J = 8.4 Hz, 2H),
8.35 (d, J = 7.9 Hz, 2H), 8.26 (s, 2H), 7.82-7.75 (m, 2H),
7.65-7.58 (m, 2H), 4.31 (s, 4H), 1.94-1.84 (m, 4H), 1.54-1.07
(m, 20H), 0.89-0.78 (m, 6H); '3C NMR (100 MHz, CDCl3) &
161.0, 157.1, 133.8, 132.9, 132.6, 129.1, 129.0, 128.5, 128.3,
127.9, 127.2, 127.1, 124.2, 122.5, 120.9, 117.6, 116.3, 112.5,
76.8, 70.0, 31.9, 29.8, 29.5, 29.4, 26.1, 22.7, 14.2;
FAB*-HRMS (m/z): [M + H]" caled for C56H49N4O5,
809.3856; found, 809.3879 .
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Details of the crystal structure of 3b are given in the CIF which
can be obtained from the CCDC free of charge CCDC 2128169
from the Cambridge Crystallographic Data Centre [40].

Compound 3¢

Compound 2¢ (300 mg, 0.360 mmol) and malononitrile
(100 mg, 1.08 mmol) were dissolved in anhydrous chloroben-
zene (6 mL). To the dark blue mixture titanium tetrachloride
(120 pL, 1.08 mmol) and pyridine (170 pL, 2.16 mmol)
were added and the mixture was stirred under reflux overnight.
After cooling the reaction mixture to room temperature, it
was poured into ice-water (50 mL) and extracted with
dichloromethane (3 x 20 mL). The combined organic extracts
were dried over MgSOy, filtered and concentrated
under reduced pressure. The crude product was purified by
silica column chromatography (SiO;,, CH,Cl,/diethyl ether
98:2) to give the title compound as a dark solid (120 mg,
36%). Mp 241-242 °C; 'H NMR (400 MHz, CDCl3) & 8.60 (d,
J = 8.2 Hz, 2H), 8.48 (d, J = 8.1 Hz, 2H), 8.35 (d, J = 8.0 Hz,
2H), 8.30 (d, J = 8.3 Hz, 2H), 8.24 (s, 2H), 7.78 (t, J = 7.3 Hz,
2H), 7.57 (t, J = 7.7 Hz, 2H), 4.34 (s, 4H), 1.98-1.86 (m, 4H),
1.49-1.18 (m, 36H), 0.87 (t, J = 6.9 Hz, 6H); !3C NMR
(100 MHz, CDCl3) d 183.2, 156.4, 135.6, 134.5, 133.2, 131.1,
129.5, 128.6, 128.3, 127.8, 127.5, 127.2, 123.7, 123.2, 122.8,
117.3, 113.6, 69.8, 63.2, 32.9, 32.0, 29.9, 29.7, 29.5, 29.4, 26.2,
25.8, 22.8, 14.2; ASAP-HRMS (m/z): [M + H]* calcd for
Ce4HegsN4O,, 921.5107; found, 921.5108.

Supporting Information

Supporting Information File 1

NMR spectra of compounds, crystallographic informnation
and OFET plots.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-244-S1.pdf]
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A facile method for the synthesis of arylidene derivatives of pyrindane — (E)-7-arylmethylene-2-chloro-6,7-dihydro-5H-

cyclopenta[b]pyridine-3,4-dicarbonitriles — was developed. Tunable full-color emission was achieved for the synthesized push—pull

molecules, solely by changing donor groups while keeping both the conjugated system and acceptor part of the molecule un-

changed. This represents a rare approach for the design of such fluorophores. Arylidene derivatives of pyrindane were found to be

efficient fluorescent dyes showing a moderate to high emission quantum yield. The push—pull molecules were also characterized by

a dual-state emission (in solution and in the solid state). Emission maxima ranged from 469 to 721 nm in solution depending on the

solvent and type of donor substituent, and from 493 to 767 nm in the solid state. For the arylidene derivative of pyrindane with a

dimethylamino group, it was shown that fluorescence can be changed by the action of an acid both in solution and in the solid state.

Introduction

Over the past decades, heteroaromatic push—pull molecules
have attracted great attention due to their widespread use in ma-
terials chemistry. This type of chromophores is of particular
interest in the fields of organic electronics, photonics, and opto-
electronics due to their unique optical and electronic properties
[1-13]. Among heteroaromatic push—pull molecules, stilbazole

derivatives (pyridostilbenes, azastilbenes, styrylpyridines or

azinylarylethenes) are an important class. Uniquely, stilbazole
provides a universal framework (exclusive matrix) for the
design of donor—m—acceptor (D——A) molecules [14,15]. It has
a branched n-conjugated system, in which the aromatic ring acts
as a donor and pyridine as an acceptor. The introduction of ad-
ditional substituents to stilbazole makes it possible to change

the optical properties of this molecular framework within a
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wide range [16-19]. This approach has found many applica-
tions in the synthesis of compounds that are used in various
optical materials [14,20-33]. For example, organic m-systems
whose main structural unit is stilbazole are used as active com-
pounds in organic light-emitting diodes (OLEDs) [20], dye-
sensitized solar cells (DSSCs) [21], nonlinear optics (NLO) ma-
terials [22,23], positron emission tomography (PET) imaging
[24], fluorescent probes and labels [25-27] detecting H5S in
foodstuff, water, and living cells [28], Fe3* ions [29], Hg" ions
[30], and cyanide anions [31], for acid—base vapor sensing [32],
and as candidate material for photonics devices, optical
switches, and optical power limiting applications [33].

Materials with tunable full-color emission based on small
organic molecules have attracted attention due to their great
potential for applications [34-44]. These compounds provide
unique benefits due to their flexibility, high efficiency, and
versatility, making them essential for modern high-tech applica-
tions. Despite the wide variety of known push—pull molecules,
the number of fluorescent cores with synthetic potential for
tuning the emission wavelength to achieve a full-emission spec-
trum is limited. Typically, full-color fluorescence of organic
molecules is achieved by extending m-conjugated systems or by
introducing combinations of donor and acceptor groups, which
changes the electronic properties and consequently the emis-
sion spectra [35-44]. This approach is synthetically challenging
since it requires optimization of the reaction conditions for each
modification step of the conjugated system. In this work, full-
color fluorescence has been achieved solely by changing the
donor groups, while the conjugated system and the multiac-
ceptor part of the molecule were left unchanged, which is a rare

approach for such fluorophores.

Another rare phenomenon for push—pull molecules is dual-state
emission (DSE) [45-47]. At the same time, the scope of applica-
tions of fluorophores exhibiting DSE is much wider. This is due
to the fact that DSE molecules, after absorbing energy, are able
to emit in two different states (solution and solid state). This
makes them more versatile and allows them to be used for the
creation of fluorescent materials with different characteristics.
Molecules exhibiting DSE are required to have certain struc-
tural features. First, they often contain donor and acceptor
groups arranged in a specific sequence, such as in D—m—A chro-
mophores. This creates the conditions for efficient intramolecu-
lar charge transfer (ICT), which plays a key role in the DSE
phenomenon. Also, additional substituents can affect the geom-
etry and conformation of the molecule, which may be impor-
tant for the manifestation of the DSE phenomenon [45,46].

Previously, we have reported the synthesis of stilbazoles A

(Figure 1) [17]. In the present work, we developed a method for

Beilstein J. Org. Chem. 2024, 20, 3016-3025.

the synthesis of a rare class of compounds: arylidene deriva-
tives of pyrindane 1 with conformational rigidity along the C-C
bond between the heterocycle and ethene bridge due to the
fused cyclic fragment. As a consequence of the additional ring,
the fluorescence efficiency increased. At the same time, solid-
state emission was observed due to the steric hindrance, which
prevented intermolecular interactions in the nonplanar pyrin-
danes 1. The obtained compounds 1, having a 2-chloropyridine-
3.4-dicarbonitrile moiety, contained easily modifiable func-
tional groups [48-55]. This qualified compounds 1 as promis-
ing building blocks for diversity-oriented synthesis [56,57] and
for the facile preparation of molecular libraries with an
emphasis on skeletal diversity for the development of new

push—pull molecules.

Figure 1: Structure of previously synthesized stilbazoles A and aryli-
dene derivatives of pyrindane 1 reported herein.

Results and Discussion

Synthesis and structure determination

A two-step procedure was used to obtain the target compounds
(Scheme 1). Cyclopenta[b]pyridine derivative 2 [58] was pre-
pared in the first step via three-component reaction between
tetracyanoethylene, cyclopentanone, and hydrogen chloride.
Then, multiacceptor compound 2 was involved in the condensa-
tion with aromatic aldehydes bearing electron-donor groups. As
aresult, a series of new push—pull molecules containing various
numbers of substituents at the donor site, which differed in their
electron-donating strength, was obtained.

It was found that the reaction of pyridine 2 with aromatic alde-
hydes occurred with complete stereoselectivity — only the
E-isomer was obtained as the reaction product. The configura-
tion of the double bond was confirmed using 'H,'H-NOESY
spectroscopy. As shown in Figure 2, a correlation between
protons of the allyl moiety and the aryl substituent evidenced
their spatial proximity in molecule 1c. The absence of a correla-
tion between allyl and vinyl protons additionally supported the
E-configuration.

Spectral-luminescence properties

Compounds 1 form colored crystals, from pale-yellow (i.e., 1a)

to almost black (i.e., 1h). They are soluble and luminescent in
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Scheme 1: Synthesis of donor—acceptor 1-pyrindane derivatives 1.

most common organic solvents. Solvatochromism of stilbazole
1c, containing a para-methoxy group, was studied first (see Ta-
ble S1 and Figure S1, Supporting Information File 1). The elec-
tronic absorption spectra were characterized by a pronounced
maximum in the visible region centered at 431-448 nm. Emis-
sion maxima of compound 1¢ were more significantly affected
by the change of polarity and ranged from 475 nm (blue-green)
in tetrachloromethane (CTC) to 588 nm (orange) in formic acid.
Therefore, it was found that compound 1¢ was characterized by
a large Stokes shift upon increasing the solvent polarity, which
reached 150 nm (5824 cm™!) in formic acid. This was associat-
ed with the bathochromic shift of the emission band, indicating
that the more polar singlet excited state (S;) was much better
stabilized by polar solvents than the ground state (Sg). The
highest fluorescence quantum yield of about 87% was observed

in toluene.

Then, the solvatochromic properties of stilbazole 1i, bearing a
stronger electron-donating dimethylamino group, were studied

(Table 1 and Figure 3). It was found that in most solvents, com-

Beilstein J. Org. Chem. 2024, 20, 3016-3025.
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pound 1i was characterized by a single pronounced absorption
maximum in the range of 503-525 nm that red-shifted upon in-
creasing the solvent polarity. In formic acid, due to the proton-
ation of the dimethylamino group, a strong blue shift occurred
down to 394 nm. The only exception was a solution of 1i in
acetic acid, where two peaks were observed. Apparently, the
weaker acetic acid caused just a partial protonation of the amino
group, and the equilibrium shown in Scheme 2 was observed.
This was evidenced by two observed absorption maxima: the
first almost coincided with the corresponding maximum of the
solution in formic acid, and the second one was in the same
region as with other aprotic solvents.

The emission maxima of stilbazole 1i were within a very wide
range of 264 nm and covered almost the entire visible region of
the spectrum (from blue to red, Figure 3B and Figure 4). Acidic
solutions were the most blue-shifted due to the formation of the
protonated form 1iH* (Scheme 2). Two emission maxima were
observed in acetic acid and associated with the corresponding

absorption maxima. The first, located at 467 nm (excitation at
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Figure 2: 'H,"H-NOESY spectrum of compound 1¢ in DMSO-d.

Table 1: Solvatochromic properties of compound 1i.

solvent Aabs, NMA g, M~1-cm-1 Aem, nmP Stokes shift ®gm, %°
nm cm-!

CCl4 (CTC) 515 31000 554 39 1367 73.9

PhMe 510 36700 598 88 2885 49.5

1,4-dioxane 503 39400 614 111 3594 27.4
DCM 526 44400 656 130 3768 4.9
AcOEt 505 39900 651 146 4441 3.0
MeCN 510 40200 710 200 5523 0.7
DMSO 525 34900 721 196 5178 0.9

AcOH 389 19700 467 78 4294 24.64
511 10100 662 151 4464 1.8

HCOOH 394 28200 486 92 4805 30.99
MeOH 510 —=© 691 181 5136 0.1

aAbsorption maxima were recorded in solution (¢ = 10~2 M). PEmission maxima were recorded in solution (c = 10-5 M, absorption maxima were used
for excitation. CRelative emission quantum yield was estimated using a solution of rhodamine 6G in ethanol (®gm = 0.95 at 450 nm). 9Relative emis-
sion quantum yield was estimated using a solution of 7-hydroxy-4-methylcoumarin in phosphate buffer at pH 10 (®gr, = 0.7 at 330 nm). éPoorly
soluble sample.
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Figure 3: Absorption (left) and normalized emission spectra (right) of compound 1i in various solvents (c = 1075 M).
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Figure 4: Solvatochromic behavior of compounds 1¢ and 1i: plots of arithmetic mean of emission/absorption wavenumbers vs
Kawsk—Chamma-Viallet polarity function (left) and photos of fluorescent solutions in various solvents taken under a 365 nm UV lamp (right).

389 nm) was assigned to the formed 1iH* cation. This band
showed a blue shift of 19 nm relative to formic acid due to the
lower polarity of acetic acid. At the same time, the second band
was assigned to the molecular form 1i (Scheme 2) and ob-
served at 662 nm (excitation at 511 nm), in the region of sol-
vents with medium polarity. Protonation of the dimethylamino
group was additionally confirmed by titration of pyrindane 1i in

toluene using trifluoroacetic acid (see Figure S2, Supporting

Information File 1). According to the data obtained, an increas-
ing amount of acid caused a blue shift of the maximum at
511 nm, and a new maximum in the region of 380-400 nm
appeared in the absorption spectra. The intensity of the short-
wavelength band also increased upon addition of trifluoroacetic
acid. At the same time, a second band centered at 440 nm also
appeared in the emission spectra. Additional evidence for pro-
tonation of the dimethylamino group in 1iH" (Scheme 2), rather
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than the pyridine fragment, was the solvatochromic behavior of
compound 1c (see Table S1, Supporting Information File 1).
The solutions in AcOH and HCOOH did not show a strong blue
shift since protonation did not occur. In these solvents, a clas-
sical pattern for the bathochromic emission shift was observed
upon increasing the solvent polarity.

Generally, both stilbazoles 1c and 1i were characterized by
solvatochromic behavior typical for molecules showing an ICT.
A significant long-wavelength shift of the emission band was
observed upon increasing the solvent polarity from carbon tetra-
chloride to DMSO, and the strongest fluorescence was regis-
tered in nonpolar medium (®gp, = 87.5 % for compound 1¢ in
toluene and @y, = 73.9% for compound 1i in CCly). Slopes of
the Lippert—Mataga plots (Figures S3 and S4, Supporting Infor-

Table 2: Photophysical properties of stilbazoles 1 in toluene.

Beilstein J. Org. Chem. 2024, 20, 3016-3025.

mation File 1) and the Kawski-Chamma-—Viallet plots [59,60]
(Figure 4, see Supporting Information File 1 for details) showed
good linearity. This also indicated that the excited-state dipole
moment of the molecules was much higher than that in the
ground state. This phenomenon was even more pronounced for
compound 1i than for 1c due to presence of the stronger elec-
tron-donating group.

Then, the substituent effects on the spectral properties of stil-
bazoles 1a—i were studied in two different solvents: nonpolar
toluene (Table 2) and highly polar DMSO (Table 3). The
absorption maxima of compounds la—i were in the range of
402-510 nm (Figure 5, left). The most blue-shifted absorbance
was observed for stilbazole 1a, bearing no conjugated donor

groups. Depending on their number and donor strength, the

compound Aabs, N2 g, M~1-cm-! Aem, NmP Stokes shift
Do, %°
nm cm™!
1a 402 13100 459 57 3089 32.9d
1b 411 23500 470 59 3054 12.2d
1c 443 22900 500 57 2573 87.5
1d 454 13600 520 66 2796 35.8
1e 444 26300 511 68 2953 43.2
1f 444 11800 531 87 3690 7.7
19 485 18300 544 59 2236 53.1
1h 509 29400 582 73 2464 55.2
1i 510 36700 598 88 2885 49.5

aAbsorption maxima were recorded in solution (¢ = 10~ M). PEmission maxima were recorded in solution (c = 10-5 M, absorption maxima were used
for excitation). CRelative emission quantum yield was estimated using a solution of rhodamine 6G in ethanol (®gm = 0.95 at 450 nm). 9Relative emis-
sion quantum yield was estimated using a solution of fluorescein in a 0.01 M KOH solution in ethanol (®¢m = 0.97 at 425 nm).

Table 3: Photophysical properties of stilbazoles 1 in DMSO.

compound Aabs, N2 g, M~1-cm-! Aem, NMP Stokes shift
Do, %°
nm cm™!
1a 409 25600 506 97 4687 12.3d
1b 419 26300 528 109 4927 53.4d
1c 439 26400 578 139 5478 48.4
1d 460 22100 602 142 5128 20.5
1e 442 28800 596 154 5846 2.0
1f 453 17100 609 156 5655 5.1
19 483 33000 649 166 5296 15
1h 505 31000 712 207 5757 0.2
1i 525 34900 721 196 5178 0.6

aAbsorption maxima were recorded in solution (¢ = 10~ M). PEmission maxima were recorded in solution (c = 10-5 M, absorption maxima were used
for excitation. °Relative emission quantum yield was estimated using a solution of rhodamine 6G in ethanol (®gm, = 0.95 at 450 nm). 9Relative emis-
sion quantum yield was estimated using a solution of fluorescein in a 0.01 M KOH solution in ethanol (®¢y = 0.97 at 425 nm).
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Figure 5: Absorption spectra of compounds 1a—i in toluene (left) and DMSO (right, ¢ = 10-5 M).

introduction of electron-donating substituents led to a
bathochromic shift. The only exceptions were compounds 1e
and 1f, containing three methoxy groups. In these cases, a blue
shift of the absorption band in comparison to the disubstituted
derivative 1d was observed, which was apparently caused by a
partial planarity violation due to steric hindrance. In DMSO, the
absorption maxima of compounds 1a—i were bathochromically
shifted to 409-525 nm (Figure 5, right) and showed similar be-
havior to that described above.

The photoluminescence spectra of stilbazoles 1a—i in toluene
were characterized by a maximum in the range of 459-598 nm
(Figure 6, left), associated with an emission color from blue to
orange (Figure 7, top). The most blue-shifted emission was ob-
served for stilbazole 1a without additional substituents. The
introduction of an electron-donating group led to a red shift of
the emission in accordance with increasing donor strength and
number of substituents. Stilbazoles 1 in toluene were character-

normalized emission intensity

635

685

535 585
wavelength (nm)

435 485

ized by a high fluorescence quantum yield, reaching 87.5% for
the para-methoxy-substituted derivative 1c. Emission maxima
in DMSO were found to be in the range of 506-721 nm
(Figure 6, right), associated with a fluorescence color from
green to red (Figure 7, bottom). The highest fluorescence effi-
ciency of 53.4% was observed for the para-methyl derivative
1b. Solutions of stilbazoles 1 in DMSO were also characterized
by large Stokes shift values, reaching 207 nm (5846 cm™!) and
showing nonradiative loss of excitation energy.

It should be noted that stilbazoles 1, in contrast to related com-
pounds A (Figure 1), were characterized by solid-state emis-
sion (Table 4 and Figure 8). This was apparently caused by the
presence of the dimethylene bridge, preventing intermolecular
interactions. Emission maxima of compounds 1 ranged from
540-767 nm, namely from the green to the near-infrared region
of the spectrum. The highest intensity was observed for stil-
bazole 1a, bearing no donor groups. The emission intensity de-

N
1

normalized emission intensity

0 -
450 500 550 600 650 700 750 800
wavelength (nm)

Figure 6: Normalized emission spectra of compounds 1a-i in toluene (left) and DMSO (right, ¢ = 10~2 M).
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Figure 7: Photos of fluorescent solutions of compounds 1a—i in toluene (top) and DMSO (bottom) taken under a 365 nm UV lamp.

Table 4: Solid-state photoluminescence of stilbazoles 1.

compound Aem, NM emission intensity, a.u.2
1a 540 798
1b 573 391
1c 641 139
1d 629 127
1e 596 202
1f 596 142
1g 631 77
1h 795 31
1i 762 12

1iH* 493 322

@8Emission intensity is given in arbitrary units (a.u.) of the Cary Eclipse
fluorescence spectrometer, see Supporting Information File 1 for
details.

creased upon increasing the donor strength of the substituent.
As shown in Scheme 2 and according to the fluorescence spec-
tra recorded in acidic solutions, compound 1i could form the
salt 1iH*. Therefore, the effect of acid vapors on the solid-state
emission was studied. It was found that pyrindane 1i was sensi-
tive to formic and trifluoroacetic acid vapors. As a result of pro-
tonation, a significant blue shift of the emission maximum from

762 nm down to 493 nm was observed.

Conclusion
A method for the synthesis of new push—pull stilbazoles of the
type D—m—A was developed. The obtained compounds repre-

sent a rare class of benzylidene derivatives of 1-pyrindane.

-

—1a
—1b
—1c
—1d
1e
1f
—1g
—1h
—1i
--==1iH*

normalized emission intensity

(O e t t t t t t
450 500 550 600 650 700 750 800 850
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Figure 8: Normalized solid-state emission spectra of compounds 1a—i
(bottom) and photos of powders taken under a 365 nm UV lamp (top).

They were characterized by an unusual type of photolumines-
cence in two states (dual-state emission), namely in solution and
in the solid state. Emission in solution was in the range of
469-721 nm, depending on the solvent, number, and type of
substituent and covered almost the entire visible spectrum. In
the solid state, the emission ranged from 493-767 nm. It was
found that the presence of a dimethylene bridge in arylidene de-
rivatives of pyrindane 1 led to an increase in the emission quan-
tum yield and caused an appearance of solid-state photolumi-
nescence, in contrast to the previously synthesized analogues
(stilbazoles A, Figure 1) without such a bridge (Tables S3 and
S4, Supporting Information File 1). Moreover, it was found that
the emission band could be adjusted by about 200 nm in solu-
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tion and by 270 nm in the solid state through directed proton-

ation of the dimethylamino group.

Supporting Information

Supporting Information File 1

Synthetic procedure and compound characterization data,
solvatochromic studies for compound 1e, titration data, and
'H and '3C NMR spectra for compounds 1a—i.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-251-S1.pdf]

Funding

This work was performed within the framework of the state task
of the Ministry of Science and Higher Education of the Russian
Federation (project no. FEGR-2023-0004).

Author Contributions

Anastasia I. Ershova: investigation; methodology. Sergey V.
Fedoseev: data curation; validation. Konstantin V. Lipin: formal
analysis; visualization. Mikhail Yu. Ievlev: software; writing —
original draft. Oleg E. Nasakin: project administration;
resources. Oleg V. Ershov: conceptualization; funding acquisi-

tion; writing — review & editing.

ORCID® iDs

Anastasia |. Ershova - https://orcid.org/0000-0003-4095-6122
Mikhail Yu. levlev - https://orcid.org/0000-0003-0741-2254
Oleg V. Ershov - https://orcid.org/0000-0002-0938-4659

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

References

1. Bure$, F. RSC Adv. 2014, 4, 58826-58851. doi:10.1039/c4ral1264d

2. Klikar, M.; Solanke, P.; Tydlitat, J.; Bure§, F. Chem. Rec. 2016, 16,
1886—1905. doi:10.1002/tcr.201600032

3. Wang, J.; Gadenne, V.; Patrone, L.; Raimundo, J.-M. Molecules 2024,
29, 559. doi:10.3390/molecules29030559

4. He, G. S.; Tan, L.-S.; Zheng, Q.; Prasad, P. N. Chem. Rev. 2008, 108,
1245-1330. doi:10.1021/cr050054x

5. Allard, S.; Forster, M.; Souharce, B.; Thiem, H.; Scherf, U.
Angew. Chem., Int. Ed. 2008, 47, 4070-4098.
doi:10.1002/anie.200701920

6. Ohmori, Y. Laser Photonics Rev. 2010, 4, 300-310.
doi:10.1002/Ipor.200810059

7. Jaswal, S.; Kumar, J. Mater. Today: Proc. 2020, 26, 566—580.
doi:10.1016/j.matpr.2019.12.161

8. Wang, L.; Zhu, W. Adv. Sci. 2024, 11, 2307227.
doi:10.1002/advs.202307227

Beilstein J. Org. Chem. 2024, 20, 3016-3025.

9. Wu, Y.; Zhu, W. Chem. Soc. Rev. 2013, 42, 2039-2058.
doi:10.1039/c2cs35346f

10.Sil, A.; Ghosh, U.; Dolai, S.; Manna, S.; Maity, A.; Patra, S. K.
Mater. Adv. 2022, 3, 5497-5509. doi:10.1039/d1ma01179k

11.Huang, T.; Jiang, W.; Duan, L. J. Mater. Chem. C 2018, 6, 5577-5596.
doi:10.1039/c8tc01139¢g

12.Da Lama, A.; Sestelo, J. P.; Valencia, L.; Esteban-Gémez, D.;
Sarandeses, L. A.; Martinez, M. M. Dyes Pigm. 2022, 205, 110539.
doi:10.1016/j.dyepig.2022.110539

13. Stanitska, M.; Volyniuk, D.; Minaev, B.; Agren, H.; Grazulevicius, J. V.
J. Mater. Chem. C 2024, 12, 2662—2698. doi:10.1039/d3tc04514e

14.Lipunova, G. N.; Nosova, E. V.; Trashakhova, T. V.; Charushin, V. N.
Russ. Chem. Rev. 2011, 80, 1115-1133.
doi:10.1070/rc2011v080n11abeh004234

15. Sorokin, S. P.; Ershov, O. V. Chem. Heterocycl. Compd. 2022, 58,
582-584. doi:10.1007/s10593-022-03132-4

16. Sorokin, S. P.; levlev, M. Y.; Ershov, O. V. Dyes Pigm. 2023, 219,
111581. doi:10.1016/j.dyepig.2023.111581

17.Ershova, A. |.; Fedoseev, S. V.; Blinov, S. A,; levlev, M. Y.; Lipin, K. V.;
Ershov, O. V. Org. Biomol. Chem. 2023, 21, 7935-7943.
doi:10.1039/d30b01326j

18. Sorokin, S. P.; levlev, M. Y.; Ershov, O. V. Org. Biomol. Chem. 2024,
22, 3468-3476. doi:10.1039/d40b00177j

19.Cao, C.; Zeng, Z.; Cao, C. J. Phys. Org. Chem. 2022, 35, e4319.
doi:10.1002/poc.4319

20.Choi, H.-J.; Song, M.-G.; Sim, Y.-H.; Bae, H.-K_; Kim, J.-W.; Park, L. S.
Mol. Cryst. Liq. Cryst. 2010, 531, 47/[347]-54/[354].
doi:10.1080/15421406.2010.499316

21.Risi, G.; Devereux, M.; Prescimone, A.; Housecroft, C. E.;
Constable, E. C. RSC Adv. 2023, 13, 4122—-4137.
doi:10.1039/d3ra00437f

22.Poornima, L.; Babu, R. S.; Kalainathan, S. J. Mol. Struct. 2023, 1280,
134976. doi:10.1016/j.molstruc.2023.134976

23.Wang, T.; Ma, J.; Xu, K.; Chen, R.; Cao, L.; Teng, B.
Cryst. Growth Des. 2022, 22, 5895-5903.
doi:10.1021/acs.cgd.2c00523

24.Beuché, S.; Peyronneau, M.-A.; Jego, B.; Denis, C.; Bourbon, P.;
Chauviére, C.; Santerre, C.; Truillet, C.; Kuhnast, B.; Caillé, F.
J. Med. Chem. 2023, 66, 8030—-8042.
doi:10.1021/acs.jmedchem.3c00325

25.Xiong, Q.; Zhao, K.; Cheng, Y.; He, C.; Lai, Y.; Shi, M.; Ming, X.;
Jin, F.; Tao, D.; Liao, R.; Liu, Y. Spectrochim. Acta, Part A 2023, 286,
122012. doi:10.1016/j.saa.2022.122012

26.Singh, D.; Shewale, D. J.; Sengupta, A.; Soppina, V.; Kanvah, S.
Org. Biomol. Chem. 2022, 20, 7047-7055. doi:10.1039/d20b00995a

27.Luo, Y.; Yu, Q.-Q.; Gao, J.-J.; Lang, X.-X.; Li, H.-Y.; Yu, X.-F.;
Qi, X.-Y.; Wang, M.-Q. Bioorg. Med. Chem. Lett. 2021, 53, 128438.
doi:10.1016/j.bmcl.2021.128438

28. Xie, L.; Wang, R.; Fan, C.; Tu, Y.; Liu, G.; Pu, S. Food Chem. 2023,
410, 135411. doi:10.1016/j.foodchem.2023.135411

29.Feng, X.; Li, Y.; He, X.; Liu, H.; Zhao, Z.; Kwok, R. T. K;
Elsegood, M. R. J.; Lam, J. W. Y.; Tang, B. Z. Adv. Funct. Mater. 2018,
28, 1802833. doi:10.1002/adfm.201802833

30.Zhou, H.; Sun, L.; Chen, W.; Tian, G.; Chen, Y.; Li, Y.; Su, J.
Tetrahedron 2016, 72, 2300—-2305. doi:10.1016/j.tet.2016.03.036

31.Liang, M.; Wang, K.; Guan, R.; Liu, Z.; Cao, D.; Wu, Q.; Shan, Y.;
Xu, Y. Spectrochim. Acta, Part A 2016, 160, 34-38.
doi:10.1016/j.saa.2016.02.008

3024


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-251-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-251-S1.pdf
https://orcid.org/0000-0003-4095-6122
https://orcid.org/0000-0003-0741-2254
https://orcid.org/0000-0002-0938-4659
https://doi.org/10.1039%2Fc4ra11264d
https://doi.org/10.1002%2Ftcr.201600032
https://doi.org/10.3390%2Fmolecules29030559
https://doi.org/10.1021%2Fcr050054x
https://doi.org/10.1002%2Fanie.200701920
https://doi.org/10.1002%2Flpor.200810059
https://doi.org/10.1016%2Fj.matpr.2019.12.161
https://doi.org/10.1002%2Fadvs.202307227
https://doi.org/10.1039%2Fc2cs35346f
https://doi.org/10.1039%2Fd1ma01179k
https://doi.org/10.1039%2Fc8tc01139g
https://doi.org/10.1016%2Fj.dyepig.2022.110539
https://doi.org/10.1039%2Fd3tc04514e
https://doi.org/10.1070%2Frc2011v080n11abeh004234
https://doi.org/10.1007%2Fs10593-022-03132-4
https://doi.org/10.1016%2Fj.dyepig.2023.111581
https://doi.org/10.1039%2Fd3ob01326j
https://doi.org/10.1039%2Fd4ob00177j
https://doi.org/10.1002%2Fpoc.4319
https://doi.org/10.1080%2F15421406.2010.499316
https://doi.org/10.1039%2Fd3ra00437f
https://doi.org/10.1016%2Fj.molstruc.2023.134976
https://doi.org/10.1021%2Facs.cgd.2c00523
https://doi.org/10.1021%2Facs.jmedchem.3c00325
https://doi.org/10.1016%2Fj.saa.2022.122012
https://doi.org/10.1039%2Fd2ob00995a
https://doi.org/10.1016%2Fj.bmcl.2021.128438
https://doi.org/10.1016%2Fj.foodchem.2023.135411
https://doi.org/10.1002%2Fadfm.201802833
https://doi.org/10.1016%2Fj.tet.2016.03.036
https://doi.org/10.1016%2Fj.saa.2016.02.008

32.Ma, C.; He, J.; Wu, Y.; Li, J.; Chen, J.; Zhang, Y.; Mo, J.; Xie, H.;
Chi, Z.; Li, Y.; Jin, Y. Luminescence 2023, 38, 1720—1728.
doi:10.1002/bio.4558

33. Senthil, K.; Kalainathan, S.; Kumar, A. R.; Aravindan, P. G. RSC Adv.
2014, 4, 56112-56127. doi:10.1039/c4ra09112d

34.Zhou, C.; Wang, M.; Guo, W.; Ye, G.; Wang, Y.; Yang, Y.; Xia, G.;
Wang, H. Dyes Pigm. 2023, 213, 111198.
doi:10.1016/j.dyepig.2023.111198

35. Xu, Z.; Liao, Q.; Shi, X.; Li, H.; Zhang, H.; Fu, H. J. Mater. Chem. B
2013, 7, 6035-6041. doi:10.1039/c3tb20841a

36.Kim, E.; Koh, M.; Ryu, J.; Park, S. B. J. Am. Chem. Soc. 2008, 130,
12206-12207. doi:10.1021/ja8020268

37.Radhakrishnan, R.; Sinu, B. B.; Anilkumar, V.; Sreejalekshmi, K. G.
Dyes Pigm. 2020, 181, 108560. doi:10.1016/j.dyepig.2020.108560

38.Zhu, P.; Yang, Y.; Li, H.; Wang, J.; Li, S. Chin. Chem. Lett. 2024, 35,
109533. doi:10.1016/j.cclet.2024.109533

39.Zhu, Y.; Liao, K.; Li, Y.; Zhang, W.; Song, B.; Hao, X.-Q.; Zhu, X.
Dyes Pigm. 2024, 224, 112004. doi:10.1016/j.dyepig.2024.112004

40.Zhang, X.; Wang, D.; Shen, H.; Wang, S.; Zhou, Y.; Lei, Y.; Gao, W.;
Liu, M.; Huang, X.; Wu, H. Org. Chem. Front. 2021, 8, 856—-867.
doi:10.1039/d0qo01527j

41.Chen, S.-H.; Cao, X.-Y.; Hu, P.-T.; Jiang, K.; Liang, Y.-T.; Xu, B.-J.;
Li, Z.-H.; Wang, Z.-Y. Mater. Adv. 2023, 4, 6612-6620.
doi:10.1039/d3ma00876b

42.Chen, Z.; Qin, H.; Yin, Y.; Deng, D.-d.; Qin, S.-Y.; Li, N.; Wang, K,;
Sun, Y. Chem. — Eur. J. 2023, 29, €202203797.
doi:10.1002/chem.202203797

43.Wen, W.; Shi, Z.-F.; Cao, X.-P.; Xu, N.-S. Dyes Pigm. 2016, 132,
282-290. doi:10.1016/j.dyepig.2016.04.014

44.Ruan, B.; Kang, X.; Guo, B.; Deng, D.-d.; Tian, J.-j.; He, K;;

Wang, X.-Y.; Pu, S.; Chen, Z. J. Mol. Struct. 2024, 1309, 138171.
doi:10.1016/j.molstruc.2024.138171

45. Belmonte-Vazquez, J. L.; Amador-Sanchez, Y. A.;

Rodriguez-Cortés, L. A.; Rodriguez-Molina, B. Chem. Mater. 2021, 33,

7160-7184. doi:10.1021/acs.chemmater.1c02460

46.Xia, G.; Si, L.; Wang, H. Mater. Today Chem. 2023, 30, 101596.
doi:10.1016/j.mtchem.2023.101596

47.Stoerkler, T.; Pariat, T.; Laurent, A. D.; Jacquemin, D.; Ulrich, G;

Massue, J. Molecules 2022, 27, 2443. doi:10.3390/molecules27082443

48.Vachova, L.; Machacek, M.; Ku€era, R.; Demuth, J.; Cermak, P.;
Kopecky, K.; Miletin, M.; Jedlickova, A.; Simunek, T.; Novakova, V.;
Zimcik, P. Org. Biomol. Chem. 2015, 13, 5608-5612.
doi:10.1039/c50b00651a

49.Ershova, A. |.; levlev, M. Y.; Maksimova, V. N.; Ershov, O. V.
Russ. J. Gen. Chem. 2022, 92, 2690—2697.
doi:10.1134/s1070363222120192

50.Fedoseev, S. V.; Belikov, M. Y.; Lipin, K. V.; Ershov, O. V;
Tafeenko, V. A. Synth. Commun. 2022, 52, 145-156.
doi:10.1080/00397911.2021.2007403

51. Chunikhin, S. S.; Ershov, O. V_; levlev, M. Y.; Belikov, M. Y.;
Tafeenko, V. A. Dyes Pigm. 2018, 156, 357-368.
doi:10.1016/j.dyepig.2018.04.024

52. Arafa, W. A. A.; Hussein, M. F. Chin. J. Chem. 2020, 38, 501-508.
doi:10.1002/cjoc.201900494

53. Ershov, O. V.; Shishlikova, M. A.; levlev, M. Y.; Belikov, M. Y.;
Maksimova, V. N. Tetrahedron 2019, 75, 130465.
doi:10.1016/j.tet.2019.130465

54.Maximova, V. N.; Naidenova, A. |.; Ershov, O. V.; Nasakin, O. E.;
Tafeenko, V. A. Russ. J. Org. Chem. 2017, 53, 691-696.
doi:10.1134/s1070428017050086

Beilstein J. Org. Chem. 2024, 20, 3016-3025.

55. Chunikhin, S. S.; Ershov, O. V. Russ. J. Org. Chem. 2021, 57,
1103-1108. doi:10.1134/s1070428021070113

56.Lenci, E.; Trabocchi, A. Eur. J. Org. Chem. 2022, €202200575.
doi:10.1002/ejoc.202200575

57.Spring, D. R. Org. Biomol. Chem. 2003, 1, 3867—-3870.
doi:10.1039/b310752n

58. Ershov, O. V.; Maksimova, V. N.; Lipin, K. V.; Belikov, M. Y ;
levlev, M. Y.; Tafeenko, V. A.; Nasakin, O. E. Tetrahedron 2015, 71,
7445-7450. doi:10.1016/j.tet.2015.06.031

59. Kawski, A. Z. Naturforsch., A: Phys. Sci. 2002, 57, 255-262.
doi:10.1515/zna-2002-0509

60.Chamma, A.; Viallet, P. C. R. Seances Acad. Sci., Ser. C 1970, 270,
1901-1904.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.251

3025


https://doi.org/10.1002%2Fbio.4558
https://doi.org/10.1039%2Fc4ra09112d
https://doi.org/10.1016%2Fj.dyepig.2023.111198
https://doi.org/10.1039%2Fc3tb20841a
https://doi.org/10.1021%2Fja8020268
https://doi.org/10.1016%2Fj.dyepig.2020.108560
https://doi.org/10.1016%2Fj.cclet.2024.109533
https://doi.org/10.1016%2Fj.dyepig.2024.112004
https://doi.org/10.1039%2Fd0qo01527j
https://doi.org/10.1039%2Fd3ma00876b
https://doi.org/10.1002%2Fchem.202203797
https://doi.org/10.1016%2Fj.dyepig.2016.04.014
https://doi.org/10.1016%2Fj.molstruc.2024.138171
https://doi.org/10.1021%2Facs.chemmater.1c02460
https://doi.org/10.1016%2Fj.mtchem.2023.101596
https://doi.org/10.3390%2Fmolecules27082443
https://doi.org/10.1039%2Fc5ob00651a
https://doi.org/10.1134%2Fs1070363222120192
https://doi.org/10.1080%2F00397911.2021.2007403
https://doi.org/10.1016%2Fj.dyepig.2018.04.024
https://doi.org/10.1002%2Fcjoc.201900494
https://doi.org/10.1016%2Fj.tet.2019.130465
https://doi.org/10.1134%2Fs1070428017050086
https://doi.org/10.1134%2Fs1070428021070113
https://doi.org/10.1002%2Fejoc.202200575
https://doi.org/10.1039%2Fb310752n
https://doi.org/10.1016%2Fj.tet.2015.06.031
https://doi.org/10.1515%2Fzna-2002-0509
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.251

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Synthesis, structure and m-expansion of
tris(4,5-dehydro-2,3:6,7-dibenzotropone)

Yongming Xiong', Xue Lin Ma', Shilong Su

Full Research Paper

Address:

Department of Chemistry, The Chinese University of Hong Kong,
Shatin, New Territories, Hong Kong, China and 2State Key Laboratory
of Synthetic Chemistry, The Chinese University of Hong Kong, Shatin,
New Territories, Hong Kong, China

Email:
Qian Miao" - miaogian@cuhk.edu.hk

* Corresponding author
Keywords:

carbon schwarzites; polycyclic arenes; Scholl reaction;
seven-membered carbocycle; Yamamoto coupling

Abstract

and Qian Miao -2

Beilstein J. Org. Chem. 2025, 21, 1-7.
https://doi.org/10.3762/bjoc.21.1

Received: 31 August 2024
Accepted: 11 December 2024
Published: 02 January 2025

This article is part of the thematic issue "m-Conjugated molecules and
materials".

Guest Editor: A. Mateo-Alonso

© 2025 Xiong et al.; licensee Beilstein-Institut.
License and terms: see end of document.

The polycyclic skeleton of tris(4,5-dehydro-2,3:6,7-dibenzotropone) is a key structural fragment in carbon schwarzites, a theoreti-

cal form of negatively curved carbon allotrope. This report presents a new synthesis of this compound using a Ni-mediated

Yamamoto coupling reaction and structural analysis of it with X-ray crystallography. Interestingly, it is observed that tris(4,5-

dehydro-2,3:6,7-dibenzotropone) crystallized from its solution in hexane resulting in colorless and yellow crystal polymorphs,

where it adopts conformations of approximate C; and C, symmetry, respectively. Furthermore, expanding its r-skeleton through the

Barton—Kellogg and Scholl reactions led to the successful synthesis of a curved polycyclic arene containing three heptagons and

two pentagons.

Introduction

The title compound (1 in Figure 1), tris(4,5-dehydro-2,3:6,7-
dibenzotropone), receives this name because it can formally
result from cyclotrimerization of 4,5-dehydro-2,3:6,7-diben-
zotropone (2 in Figure 1). Similarly, compound 1 was called “a
formal trimer of dibenzotropone” or “benzannulated tris-
tropone” in literature [1,2], although it should be named as
9H,18H,27H-hexabenzo[c,c',c" f,f f 'Ibenzo[1,2-a:3,4-a":5,6-
a'']triscycloheptene-9,18,27-trione according to the IUPAC
nomenclature. We became interested in compound 1 because its

polycyclic skeleton presents a key structural unit in carbon

schwarzites, a theoretical form of negatively curved carbon
allotrope, as shown in Figure 1.

Carbon allotropes composed solely of sp?-hybridized carbon
atoms can form surfaces that range from flat, like a carpet, to
curved, resembling shapes such as bowls or saddles. The shape
these surfaces take depends on the arrangement of the carbon
atoms and is characterized by a geometric property known as
curvature. When five-membered rings of carbon atoms are

present, they induce a positive curvature, exemplified by fuller-
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Figure 1: Structures of compounds 1-3 and the polycyclic skeleton of 1 as mapped on a carbon schwarzite unit cell.

enes. Conversely, seven- or eight-membered rings lead to nega-
tive curvature, as seen in theoretical carbon structures known as
carbon schwarzites or Mackay crystals. These names honor
A. L. Mackay and H. A. Schwarz for their pioneering contribu-
tions. In 1991, Mackay introduced the idea of negatively curved
carbon allotropes by incorporating octagons into the graphitic
lattice [3]. Earlier, in the 1880s, Schwarz described triply peri-
odic minimal surfaces, which serve as the topological founda-
tion for what are now known as Mackay crystals. Despite
predictions that carbon schwarzites would have intriguing prop-
erties for various potential applications [4,5], they have not yet
been definitively synthesized. The three-dimensional graphene-
like carbons formed in a zeolite-template are the carbon forms
that are the closest to carbon schwarzites so far [6,7]. Frag-
ments of carbon schwarzites that retain their key structural char-
acteristics are negatively curved polycyclic arenes [8,9]. These
are three-dimensional molecular nanocarbons that include
heptagons [10-14], octagons [15-18], or even larger carbo-
cycles. In theory, these fragments can serve as building blocks
in a bottom-up approach to constructing carbon schwarzites
[19,20]. To validate this concept, we recently showed that poly-
merizing negatively curved polycyclic arenes produced an
amorphous covalent network. This network was able to mimic
the structure and function of carbon schwarzites, serving as an
anode material in lithium-ion batteries with high capacity [21].
Further exploration of bottom-up approach to carbon
schwarzites requires synthesizing of new negatively curved
polycyclic arenes and expanding them to lager three-dimen-

sional molecular nanocarbons.

Compound 1 was recently used as a starting material for the
synthesis of nonplanar polycyclic arenes, in particular, molecu-
lar models of cubic graphite [22]. It was earlier prepared in Ar

matrices [23] or via demetallation of a platinum complex of 4,5-

dehydro-2,3:6,7-dibenzotropone [1]. More recently, compound
1 was prepared via Pd-catalyzed cyclotrimerization of 4-bromo-
2,3:6,7-dibenzotropone (4 in Scheme 1) [22]. Herein we report
an alternative synthesis of 1 using a Ni-mediated Yamamoto
coupling reaction and the simultaneous crystallization of its two
different conformers from the same solution. Expanding the
m-skeleton of 1 through a Barton—Kellogg reaction followed by
a subsequent Scholl reaction resulted in a new polycyclic arene
(3 in Figure 1) featuring three heptagons and two pentagons,
with its structure confirmed by X-ray crystallography. This
m-expansion approach of compound 1 differs from the method
reported by Miillen and co-workers, which involves Ramirez
olefination and Suzuki coupling, resulting in the expansion of a
seven-membered ring to an eight-membered ring [2].

Results and Discussion

As shown in Scheme 1a, the synthesis of trione 1 started from
the bromination of 4-bromo-2,3:6,7-dibenzotropone (4) [24],
giving tribromide 5 in a yield of 64%. The subsequent elimina-
tion reaction of 5 with KOH afforded dibromide 6 in a yield of
90%. Then, the Ni-mediated Yamamoto coupling reaction of 6
enabled cyclotrimerization to give trione 1 in a yield of 30%. It
is worth mentioning that using 1,10-phenanthroline as the
ligand in the Yamamoto coupling [25,26] led to a higher yield
of compound 1 than using 2,2°-bipyridine. With trione 1 in
hands, we explored the Scholl reaction and thionation reaction
of it (Scheme 1b) because these reactions can potentially allow
m-expansion of 1. A variety of Scholl reaction conditions, such
as AICl3/NaCl, AICl3/CuCl,, FeCls, and DDQ/TfOH, were
tested. However, these reactions either left the starting material
unreacted or resulted in complex mixtures, from which cyclode-
hydrogenation products, such as compound 7 (Scheme 1b),
could not be isolated in a pure form. This can be attributed to

the electron-withdrawing carbonyl groups, which make com-
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Scheme 1: a) Synthesis of 1; b) reactions of 1; ¢) synthesis of 3.

pound 1 unreactive to oxidation. For thionation of the carbonyl
groups in 1, it was treated with three equivalents Lawesson's
reagent, affording dithioketone 8a in a 40% yield together with
trithioketone 8b in a yield of 10%.

To expand the m-skeleton of 1, compound 8a was subjected to

the Barton—Kellogg reaction with diazo compound 9, which

1 8a: X =0 (40%)
8b: X =S (10%)
OCgH13
(i) THF, 50 °C
(i) P(OiPr)3, toluene reflux
OCgH13 47%

11 (detected by HRMS)

was synthesized according to the procedures detailed in Sup-
porting Information File 1. In this reaction, the first step of
diazo—thioketone coupling occurred at 50 °C in THF, and the
second step of desulfurization with triisopropyl phosphite
occurred in refluxed toluene, giving diene 10 in a yield of 47%.
The Barton—Kellogg reaction with 8b under similar conditions

gave the episulfide intermediate, which, however, could not be



desulfurized with triisopropyl phosphite, trimethyl phosphite or
triphenylphosphine to give the corresponding triene. The subse-
quent Scholl reaction of 10 with DDQ and triflic acid at room
temperature yielded partially fused nanographene 3 (20%), with
formation of six C—C bonds giving four six-membered rings
and two five-membered rings. Performing this reaction at a
higher temperature led to a lower yield of compound 3 and the
formation of byproducts with lower R¢ values on thin-layer
chromatography (TLC). When other typical conditions for
Scholl reactions, such as FeCly or DDQ/CH3SO3H, were em-
ployed to treat compound 10, product 3 was not isolated.
Instead, the starting material either remained unreacted or was
converted to a complicated mixture of products. It is worth
noting that the alkoxy groups in compound 10, which are posi-
tioned para or ortho to the reacting site, play an important role
in the Scholl reaction to form compound 3. Similar substrates,
where the alkoxy groups are replaced by hydrogen atoms or a
4-tert-butyl group, did not yield product 3 under similar Scholl
reaction conditions. The structure of 3 was confirmed with
single crystal X-ray crystallography, as detailed later. In addi-
tion, another product with a molecular ion peak of 1695.9115 in
the high-resolution mass spectrum (Supporting Information
File 1, Figure S6) was isolated in trace amounts. This corre-
sponds to a molecular formula of C;19H 7209, which is in
agreement with the fully fused product 11 in its protonated
form. Unfortunately, clean 'H and 3C NMR spectra of this
product could not be obtained to allow full characterization of
this product. Efforts to increase the yield of 11, such as increas-
ing the amount of DDQ or elevating the reaction temperature in
the Scholl reaction of 10, only resulted in complex mixtures.
Further attempts to subject 3 to the Scholl reaction conditions
did not yield further cyclized products but led to the decomposi-
tion of the starting material. These findings suggest that the
fully fused product 11 may have been formed through a differ-
ent partially cyclized intermediate rather than directly from
compound 3.

Slow evaporation of solvent from a solution of 1 in hexane
interestingly resulted in the simultaneous formation of both
colorless and yellow crystals from the same solution. X-ray
crystallography reveals that in the colorless crystal [27], com-
pound 1 adopts a conformation with approximate Cy symmetry,
with the plane of symmetry (o) shown in the top view in
Figure 2a. The structure of Cs-1 in this crystal is essentially the
same as that in the reported crystal structure of 1.CH,Cl, [22].
The side view of compound 1 indicates that two of its carbonyl
groups are oriented upwards while the third one points down-
wards. Compound 1 comprises three [S]helicenoid moieties,
each containing three benzene rings and two seven-membered
rings. In the colorless crystal, two of these [S]helicenoid

moieties display P and M helix structures respectively, whereas
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the third moiety (colored in light blue) adopts a structure with
approximate plane symmetry, recognized as a transition state
for the enantiomerization of helicenes. The central benzene ring
of Cs-1 is essentially flat, exhibiting the largest torsion angle of
8.15° (C4-C5-C6-C1).

Side view

c5 ca
ce GO c:
c1 c2

Central benzene ring

(b) G

C5 C4
Cceé . C3

C1 Cc2
Central benzene ring

Toh view

Figure 2: (a) Structures of 1 in the colorless crystal; (b) structures of
(P,M,P)-1 in the yellow crystal. (Carbon atoms are shown as ellipsoids
at 50% probability level, in and H atoms are removed for clarification).

Unlike the colorless crystal, the yellow crystal consists of
conformers of 1 with approximate C, symmetry [27]. They
exist as a pair of enantiomers, namely, (P,M,P)-1 and (M,P.M)-
1, where P and M represent the helicity of the three [5]heli-
cenoid moieties. This crystal structure is essentially the same as
that reported by Jones earlier [1]. Figure 2b illustrates the struc-
ture of (P,M,P)-1 with the C; axis, where one carbonyl group
points upward, another downward, and the third one faces
forwards. Compound 1 consists of three 2,3:6,7-dibenzotro-
pone moieties. In the yellow crystal, one of these moieties
(colored in yellow) is unique due to its less bent seven-mem-
bered ring, distinguishing it from the other two dibenzotropone
moieties in Cp-1 and those in C;-1. As a result, C»-1 in the
yellow crystal presents an apparently twisted central benzene
ring with large torsion angles: C1-C2-C3-C4 at 19.5°,
C3-C4-C5-C6 at 21.8°, and C5-C6-C1-C2 at 21.5°. The crys-
tallization of the two conformers of 1 in different polymorphs
suggests the flexibility of its polycyclic skeleton, with both its
[5]helicenoid and dibenzotropone moieties capable of flapping
with small energy barriers. This is supported by the 'H NMR

spectrum of compound 1 (Supporting Information File 1, Figure



S11), which presents only four different signals due to rapid
conformational shifts in solution. Additional evidence of the
small energy barrier for conformational change is provided by
the earlier report that the NMR spectrum of 1 at =80 °C did not
display significant broadening [1].

To better understand the two conformers of 1 found in the crys-
tals, density functional theory (DFT) calculations were carried
out using the molecular geometries present in the crystal struc-
tures. The results showed that C;-1 is more stable than C;-1 by
3.85 kcal/mol at the B3LYP/6-311G(d,p) level of DFT. Addi-
tionally, C;-1 has a smaller gap (3.57 eV) between the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) compared to C,-1 (4.37 eV) as
calculated at the B3LYP/6-311++G(d,p) level of DFT. The
reduced HOMO-LUMO gap of C5-1 can be attributed to the
greater conjugation in the essentially flat dibenzotropone
moiety. This finding aligns with the fact that the yellow crystal
of C»-1 absorbs light of a longer wavelength than the colorless
crystal of Cs-1.

Slow evaporation of solvent from a solution of 3 in CH,Cly/
CH;3OH resulted in the formation of single crystals suitable for
X-ray crystallography [27]. Compound 3 consists of three
[5]helicenoid moieties, with two of them containing three
benzene rings, one five-membered ring, and one seven-mem-
bered ring, and the third one containing three benzene rings and
two seven-membered rings. The crystal structure of 3-CH,Cl,
reveals that each unit cell contains a pair of enantiomers,
(M,P.M)-3 and (P,M,P)-3, co-crystallized with two molecules
of CH,Cl,. Here P and M represent the helicity of the three
[5]helicenoid moieties. The geometry of 3 deviates from ideal
C, symmetry, as the light blue moiety of 3 (top view in
Figure 3) is shaped like a saddle. However, the 'H NMR spec-
trum of 3 shows only 12 different signals in the aromatic region,
indicating a two-fold symmetry in the polycyclic skeleton of 3.
This indicates that the polycyclic skeleton of 3 is flexible, simi-
lar to that of 1. In the crystal, the neighbouring enantiomers of 3
show minimal m-overlap with each other and a large 7 to 7 dis-
tance of 3.68 A between terminal benzene rings.

Compound 3 forms orange solution in common organic sol-
vents, and its solution in cyclohexane exhibits very weak orange
photoluminescence with a quantum yield as low as 3.9 x 1074
upon excitation at 400 nm. Such a low photoluminescence
quantum yield may be attributed to the conformational motions
of the helicene moieties in 3, which consume the energy of the
excited state. Figure 4 shows the UV—vis absorption spectrum
of 3 in cyclohexane with the absorption edge at 561 nm and its
emission spectrum with a peak at 580 nm. In the test windows

of cyclic voltammetry (Supporting Information File 1, Figure
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Top view Side view

Figure 3: Structure of (M,P,M)-3 in the crystal of 3-CHxCl, (carbon and
oxygen atoms are shown as grey and red ellipsoid at the level of 50%
probability, and hexyl groups and hydrogen atoms are removed for
clarity).

S1), 3 exhibits one reversible oxidation wave and one quasi-re-
versible oxidation wave with half-wave potentials of 0.40 V and
0.88 V, respectively, versus ferrocenium/ferrocene (Fc*/Fc).
The HOMO energy level is estimated from the first oxidation
peak to be —=5.5 eV [28], which is consistent with the DFT-
calculated HOMO level (=5.47 eV).
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Figure 4: UV-vis absorption spectrum (black line) and emission spec-
trum (blue line, excited at 400 nm) of compound 3 in cyclohexane
(1 x 1075 mol/L).

Conclusion

In conclusion, we developed a new synthesis of tris(4,5-
dehydro-2,3:6,7-dibenzotropone) (1) through a Ni-mediated
Yamamoto coupling reaction. Upon crystallization from the
same solution in hexane, this compound yielded colorless and
yellow crystal polymorphs, adopting conformations of approxi-

mate C; and C, symmetry, respectively. Furthermore, the



expansion of the m-skeleton of 1 through the Barton—Kellogg
and Scholl reactions enabled the synthesis of compound 3,
whose curved polycyclic skeleton containing three heptagons

and two pentagons was identified with X-ray crystallography.
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Abstract

A benzolrst]pentaphene (BPP) substituted by an isopropoxy group (BPP-OiPr) was synthesized in a facile manner. Its photophysi-
cal properties were investigated by UV-vis absorption and fluorescence spectroscopy in compassion to pristine BPP and its oxida-
tion product, benzo[rst]pentaphene-5,8-dione (BPP-dione). BPP-OiPr exhibited a significantly enhanced photoluminescence quan-
tum yield (PLQY), reaching 73% in comparison to pristine BPP (13%). BPP-dione, when compared to the parent BPP, also
displayed improved absorption and emission from the first excited singlet (S;) state with a PLQY of 62% and an intramolecular
charge-transfer character. The rod-like nano- to microcrystals as well as longer wires of these BPPs were also revealed by scanning

electron microscopy. The intriguing optical properties of BPP and its derivatives may lead to their application as fluorophores.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) have attracted in- shape, and edge structures, e.g., armchair and zigzag [1-6].
creasing attention in view of their fascinating optical and Benzol[rst]pentaphene (BPP) is an intriguing PAH with a com-

electronic properties, which strongly depend on their size, bination of zigzag and armchair edges, which may serve as a
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key building block for obtaining multifunctional organic materi-
als [7]. Since the initial synthesis of BPP by Scholl and
Neumann [8], simplified synthetic methods for BPP have been
reported over the past decades [9-14]. Recently, a facile access
to BPP was reported by Amsharov and co-workers through the
so-called "dehydrative m-extension (DPEX)” reaction [12].
However, functionalized derivatives of BPP have scarcely been
explored in comparison to the extensive studies on the deriva-
tives of other PAHs, such as pyrene [15-17], perylene [18,19],
and coronene [20]. Besides their limited accessibility in the
past, the lack of attention to BPP can presumably be ascribed to
its low photoluminescence quantum yield (PLQY). We recently
reported a PLQY of 13% for pristine BPP and revealed a
symmetry-forbidden nature of its first excited singlet (S) state
[21]. Notably, a dimer of BPP, 5,5'-bibenzo[rst]pentaphene
(BBPP), exhibited an enhanced PLQY of 44% through intensi-
ty borrowing from its bright S, state as well as intriguing
symmetry-breaking charge transfer between two BPP units.
Moreover, the substitution of BPP with two electron-donating
bis(methoxyphenyl)amino groups further improved the PLQY
to 73%, displaying a mixed excitonic and charge-transfer char-
acter [22]. Additionally, the functionalization of BPP with two
methyl benzoate groups enabled the development of hole-selec-
tive contact, which was applicable in significantly improving
the stability of inverted perovskite solar cells [23]. On the other
hand, benzo[rst]pentaphene-5,8-dione (BPP-dione) is known as
an oxidation product of BPP [24,25], but to the best of our

SnCI2-2H20, HZSO4

iPrOH, CH,Cly, rt

O CHO 48 h
1
3 FeC|3, CHQC'Z
SiOy, 45 °C
7 days
70%

Scheme 1: Synthesis of BPP-OiPr 3 and BPP-dione 4.
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knowledge, the detailed optical properties of this BPP deriva-

tive have not been previously described in the literature.

During our attempt to scale up the preparation of BPP 2 through
the "DPEX" reaction, we unexpectedly obtained a 5-isoprop-
oxy-substituted derivative of BPP (BPP-OiPr 3) (Scheme 1),
whose structure was proven by NMR, mass spectrometry, and
X-ray crystallography. In this work, we optimized the reaction
conditions to selectively obtain BPP-OiPr 3 in 55% yield from
dialdehyde 1. Additionally, oxidation of BPP-OiPr 3 provided
BPP-dione 4 in 70% yield. The photophysical properties of
BPP-OiPr 3 and BPP-dione 4 were carefully studied, exam-
ining the solvent-polarity dependence of their optical spectra, in
comparison with parent BPP 2. Notably, both BPP-OiPr 3 and
BPP-dione 4 displayed enhanced PLQYs while a significant
solvent-polarity dependence of the emission was observed only
for the latter, suggesting the photoinduced intramolecular
charge-transfer character of 4. Moreover, BPPs 2—4 formed
intriguing rod-like nano- to microcrystals and/or longer wires,

which were visualized by scanning electron microscopy (SEM).

Results and Discussion

BPP 2 could be prepared by the “DPEX” reaction [12] in 60%
yield on a 0.1 g scale from dialdehyde 1 with a concentration of
0.60 mM (Table 1, entry 1). However, the yield of BPP de-
creased to 40% when the amount of 1 was increased to 1.0 g

with a concentration of 2.6 mM (Table 1, entry 2). In our

BPP-OiPr
3
55%

BPP-dione
4
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Table 1: Reaction conditions for the synthesis of BPP 2 and BPP-OiPr 3.

Entry Concentration of 1 SnCl>-2H-,0 iPrOH
(mM) (equiv) (vol %)

10 0.6 40 25

2¢ 2.6 40 25

3¢ 5.1 20 4.0

4¢ 6.0 20 10

5¢ 4.8 30 14

aJsolated yields. PAmount of 1: 0.10 g. “Amount of 1: 1.0 g.

attempt to improve the yield of BPP 2, we decreased the equiva-
lent of SnCl,-2H,0 and increased the volume ratio of iPrOH,
which unexpectedly provided BPP-OiPr 3 as a byproduct in 7%
yield along with BPP 2 in 55% yield (Table 1, entry 3). Further
optimization of the reaction conditions by modifying the equiv-
alent of SnCl,-2H,0O and volume ratios iPrOH and H,SOy4
afforded BPP-OiPr 3 in 55% yield (Table 1, entries 4 and 5).
Additionally, the oxidation of BPP-OiPr 3 using ferric chloride
(FeCls) gave BPP-dione 4 in 70% yield. The chemical struc-
tures of BPP-OiPr 3 and BPP-dione 4 were characterized by 'H
and '3C NMR spectroscopy as well as mass spectrometry (see
Supporting Information File 1, Figures S§-S11).

A single crystal of BPP-OiPr 3 suitable for X-ray diffraction
analysis was obtained by slow evaporation of a diethyl ether/n-
hexane solution, enabling its unambiguous structural determina-
tion by single-crystal X-ray diffraction (Figure 1). The planar
BPP core and the isopropyloxy group on the zigzag edge are
clearly visualized (Figure 1a and b). In a unit cell consisting of
four molecules, every two of them are stacked with the plane-
to-plane distance of 3.45 A (Figure lc), displaying a lamellar
m— stacking motif in the overall packing structure (Figure S1 in
Supporting Information File 1) [26-29]. The X-ray structure is
well consistent with a model optimized by density functional
theory (DFT) calculations (Figure S2 in Supporting Informa-
tion File 1).

The optoelectronic properties of BPP-OiPr 3 and BPP-dione 4
were initially investigated by UV-vis absorption spectroscopy
in comparison with BPP 2 (Figure 2a). BPP 2 and BPP-OiPr 3
displayed similar and well-structured absorption peaks clearly
showing the vibronic progressions. BPP-OiPr 3 also exhibited a
small peak located at 442 nm with the molar extinction coeffi-
cient (g) of 1800 M~! cm™!, which was similar to the previous
observations of the dark S states for BPP 2 and its mesityl- and
tert-butyl-substituted derivatives [21,22]. In comparison to the
absorption spectrum of BPP 2, this lowest-energy absorption
band of BPP-OiPr 3 was red-shifted by ~26 nm, which marked

the inductive and resonance effects of the electron-donating

Beilstein J. Org. Chem. 2025, 21, 270-276.

Concentrated HoSO4  Time Yields of 2/3
(vol %) (h) (%)@

5.0 18 60/—

5.0 24 40/-

5.0 48 55/7

5.0 72 29/37

6.0 48 10/55

(b)

Figure 1: Single crystal structure of BPP-OiPr 3: a) top view, b) side
view (thermal ellipsoids shown at 50% probability), and ¢) molecular
packing of 3 in a unit cell. All the hydrogen atoms are omitted for
clarity.

isopropyloxy group with lone pairs of electrons, raising the
HOMO level (see Table S6 in Supporting Information File 1).
BPP-dione 4 exhibited a broad absorption extending to 540 nm
with a peak at 305 nm and featureless maxima at 469 and
497 nm, which were in line with the results of time-dependent
DFT (TD-DFT) calculations at the M062X/6-311G(d,p) level of
theory (Supporting Information File 1, Table S2). The longest-
wavelength absorption maximum (Sg — S;), attributed to the
HOMO — LUMO transition, was calculated to be at 432 nm
(f = 0.5674) for 4. Compared to the S; states in BPP 2
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Figure 2: a) UV-vis absorption spectra of BPP 2, BPP-OiPr 3, and BPP-dione 4 measured in toluene. Inset: magnified spectra of 2 and 3 for the
better visualization of the longest-wavelength peaks, b) normalized PL spectra of BPP 2, BPP-OiPr 3, and BPP-dione 4 measured in toluene with a
360 nm excitation. Inset: absolute PLQY of BPP 2 (excitation at 360 nm), BPP-OiPr 3 (excitation at 380 nm), BPP-dione 4 (excitation at 470 nm) in
toluene, and BPP-t-Bu (excitation at 360 nm) [22], c) normalized PL spectra of BPP-OiPr 3 measured in hexane, toluene, tetrahydrofuran (THF),
dichloromethane (CHxCl,), and DMF, and d) normalized PL spectra of BPP-dione 4 measured in toluene, THF, CHoCl,, and DMF.

(e = 1200 M~! cm™1) and BPP-OiPr 3 (¢ = 1800 M~! cm™),
corresponding to forbidden transitions as previously discussed
for other BPP derivatives [21,22], the strikingly enhanced molar
extinction coefficient observed for the lowest-energy band of
BPP-dione 4 (¢ = 17000 M~ ¢cm™!) indicates that the optical

transition to the S; state becomes allowed by this oxidation.

BPP 2 and BPP-OiPr 3 exhibited similar emission spectra in tol-
uene with maxima at 436 and 443 nm, respectively, with well-
defined vibronic structures (Figure 2b). Notably, the absolute
PLQY of BPP-OiPr 3 was measured to be 0.73, demonstrating a
remarkable enhancement of the photoluminescence from BPP 2
(PLQY: 0.13) and tert-butyl-substituted BPP (BPP-¢-Bu,
PLQY: 0.47) (Figure 2b) [21,22]. Considering that two tert-
butyl groups should more effectively hinder the aggregation
than one isopropyl group, we tentatively attribute the enhanced
PLQY of 3 to the reduced molecular symmetry, which can relax

the selection rule and allow more radiative transitions.

On the other hand, a broad and featureless PL spectrum with the
maximum at 538 nm was observed for BPP-dione 4 in toluene
with a high PLQY of 0.62, which is again significantly en-
hanced from that of BPP 2. To gain further insight into the pho-
tophysical properties of BPP-OiPr 3 and BPP-dione 4, their
absorption and emission spectra were next measured in differ-
ent solvents (Figure 2¢ and d and Supporting Information
File 1, Figures S4 and S5). For BPP-OiPr 3 the well-defined
vibronic structures were observed without showing any signifi-
cant solvent-polarity dependence (Figure 2c). In contrast, BPP-
dione 4 displayed a considerable redshift of the emission
maximum from 538 nm in toluene to 572 nm in dimethylform-
amide (DMF) along with disappearance of the shoulder peak
with increasing solvent polarity (Figure 2d). The UV-vis
absorption spectra of 4 in different solvents also showed signifi-
cant differences (Figure S5 in Supporting Information File 1),
indicating an intramolecular charge-transfer character both in its

ground and excited states [30,31].
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DFT calculations were performed to understand the effects of
the substituents on the frontier orbitals. As shown in Table S6
and Figure S1 in Supporting Information File 1, the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of BPP-OiPr 3 were calculated
to be at —=5.15 and —2.00 eV, respectively, with a slightly
smaller HOMO-LUMO gap of 3.15 eV compared to that of
BPP 2 (3.24 eV). BPP-dione 4 was revealed to have lower
HOMO (-6.18 eV) and LUMO (-3.31 eV) and an even smaller
HOMO-LUMO gap of 2.87 eV in agreement with the experi-
mental optical spectra.

Nano- and microcrystals of organic semiconductors exhibit
great potential in next-generation nanoscale optoelectronics and
photonics [32-35]. However, precise preparation and shape
control over organic crystals are still elusive targets [36]. We
carried out SEM analysis of crystals of BPP-OiPr 3 obtained by
slow evaporation of its solution in a mixture of dichloro-
methane and n-hexane (Figure 3). The formation of rod-shaped
nano- and microcrystals and longer wires were revealed, with
the widths from tens of nanometers to tens of micrometers and
the lengths from hundreds of nanometers to hundreds of
micrometers. For example, a nanocrystal (width: 143 nm,

Beilstein J. Org. Chem. 2025, 21, 270-276.

length: 661 nm; Figure 3b) and microcrystal (width: 12 um,
length: 318 pm; Figure 3c) of BPP-OiPr 3 were observed along
with a long nanowire with the width of ~50 nm and length over
1.8 um (Figure 3d). Moreover, nano- and microcrystals of BPP
2 and BPP-dione 4 with similar shapes were also obtained and
visualized by SEM (Figures S6 and S7 in Supporting Informa-
tion File 1), suggesting that the BPP core can lead to such rod-
shaped crystals and nanowires.

Conclusion

In summary, we achieved a facile synthesis of BPP-OiPr 3 and
studied its optical properties in comparison to pristine BPP 2
and its oxidation product BPP-dione 4. Both BPP-OiPr 3 and
BPP-dione 4 displayed significantly enhanced PLQYs com-
pared to BPP 2, and only 4 displayed the intramolecular charge-
transfer character. Additionally, these BPPs formed rod-shaped
nano- and microcrystals as well as elongated nanowires with the
lengths from hundreds of nanometers to hundreds of microme-
ters, as demonstrated by SEM. These results provide not only an
easy access to highly emissive BPP derivatives with potential as
organic fluorescent materials, but also an insight to design de-
rivatives of other PAHs with enhanced fluorescence and charge

transfer character.

Figure 3: SEM images of BPP-OiPr showing: a) the variety in crystallization, including differences in shape, length, and width, b) rod-like crystals with
lengths of hundreds of nanometers, c) rod-like crystals with lengths of hundreds of micrometers, and d) longer wire.
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Oxidized states of polycyclic aromatic hydrocarbons are of importance as they represent charged conductive species in organic

semiconductor substrates. In this work, we investigated the properties of radical cations and dications of linear and angular [3]naph-

thylenes, consisting of fused aromatic naphthalenoid and antiaromatic cyclobutadienoid moieties and containing different degrees

of paratropicity. Electronic absorption and vibrational Raman spectroscopies were used to describe the more relevant bonding

changes. Stretching force constants were evaluated to monitor the aromatic—antiaromatic alternation pattern upon oxidation. They

showed us that the dication of linear [3]naphthylene became an overall global m-electron delocalized molecule. This result was sup-

ported by nucleus independent chemical shift (NICS) calculations and anisotropy of the current induced density (ACID) plots, as

they evidenced the presence of a perimetral diatropic global ring current upon oxidation.

Introduction

Since the discovery of conjugated polymers, it has been very
insightful to study the molecular transformations associated
with the generation of cationic species in conjugated aromatic
oligomers displaying one-dimensional m-electron delocalization
[1]. Oligothiophenes [2] and oligo(para-phenylene vinylenes)
[3] have been used as models of systems in which charge

defects are responsible for conductivity in their corresponding

conducting polymers. Acenes are the archetypal structure of
small polycyclic aromatic hydrocarbons with a m-electron struc-
ture expanded over a sequence of linearly fused benzenes [4].
Whereas acenes, up to substituted pentacenes, are relatively
stable molecules under ambient conditions, longer acenes
undergo spontaneous dimerization and react with oxygen [5,6],

owing to the rising diradical character. This behavior was also
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observed in the oxidized species of shorter acenes [7]. Surpris-
ingly, Bettinger and Einholz [5] reported a stable heptacene
dication in concentrated sulfuric acid, a stability attributed to
the intermolecular Coulomb repulsion between the charged
molecules, which prevents the dimerization of the acene. This
exciting finding suggests possible modes of kinetic stabiliza-
tion of oxidized species of m-conjugated compounds that are

unstable in their neutral ground-electronic states.

According to the Hiickel theory, antiaromatic molecules contain
4n m-electrons (n = 1, 2, 3...) and are highly unstable [8].
Though the antiaromatic molecules are much less common than
their aromatic counterparts, they have attracted a growing
interest in recent times, both from fundamental and technologi-
cal reasons [9-11]. Antiaromaticity destabilizes the ground state
of organic molecules by raising their highest energy occupied
molecular orbitals, thus allowing for easy oxidation, doping,
and electron-transfer reactions, all of which lead to conductive
and photoactive species [9,12]. Given the inherent instability of
neutral antiaromatic systems, including those systems contain-
ing fragments or moieties with local antiaromaticity, the
detailed structural properties of the charged species formed
from neutral antiaromatic precursors remain challenging to
study. Haley and some of us reported the oxidization of
partially antiaromatic diindenoanthracene, DIAn, Figure 1,
forming charged molecules stabilized by the rearomatization of
the central anthracene unit [13,14]. Porphyrinoid-based mole-
cules [15-17] have also been reported as model systems to in-
vestigate redox charged species experiencing evolutions from
neutral non-aromatic, to antiaromatic, and to aromatic struc-

tures.

Xia and co-workers recently reported a modular method to
synthesize molecules containing cyclobutadienoid (CBD)
groups [18-20], including [3]naphthylenes 1 and 2 in Figure 1
[18]. They are endowed by three aromatic naphthalenoid (NAP)
moieties, fused by two antiaromatic CBD ones in two different
topologies. Structurally, these polycyclic m-conjugated hydro-
carbons consist of eight fused rings and thirty m-electrons. In
this work, we report that compounds 1 and 2 can both be easily
oxidized to form relatively stable radical cations (1°*, 2°*) and
dications (12*, 22*). Interestingly, oxidation reverses local
antiaromaticity to aromaticity, a transition that is particularly
noticeable in 1 = 1°* - 12*, where stabilization of the dication
is associated to the appearance of a global diatropic ring cur-
rent which stabilizes the whole molecule. On the contrary, 22+
can be better viewed as two segregated radical cations with
slight, but high enough, local diatropic character in each. Here,
we use electronic UV-vis—NIR absorption and vibrational
Raman spectroscopies, normal mode and force field calcula-

tions, and magnetic-based analysis to gain comprehensive

Beilstein J. Org. Chem. 2025, 21, 277-285.
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Figure 1: Chemical structures of heptacene, diindenoanthracene
(DIAN), and the molecules of 1 and 2 studied in this work (TIPS: triiso-
propylsilyl, Mes: mesityl, Me: methyl).

understanding of the electronic and molecular structures of the
oxidized forms of these aromatic/antiaromatic molecular amal-
gams, aiming to discover the driving forces that govern the
stabilization of such redox states.

Results and Discussion

Electrochemistry

Figure 2 shows the electrochemical cyclic voltammograms of 1
and 2, in which two reversible oxidation processes can be ob-
served. By considering the half-wave potential values obtained
from the cyclic voltammograms, two one-electron peaks, at
0.67 and 1.16 V, were clearly resolved for the linear oligomer 1.
For the angular molecule 2, two partially overlapped one-elec-
tron peaks appeared at noticeably lower voltages, 0.28 and
0.44 V. This result reflects the higher energy lying HOMO (and
easy of oxidation) and stronger overall antiaromatic character of
2 compared to 1. The decrease of the oxidation potentials with
increasing antiaromaticity in the neutral states is opposite to the
case of aromatic oligomers [21], where molecules with greater
aromatic character have higher oxidation potentials. In addition,
in 1°* and 12* the charge defects are extended over the whole
molecule (vide infra). Thus, an extended 7r-electron delocaliza-
tion effect in 1°* stabilizes the cation and shifts anodically the

second oxidation.
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Figure 2: Cyclic voltammograms of 1 and 2.

On the contrary, the charge in 2** is expected to be largely
confined in the central NAP, and the second oxidation would
give rise to two naphthylene-centered cations located at both
sides of the molecule. The connection path would be partially
interrupted by the angular topology, thus accounting for the
more similar redox potentials.

Electronic spectroscopy

The UV-vis—NIR electronic absorption spectra of the neutral
and oxidized species of compounds 1 and 2 are shown in
Figure 3. Initial electrochemical oxidation of 1 resulted in the
progressive replacement of its absorption bands by three new
features, which were assigned to the 1°* radical cation, namely
at 352/369 nm, a multiplet in the 500—600 nm interval, and a
broad peak centered at 1173 nm. Further oxidation resulted in a
quite silent vis—NIR spectrum characterized by one main peak
at 312 nm, which was assigned to the 12* dication. The spec-
trum of the first oxidized species of 2, the radical cation 2°*,

shows a band at 363 nm, a shoulder at 439 nm, and a broad

Beilstein J. Org. Chem. 2025, 21, 277-285.

absorption at 1120 nm. Nonetheless, the spectra of the dica-
tions 12* and 22* display noticeably differences given that the
features at 421 and at 1007 nm, present in the angular [3]naph-
thylene 2, are apparently absent in the linear isomer 1.
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Figure 3: UV-vis—NIR electronic absorption spectra of 1 (top) and 2
(bottom) during the electrochemical oxidation in 0.1 M n-BugN-PFg in
CHCl» at room temperature. The traces are black lines for neutral,
blue lines for radical cation, and red lines for dication species.

Raman spectroscopy
Figure 4 shows the experimental Raman spectrum of 1 in the

neutral state and the theoretical Raman spectrum of a model
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molecule, m-1 (1 without the xylyl and methyl substituents,
Figure S1 in Supporting Information File 1), which can be
closely correlated to the spectrum of 1. In Tables S1-S6 of Sup-
porting Information File 1, the theoretical characterization of all
molecules is presented. A detailed assignment of the most rele-
vant Raman bands obtained after vibrational analysis from the
theoretical Raman spectrum obtained for the neutral state of
m-1 is included in Table S7 of Supporting Information File 1.
The most significant Raman feature for the neutral species was
measured at 1700 cm™! and was predicted at 1730 cm™! for
m-1. This band was assigned to the symmetric CC stretching
mode of the four bonds that are exocyclic to CBD,
V(CC)exo-cBD, Or CBD breathing mode, as indicated by the
atomic displacements shown in Figure 4. Other two strong
Raman features were measured at 1448 and 1355 cm™'. They
were predicted at 1468 and 1354 cm™!, respectively, for m-1,
being assigned to CC stretching modes with slight contribu-
tions of aromatic CH bending vibrations. The complete eigen-
vector for these vibrations can be seen in Figure S2 in Support-

1700
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Figure 4: Top: B3LYP/6-311G(d,p) theoretical Raman spectrum of an
unsubstituted model of 1 (denoted as m-1 dotted lines which is 1 with-
out methyl nor xylyl groups) compared with the experimental
FT-Raman spectrum of 1. Bottom: zoom in the CBO moiety of the
vibrational normal mode associated with the theoretical Raman band
at 1730 cm-1.
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ing Information File 1. Given that former normal mode mainly
involves the CBD moieties, the observed feature at 1700 cm™!
can be considered a suitable marker band of the structural and
electronic changes of the antiaromatic CBD rings upon oxida-

tion.

The Raman spectra of 1, 1°*, and 12* are shown in Figure 5.
Relative to 1, the spectrum of 1°* is characterized by a down-
shift by 11 cm™! of the v(CC)exo.cBp Vibration, together with
the emergence of a new band at 1567 cm™! which was assigned
to a v(CC)nyap mode (CC stretching mode of the naphthalene
moieties) on the basis of the normal mode calculation (Table S1
in Supporting Information File 1). Upon second oxidation, the
former Raman vibrational band upshifts by 24 cm™! for 12+,

and the naphthalene v(CC)yap stretching one disappears.
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Figure 5: FT-Raman spectra in CHoCly (approx. 1072 to 10-3 M) of:
top) 1 (black), 1°* (blue), and 12* (red). Bottom) 2 (black), 2'* (blue),
and 22+ (red). Oxidations are carried out by stepwise addition of
NOBF, in CHxCly.
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Overall, the evolution of the CBD breathing mode, throughout
the series 1- 1" =12+ is 1700 — 1689 — 1713 cm™L.

Figure 5 shows the Raman spectra of neutral and oxidized
species of 2 (the theoretical Raman spectrum of the model mol-
ecule m-2 (depicted in Figure S1, Supporting Information
File 1), which is 2 without the xylyl and methyl substituents can
be seen in Figure S3 of Supporting Information File 1). The
spectrum of the neutral form consists of a single band at
1704 cm™!, assigned to the v(CC)exo.cBp Vibration, which
moved to 1689 cm™! in 2%, and to 1686 cm™! in 22*. This con-
tinuous downshift upon oxidation is in contrast to the observed
upshift in 1"+ — 12*, corroborating that the fusion topology of
the two molecules determines the vibrational dynamics in
connection with the fundamental role in the stabilization of the

dications.

A second feature, measured at 1596 cm~!in 2, split into three
peaks upon oxidation which are typically arising from
v(CC)nap modes. However, while the single peak of 1°* at
1567 cm™! can be taken as an indicator of structural uniformity
within the NAP rings, the three-folded band in 2** suggests the
presence of different CC bonds in the naphthalene groups. The
Raman spectrum of the doubly oxidized form also showed a
similar profile to that of 2°*, with the only change of the rela-
tive intensities of the 16001550 cm™! triplet. This result is
fully compatible with the presence of the two rather overlapped
(i.e., with similar energies) one-electron oxidations in the cyclic
voltammetry of 2. The spectral resemblances for 2°* and 22*
might also indicate that the positive charge is mainly gathered
by the central NAP for 2°*, whereas in 22* the two charges
would be localized towards the outermost NAPs. Nonetheless,
2** and 22* both can be viewed as NAPs bearing positive

charges.

Vibrational force field

A suitable tool to visualize the structural impact caused by the
topological difference between 1 and 2 is using energetic pa-
rameters unequivocally associated to individual bonds. This is
the case of the vibrational force constants [22]. They are
defined as the second derivative of the molecular energy, in the
minimum energy molecular structure, with respect to the
nuclear displacement coordinates, which are usually the 3N
Cartesian coordinates (N = number of atoms in the molecule).
These Cartesian force constants are meaningless, so that they
are transformed to a set of internal vibrational coordinates that
account for single molecular motions, as stretchings, bendings
or torsions. This procedure has been used here to calculate com-
plete sets of stretching force constants associated to the indi-
vidual CC bonds of 1 and 2, hereafter designated as k[v(CC)]

(see Supporting Information File 1 for details of these calcula-
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tions). They account for bond strengths, hence allowing a direct
comparison between the bonds of parent molecules. In our case,
they will reveal the transformation of the CC bond skeleton

upon oxidation.

Figure 6 summarizes the set of k[v(CC)] values calculated for
neutral, radical cation, and dication of m-1 and m-2, as well as
those obtained at the same level for individual NAP and CBD.
The reliability of the values is supported by the good fit be-
tween theoretical and experimental Raman spectra (see Figures
S4 and S5 in Supporting Information File 1 for the calculated
spectra of the oxidized species). As regarding the neutral
species, fusion of these molecular groups provoked an increase
of the k[v(CC)] of the four exocyclic CBD bonds (i.e., d bonds
in Figure 6) from 7.53 mdyn/A in pristine NAP to
7.99-7.91 mdyn/A in m-1, which accounts for the high wave-
number value of 1700 cm™! (CBD breathing, or v(CC)exo-CBD)
of 1 in comparison with standard CC stretching wavenumbers
of isolated NAP (usually lower than 1600 em™1) [23]. Force
constants of the j and e CBD bonds in m-1 are 5.61 and
4.45 mdyn/A, respectively. Compared with pristine CBD, 9.63
and 3.91 mdyn/A, this result involves a force constant equaliza-
tion that clearly reveals the impact of mixing/fusing aromatic
and antiaromatic cores. Conversely, the difference of the
k[v(CC)] for the adjacent CC bonds of NAP (i.e., d— bonds),

namely 7.99-5.47 mdyn/A in m-1 increase compared to
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Figure 6: Force constants for the CC stretching vibrational coordi-
nates of the neutral (black), radical cation (red) and dication (blue) of
m-1 and m-2 compared with those obtained, under the same level or
theory, for neutral naphthalene (NAP) and cyclobutadiene (CBD).
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7.53-6.65 mdyn/A for individual NAP which is compatible

with an enhancement of the quinoid character of NAP.

The k[v(CC)] values for exocyclic d bonds of CBD decreased
from 7.99 to 7.69 mdyn/A on going from m-1 to m-1°*, which
agrees with the observed 1700 — 1689 cm™! downshift of the
V(CC)exo-cBp Raman band. However, the further upshift ob-
served in m-12* cannot be justified by an increase of this CC
stretching force constant, indeed, it decreases to 7.45 mdyn/A in
the dication. In such cases, the explanation must be sought by
analyzing the complete set of CC bond force constants involved
in the normal mode of Figure 4, which are those of d, e, f and j
bonds. Oxidation decreases the d, f and j force constants while
increases the e ones. The k[v(CC)] values of the e bonds (which
are the sole CBD bonds non shared with any naphthalene ring)
evolves as 4.45 — 4.89 — 5.32 mdyn/f% throughout the series
m-1 - m-1"* - m-12*, which involves differences of
0.44 mdyn/A for the radical cation and 0.87 for the dication,
both with respect to the neutral molecule. For the bonds whose
force constants decrease upon oxidation, the greatest deviation
is obtained for d (0.30 and 0.54 mdyn/A, respectively). These
values tell us that the second oxidation involves the enhance-
ment on the k[v(CC)] of the intrinsic CBD bond that is signifi-
cantly higher than the reduction of force constant of the CC
bonds shared with the adjacent NAP rings, which justifies the

1

wavenumber upshift from 1689 to 1713 cm™" on the

V(CC)exo-cep Raman band in the dication.

Despite the symmetry lowering with respect to m-1,
Dy, — Cyy, the force field of neutral m-2 (Figure 6) seems to
preserve the punctual group of its linear analogue, especially
concerning the outermost NAP moieties. Interestingly, this
quasi-Dy; symmetry is broken upon oxidation, which is sup-
ported by the appearance of the triplet of Raman bands in the
1600-1550 cm™! region. On the other hand, the k[v(CC)] values
of m-2 and its cationic species follow all the same qualitative
behavior exhibited for m-1, though with significant quantita-
tive differences. The force constant of the e bond (intrinsic
CBD) in the dication of m-2 is only 0.41 mdyn/A higher than in
the neutral species, i.e., a reduction of 53% with respect to m-1.
On the contrary, the decrease for the d bond (NAP adjacent)
from m-2 to m-22* is 0.77 mdyn/A, i.e., 30% higher than in
m-1. In the case of the j bond, which is shared by CBD and
NAP, both trends compensate each other, as its k[v(CC)]
decreases, upon double oxidation, 0.13 mdyn/A for m-2 and
0.31 mdyn/A for m-1. These data evidence the sensitivity of the
V(CC)exo-cBp Raman band to the fusion topology. In summary,
the force constant analysis tells us that the structural changes
upon oxidation are largely localized in CBD for m-1 (marked
by the zig-zag shift of the 1700 cm™! Raman band) and in NAP
for m-2 (marked by the triplet in the 1500-1600 cm™! region).
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Nucleus-independent chemical shifts (NICS)
Among the different criteria to evaluate aromaticity, magnetic
properties are the most confident, as they are directly connected
with the ring currents associated to electronic delocalization. In
order to figure out the driving force that leads the stabilization
of the oxidized species of 1 and 2, we calculated the NICS
values of all fused rings in the neutral and cationic species of
m-1 and m-2 (Figure 7), in order to obtain a precise and compa-
rable measurement of the aromatic, antiaromatic, or non-
aromaticity characters of each ring [24]. They were scanned
along the main molecular axis, at a standard distance of 1.7 A
from the molecular plane to discard most of the contribution
from the o orbitals [25,26].
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Figure 7: NICS-XY scans, at the (U)B3LYP/6-311G(d,p) level, for
neutral m-1 and m-2 (black) and for their oxidized radical cations
(blue) and dications (red).

In neutral m-1, NAP and CBD rings exhibited negative and
positive NICS values, respectively, revealing their aromatic and

antiaromatic characters. By oxidizing to m-1°*, this picture was
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preserved, though the degrees of aromaticity and antiaro-
maticity in the constituent rings are reduced with respect to the
neutral. Notably, the NICS values of CBD rings in m-1** were
approaching zero, suggesting these units become non-aromatic.
Removing a second electron turns all the rings aromatic, includ-
ing the CBDs, as indicated by the negative NICS values across
the entire molecule. Thus, on m-1 — m-12* transformation, the
molecule converges towards a guasi-uniform sequence of fused
rings, from the aromaticity viewpoint, in which we can stand
out the following facts: i) the external/internal NAPs evolve
from largely/slightly aromatic to slightly/more aromatic, and
ii) the CBDs change from antiaromatic to slightly aromatic.
This picture is quantitatively reflected by the difference be-
tween the largest (positive) and smallest (negative) NICS

values, 8 ppm for m-12*

versus 23 ppm for m-1.

In 2, the behavior is totally different, since the NICS patterns do
not show sign inversion upon oxidation (Figure 7). The
m-2 — m-2"* transformation localizes the largest changes on
the central NAP, which accommodates the positive charges
with the two CBD rings and acts as an antiaromatic barrier
which prevents outermost charge delocalization. Conversely on
m-2"* - m-22* NICS major changes are concentrated over the
external NAP rings, on which the two charges mostly reside. In
this case, the CBDs act as stoppers for whole innermost elec-
tron delocalization

Anisotropy of the current induced density

(ACID)

The NICS analysis of the precedent paragraph is therefore
consistent with the existence of an emergent global diatropic

ring current in m-12*

along the entire molecular perimeter,
whereas up to three independent ring currents are expected for
the m-22* structure. To visualize these results, we have
analyzed the ACID plots for the neutral and cationic species of

m-1 and m-2 [20,26]. Figure 8 shows these plots for the dica-

Figure 8: ACID plots at the CSGT-B3LYP/6-311G(d,p) level for dica-
tionic species m-12* (top) and m-22* (bottom).

Beilstein J. Org. Chem. 2025, 21, 277-285.

tions, while those of the neutral and radical cation species are
included in Figures S6 and S7 of Supporting Information File 1.
While the plot of m-1 contains clockwise and counter-clock-
wise ring currents in the NAP and CBD units, respectively,
m-12* clearly showed a global diatropic peripheral ring current.
This agrees with the negative NICS values across the entire
molecule of m-12*_ It also justifies the behavior of the Raman
bands and the changes in the CC bond force constants. In
further agreement with this description, we found that m-12+
discloses a singlet closed-shell ground electronic state without
any trace of diradical character. Thus, the global current [27]
provides a unique stabilizing effect for the dication of m-1.
Such a stabilizing global current was not obvious in m-22*.
Indeed, local ring currents are more evident in the outermost
NAP rings, without showing a net circuit of diatropic current
between them. This is consistent with the fact that the ground
electronic state of m-22* converges into an open-shell diradical
structure (more stable than the closed-shell one by 1 kcal/mol at
the DFT/(U)B3LYP/6-311G(d,p) level).

Both 1 and 2 are composed of a total of 30 m electrons, which
correspond to the Hiickel count of 4n + 2, with n = 7. However,
the two systems in their neutral states avoid this formulation
and exhibit segmented structures, with attenuated aromatic
character of the NAP rings due to the vicinal CBD ones, and
mitigated antiaromaticity of the CBD as the result of the vicinal
NAP rings. For the dications, the number of 7 electrons is
n (n =
which is clearly compensated in m-12* by the formation

7), it is to say, an antiaromatic Hiickel count

of a well-defined diatropic global ring current. In the case
of m-22*, antiaromaticity of CBD rings still remains because
the electronic circulation is split in three independent ring

currents.

Conclusion

Two [3]naphthylene isomers with different fusion topologies,
linear (1) and angular (2), have been studied in their oxidized
forms. The first oxidized states of both molecules attend to a
concatenation of aromatic NAP and antiaromatic CBD units, in
which the stability of the m-electronic structure arises from the

dominance of local aromatic segments.

The generation of the linear dication, 12+, erases this alterna-
tion pattern and conversely produces a global diatropic ring cur-
rent which spreads over the whole molecule along the periph-
eral ribbons. On the contrary, the angular dication preserves the
aromatic—antiaromatic confinement of the neutral and radical
cation species. This is an unusual case scarcely described in 1D
m-conjugated polycyclic molecules, where the stability of the
linear dication is attributed to the formation of a global ring cur-

rent.
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Experimental
Electrochemistry

Cyclic voltammetry experiments were conducted with a
three-electrode geometry operating with a glassy carbon
as the working electrode. A Pt-coil counter electrode. and an Ag
wire, as the pseudo-reference, were used. Potential values are
given with respect to the ferrocene/ferrocenium (Fc/Fc*)
couple. Electrolyte solutions, at a concentration 0.1 M, were
prepared from anhydrous, degassed HPLC grade CH,Cl, and
anhydrous BuyNPFg. Voltammograms were recorded at a
sweep rate of 100 mV s~!. Sample concentrations were ca.
1-2 mM.

Electronic spectroscopy

UV-vis—NIR spectroelectrochemical studies were conducted on
a Cary 5000 spectrophotometer. A C3 epsilon potentiostat from
BASi was used for the electrolysis using a thin layer cell from a
demountable Specac® Omni cell. In this cell, a three-electrode
system was coupled to conduct in situ spectroelectrochemistry.
A Pt gauze and a Pt wire were used as working and counter
electrodes, respectively. A Ag wire was employed as the
pseudo-reference electrode in a 0.1 M solution of BuyNPFg in
freshly distilled CH,Cl,. Sample concentration was 1 mM. The
spectra were collected by constant potential electrolysis, and the
potentials were changed in intervals of 15 mV.

Raman spectroscopy

Raman spectra were obtained using a Bruker® RAMII Fourier
transform Raman spectrometer, purged with dry nitrogen. Exci-
tation radiation at 1064 nm was generated by a Nd-YAG laser
working at 500 mW. Backscattering collection of the Raman ra-
diation was performed. Typically, 2000 scans at a resolution

1

better than 4 cm™" were accumulated to optimize the signal-to-

noise ratio.

Theoretical methods

Quantum chemistry was addressed with the Gaussian 09 suite
of programs [28]. DFT calculations were performed at the
(U)B3LYP[29,30] level, using the 6-311G* basis set [31]. This
includes polarization functions on heavy atoms, being neces-
sary for calculations on charged species. Geometry optimiza-
tions were achieved by allowing all the geometrical parameters
to vary independently. The optimum energy structures were
found to be a true minimum in the ground state potential energy
surface. Analytical harmonic force constants, in Cartesian coor-
dinates, and Raman intensities were evaluated at the ground-
state-optimized geometry. The theoretical spectra were ob-
tained by convoluting the calculated frequencies with
Lorentzian functions. Bond stretching force constants were ob-
tained using the given molecular symmetry for in-plane vibra-

tions (see Supporting Information File 1).
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Nucleus independent chemical shifts (NICS) were computed at
the GIAO-B3LYP/6-311G* level. Calculations were carried out
using the Aroma package [32], accordingly to published proce-
dures [33]. The ACID plots were generated using the continu-
ous set of gauge transformations (CSGT) method, as imple-
mented in the Gaussian 09 suite, and the AICD 2.0.0 program
[34].

Supporting Information

Supporting Information File 1

Chemical structures of m-1 and m-2, vibrational
assignment of m-1, the 1730 cm™! normal mode,
theoretical Raman spectrum of m-1, details of the force
field calculations, theoretical Raman spectra of m-1 and
m-2, and ACID plots of m-1 and m-2.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-20-S1.pdf]
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Abstract

A new series of o-carborane-fused pyrazoles has been recently successfully synthesized. This fusion was expected to create a
hybrid 3D/2D aromatic system, combining the 3D aromaticity of o-carborane with the 2D aromaticity of pyrazole. However, while
the boron cage retains its aromatic character, the pyrazole’s aromaticity is lost. As a result, rather than forming o-carborane-fused
pyrazoles, the synthesis yielded o-carborane-fused pyrazolines, which are non-aromatic. The limited overlap between the T molecu-
lar orbitals (MOs) of the planar heterocycle and the n + 1 MOs of the carborane prevents significant electronic delocalization be-
tween the two fused components. This contrasts with the fusion of pyrazole and benzene to form indazole, where both rings main-
tain their 2D aromaticity. Our findings demonstrate that the peripheral o-aromaticity of carborane and the m-aromaticity of the
heterocycle are orthogonal, making a true 3D/2D aromatic system unachievable. The carborane is highly aromatic, generating
highly negative NICS values (-25 to =30 ppm). We have observed that these high NICS values extend to fused rings, leading to
incorrect estimations of aromaticity. Therefore, relying solely on NICS can be misleading, and other computational indicators,

along with experimental or structural data, should be used to accurately assess aromaticity.

Introduction
Pyrazoles and 1,2-diazoles are five-membered aromatic hetero- nature, they exhibit a wide range of biological activities,
cyclic compounds that have garnered significant attention in  making them highly useful in pharmaceutical chemistry [4-6].

recent years [1-3]. While these compounds are rarely found in  Pyrazoles are also extensively employed in agrochemicals,
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serving as key components in insecticides, herbicides, and
fungicides [7]. Beyond their chemical uses, pyrazoles play an
important role in the construction of supramolecular assemblies
and molecular systems designed for photoinduced electron
transfer [8,9]. Thanks to their notable photophysical properties,
pyrazoles are applied in OLED technology [10]. Noticeably, in
its ground state, pyrazole (C3H4N») is an aromatic molecule
that follows Hiickel's rule, with two formal double bonds and a
lone pair on one nitrogen generating a 1 system with 6 m elec-
trons [11]. When fused with a benzene ring, sharing a C-C
bond, it remains aromatic, which is the case of indazole. Pyra-
zoline (C3HgN»), similar to pyrazole, formally has only one
double bond and a lone pair on the nitrogen, so it does not
satisfy Hiickel's rule and it is therefore non-aromatic. Even
when fused with benzene via a C—C bond, pyrazoline remains

non-aromatic, which is the case of indazoline.

Icosahedral carboranes are globular molecular clusters made of
carbon and boron, displaying 3D aromaticity [12-15]. Their
unique properties — such as aromaticity, exceptional thermal
and chemical stability, and robust synthetic versatility [16,17] —
make carborane derivatives essential components in various
fields. These include pharmaceuticals [18-22], boron neutron
capture therapy (BNCT) [23-26], organometallic ligands [27],
and functional materials [28-30]. As a result, developing effi-
cient methods for selectively introducing functional groups into
carboranes has become a key area of research [29,31]. More-
over, replacing planar aryl rings in biologically active mole-
cules with spherical carborane units has led to novel alterna-
tives [32], offering enhanced properties and efficacy [28,30,33-
35]. Therefore, the advancement of simple, efficient methodolo-
gies for synthesizing o-carborane-fused heterocycles is critical-
ly needed. However, the limited number of synthetic strategies
for carborane functionalization [36] continues to constrain their
broader use.

With this in mind, Lee and colleagues have recently developed
an efficient synthetic method for producing o-carborane-fused
pyrazoles as a novel scaffold, without using transition metals.
Their approach involves reacting B(4)-acylmethyl and B(3,5)-
diacylmethyl o-carborane with 2-azido-1,3-dimethylimida-
zolinium hexafluorophosphate (ADMP) in the presence of DBU
in acetonitrile. This one-pot process enables sequential diazoti-
zation and cyclization, leading to the formation of two or three
C-N bonds under extremely mild conditions, with excellent
tolerance for various functional groups [37]. A priori, this
fusion between 3D aromatic o-carborane and 2D aromatic pyra-
zole should give a 3D/2D aromatic o-carborane-fused pyrazole.
However, we recently demonstrated that, unlike many 2D/2D
and 3D/3D aromatic fusions that retain their aromaticity, a 3D/

2D aromatic combination is not feasible due to the ineffective
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overlap between the m molecular orbitals of the planar species
and the (n + 1) molecular orbitals of the aromatic cage. This
lack of overlap prevents effective electronic delocalization be-
tween the two fused units [38]. Soon after, Kelemen and
colleagues confirmed our findings also applied to o-carboranes
fused with five-membered ring systems [39,40]. The posi-
tioning of the heteroatom in these exo rings governs bonding,
leading to restricted conjugation and, consequently, no aromat-
ic stabilization. Importantly, the magnetic field generated by the
3D cluster influences the conjugation and the computed mag-
netic properties of the fused exo ring [34,38,40], which can lead
to the incorrect assignment of aromatic character to this ring.

This study aims to determine whether o-carborane-fused pyra-
zoles can be classified as aromatic 3D/2D systems. While
previous research has not specifically examined pyrazoles in
this context, we hypothesize that although the 3D o-carborane
maintains its aromaticity, the 2D pyrazole may lose its aromat-
ic character. If our hypothesis holds, these compounds should
be termed o-carborane-fused pyrazolines rather than pyrazoles.
Alternatively, the presence of the N-N bond in pyrazole might
help preserve its aromaticity. To explore this, we performed
quantum chemical analyses on a range of o-carborane-fused
pyrazoles and pyrazolines and compared them with their fully
planar indazole and indazoline analogues. Aromaticity or non-
aromaticity can be assessed using indicators such as magnetic-
based NICS, electronic-based MCI, or bond lengths, among
others, given its multidimensional character [41-43].

Results and Discussion

We have first analyzed a series o-carborane-fused pyrazoles in-
volving the fusion to either a C—C, C-B or B—B bond in the
boron cluster, referred as pyrazoleCC, pyrazole®B, and pyra-
zoleBB, respectively (Figure 1). Among these isomers, pyra-
zoleBB is the most stable, followed by pyrazole®® and pyra-
201eCC by 19.2 and 24.5 kcal mol ™!, respectively. This order of
stability correlates with the length of the fusing bond between
the carborane and the pyrazole, i.e., B-B, C—B and C-C de-
crease from 1.760, to 1.674 and to 1.605 A, respectively
(Figure 2). Thus, the longer the length of the fusing bond, the
lower the tension of the formed five-membered ring and the
more stable the complex. The stronger strength of the C—B bond
compared to the C—C bond by 2.4 kcal/mol further supports the

above statement [44].

Next, we have compared the above o-carborane-fused pyra-
zoles with a series of reference systems with the aim to better
understand the electronic structure of the fused heterocycle and
its aromaticity (Figure 3). First, the C-C bond length
connecting the boron cage and pyrazole is 1.605 A

(pyrazoleCC), very similar to that of closo-C,BoH1, [45,46]
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pyrazoleCC

Figure 1: Series o-carborane-fused pyrazoles under analysis.
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Figure 2: Bond lengths (in A) of systems under analysis (top row) and reference systems (second and third rows) from the fusion of o-carborane and

pyrazole/pyrazoline.

computed at the same level of theory (1.623 A), a length that
should be assigned to less than a single C—C bond as it shall be
because the lines represent connections and not bonds
(Figure 2). At difference, that of pyrazole is 1.380 A, ie., a
bond length characteristic of a double C—C bond. Or even more,
if instead of fusing the pyrazole to the o-carborane, we fuse it to
benzene, and thus we have indazole, the fusing C—C bond
length amounts to 1.417 A, that can also be assigned to an aro-
matic C—C bond (that of benzene is 1.394 A, computed at the
same level of theory). Noticeably, highly diagnostic are also the
NN bond lengths. In the aromatic indazole and pyrazole this

NN distance is near 1.35 A, whereas it is longer near 1.46 A for

the non-aromatic 3-pyrazoline, although 2-pyrazoline presents a
shorter 1.40 A distance (Figure 2). Thus, and based on the
above geometrical data, compared to either pyrazole or inda-
zole molecules, can the pyrazole fused to o-carborane be re-
ferred as pyrazole? Or otherwise, should we refer to this five-
membered ring as pyrazoline due to the fact that the fusing C-C
bond between o-carborane and the pyrazole is not a double
bond? Finally, in agreement with the above discussion on the
bond lengths, Pierrefixe and Bickelhaupt revealed the under-
lying electronic bonding mechanisms in the m-electron and
o-electron systems that cause the typical aromatic bond-length

patterns in aromatic and heteroaromatic species. In particular,
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[oRe,

3-pyrazoline  2-pyrazoline
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Figure 3: Series of reference systems for the o-carborane-fused pyrazoles under analysis.

the authors proved the propensity of the m electrons to localize
double bonds against the delocalizing force of the o electrons
[47-49].

Let us focus now on the aromaticity of the o-carborane-fused
pyrazoles under analysis (Figure 4). The aromaticity of the

o-carborane is hardly affected by the fusion to the pyrazole,
with NICS in the center of the cage that amount to -27.1,

top 5MR:
center:
bott.5MR:

332 /\
5o o 002
-27. -8 5
-33.0

pyrazoleCC

indazole

top 5MR: -32.5
center: -26.6
bott.5MR:-32.6

3-pyrazolineC

3-pyrazoline©B

—27.4, and —27.4 ppm for pyrazoleCC, pyrazole©B, and pyra-

zoleBB, respectively (compared to —27.3 ppm for closo-
C,BoH12). However, whereas the boron cage is aromatic, the
heterocyclic ring is clearly non-aromatic, with MCI that amount
to 0.002, 0.000 and 0.003 a.u.,

difference, based on NICS, these heterocycles should be consid-

respectively (Figure 4). At

ered aromatic (—8.5, =7.1, and —8.3 ppm, respectively). Howev-

er, we have previously proven that this abnormal NICS values

3-pyrazoline  2-pyrazoline

3-pyrazolineB8

Figure 4: NICS (in ppm) of the boron cages (computed for the top 5-membered ring, center and bottom 5-membered ring) and the rings (center of the
ring) of the systems under analysis from the fusion of o-carborane and pyrazole/pyrazoline and reference systems. MCI for indazole/pyrazole are also

included (top value in italics).
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are caused by the induced magnetic ring current of the o-carbo-
rane [15,34,39]. This suggests we should exercise caution when
assessing the aromaticity of a ring based solely on magnetic
criteria such as NICS [50-53], especially in cases where neigh-
boring cycles exhibit high or very high NICS values. For a more
reliable evaluation, it is important to also consider structural
factors and additional indicators like the multicenter index
(MCI) [54-57]. Thus, from now on, we will evaluate the
aromaticity of heterocycles solely using the electron-based MCI
criterion [58,59].

At difference to the o-carborane-fused pyrazoles, the pyrazole
molecule is clearly aromatic with MCI = 0.047 a.u. (MCI for

Beilstein J. Org. Chem. 2025, 21, 412—420.

benzene is 0.072 a.u., computed at the same level of theory),
whereas the aromaticity of the five-membered ring of indazole
is reduced to 0.023 a.u. The aromaticity of both indazole and
pyrazole molecules is further supported by the computed AICD
plots (Figure 5), clearly showing a strong diatropic ring current
around the five-membered rings. At difference, such current is
interrupted in case of all o-carborane-fused pyrazoles between
the cage and the heterocycle. This latter conclusion is further
supported by the computed current density maps for the
o-carborane-fused pyrazoles (Figure 6). It is observed a non-
continuous diatropic ring current in the five-membered ring,
interrupted by the fusing bond between the cage and the pyra-
zole with a paratropic current. Meanwhile, the cage is con-

3-pyrazoline®®

3-pyrazoline©®

3-pyrazolineBB

Figure 5: AICD plots of systems under analysis from the fusion of o-carborane and pyrazole/pyrazoline and reference systems (isosurface = 0.04).
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Figure 6: Current density maps (all-electron contributions) for a perpendicular magnetic field over a plane 1 a.u. above the molecular plane of the
pyrazole ring of the o-carborane-fused pyrazoles. Red/blue arrows when the component parallel/antiparallel to B is greater than 30% of the vector
modulus. Diatropic/paratropic circulations are clockwise/anticlockwise. Figure S3 in Supporting Information File 1 encloses the rest of the systems.
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firmed to be 3D aromatic with diatropic ring currents that extent
to the five-membered ring. Once again, if the pyrazole ring
fused to o-carborane is confirmed to be non-aromatic, can we

still refer to it as pyrazole?

At this stage, it is important to reference a recent study in which
we sought to gain a deeper understanding of the C—C bond in
o-carborane by comparing o-carboryne and o-benzyne [60].
Noticeably, we found out that although o-carboryne and
o-benzyne share similarities, the nature of the C—C bond formed
between two adjacent carbons following the loss of hydrogen
atoms differs. In o-benzyne, the C—C bond behaves as a triple
bond, while in o-carboryne, it is a double bond.

Thus, in the present case with pyrazole, once again the ineffec-
tive overlap between the 7 molecular orbitals of the planar pyra-
zole and the (n + 1) molecular orbitals of the aromatic cage
causes the aromaticity of the former to be vanished. Such inef-
fective overlap has been proven by means of a model system
derived from pyrazole€C in which the C-N and C-C bonds
linking the carborane to the pyrazole have been broken and its
interaction has been analyzed by means of a Kohn—Sham mo-
lecular orbital analysis together with an energy decomposition
analysis (Figure S1 in Supporting Information File 1). To form
the broken bonds, both fragments have two unpaired electrons
(at their triplet state). The interaction between both fragments
amounts to —227.9 kcal mol™!, mainly driven by the very attrac-
tive orbital interaction (AEo; = —543.7 kcal mol™!) due to the
favorable interaction between the two single-occupied molecu-
lar orbitals (SOMO) of each fragment to form the two broken
bonds. Such strong interaction is supported by large overlaps
between these SOMO of each fragment (Table S1 in Support-
ing Information File 1). However, the interaction between the
molecular orbitals of the pyrazole fragment (HOMO-1 and
HOMO-2, Figure S2 in Supporting Information File 1) and
those of the carborane is very weak, as supported by the small
overlaps between these orbitals.

On the other hand, the fact that the fusing C—C bond between
the o-carborane and the pyrazole is not a double bond is the
reason why we question referring to the five-membered ring as
pyrazole. Instead, this ring should be referred as pyrazoline. For
this reason, we have also analyzed the fusion between o-carbo-
rane and pyrazoline (Figure 3). In particular, if we assume that
the fusing C—C linkage is single, the fused five-membered ring
corresponds to 2-pyrazoline. This latter, as a molecule alone is
clearly non-aromatic (MCI = 0.000). For comparison, we have
also considered the fusion of o-carborane to 3-pyrazoline
(13.0 kcal mol™! higher in energy). Also in this case, the five-
membered rings are clearly confirmed to be non-aromatic
(Figure 4).

Beilstein J. Org. Chem. 2025, 21, 412—420.

Conclusion

In this work, we have quantum chemically analyzed a series of
o-carborane-fused pyrazoles that have been recently synthe-
sized, and whose fusion was expected to create a hybrid 3D/2D
aromatic system, combining the 3D aromaticity of o-carborane
with the 2D aromaticity of pyrazole. Notably for the case of
pyrazole or pyrazoline, the N-N bond length is diagnostic,
being approximately 0.1 A longer when the molecule lacks
aromaticity. In contrast, o-carborane (1,2-C,BgH;3) is 3D aro-
matic and follows Wade-Mingos’ rule [61-63]. When fused to a
C3N; five-membered ring, that could lead to a pyrazole or pyra-
zoline moiety, the cluster retains its aromaticity, but the C3N,
five-membered ring does not. Our interpretation, consistent
with our previous results, suggests that this phenomenon arises
because carborane exhibits peripheral o-aromaticity, while
pyrazole shows m-aromaticity, and these two types of bonding
are orthogonal.

For pyrazole to maintain aromaticity, either the C—C, C-B, or
B-B bond in the carborane/pyrazole-fusing linkage would need
to exhibit double-bond character. However, these bonds are
weaker than a typical single bond. Thus, it is difficult to
preserve global aromaticity when combining a 3D aromatic
system with a 2D one. The MCI indicator, along with the C-C,
C-N, and N-N bond distances — particularly the latter — suggest
that the fused pyrazole ring is more accurately described as

pyrazoline.

It is important to note that NICS values might incorrectly indi-
cate aromaticity, showing negative values in cases where other
indicators and bond distances suggest non-aromaticity. This is
particularly true for rings fused with highly aromatic systems
with highly negative NICS values (=25 to =30 ppm), although it
can also happen with lower values. Thus, relying solely on
NICS can be misleading, and other computational indicators, as
well as experimental or structural data, should be considered.

Computational Details

All calculations were performed with the Gaussian 16 package
[64] by means of the B3LYP [65-67] hybrid density functional
and the 6-311++G(d,p) basis set [68]. The geometry optimiza-
tions were carried out without symmetry constraints (Table S2
in Supporting Information File 1). Analytical Hessians were
computed to characterize the optimized structures as minima
(zero imaginary frequencies). Aromaticity was first evaluated
by means of the nucleus-independent chemical shift (NICS)
[12,69-71], proposed by Schleyer and co-workers as a magnet-
ic descriptor of aromaticity. NICS is defined as the negative
value of the absolute shielding computed at a ring center or at
some other point of the system. Rings with large negative NICS

values are considered aromatic. NICS values were computed
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using the gauge-including atomic orbital method (GIAO) [72].
Multicenter indices (MCI) [54-56,73,74] were computed with
the ESI-3D program using AIM partition of space [75,76]. The
anisotropy of the induced current density (AICD) plots have
been computed at the same level of theory [77]. Current density
maps have been computed by means of the SYSMOIC package
[78-80], at the same level of theory. Finally, the energy decom-
position analysis has been performed at the ZORA-BLYP-
D3(BJ)/TZ2P level of theory with AMS software [81-84].

Supporting Information

Supporting Information File 1

Energy decomposition analysis of pyrazole©C (fragments
used, molecular orbitals overlaps, and fragment molecular
orbitals), cartesian coordinates and energies of all
compounds under analysis, and whole set of ring current
density maps.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-29-S1.pdf]
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Abstract

[#]Phenacenes ([n] = 5-7), octafluorinated at the terminal benzene rings (Fg-phenacenes: FgPIC, FgFUL, and Fg7PHEN), were
photochemically synthesized, and their electronic spectra were investigated to reveal the effects of the fluorination on the elec-
tronic features of phenacene molecules. Fg-Phenacenes were conveniently synthesized by the Mallory photoreaction of the corre-
sponding fluorinated diarylethenes as the key step. Upon fluorination on the phenacene cores, the absorption and fluorescence
bands of the Fg-phenacenes in CHClj systematically red-shifted by ca. 3-5 nm compared to those of the corresponding parent
phenacenes. The vibrational progressions of the absorption and fluorescence bands were little affected by the fluorination in the
solution phase. In the solid state, the absorption band of Fg-phenacenes appeared in the similar wavelength region for the corre-
sponding parent phenacenes whereas their fluorescence bands markedly red-shifted and broadened. These observations suggest that
the intermolecular interactions of excited-state Fg-phenacene molecules are significantly different from those of the corresponding

parent molecules, most likely due to different crystalline packing motifs.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) have been subject of  plication in materials science, in particular, in organic elec-
continuous interest not only from aspects of fundamental syn-  tronics [1-4]. Among the structural classifications of PAHs, the

thetic, structural, and physical chemistry, but also for their ap- representatives are acenes and phenacenes; the former
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consisting of linearly fused benzene-ring arrays while the latter
exhibit zigzag ones due to the angular annelation. These series
are known as one-dimensional graphene ribbons. As has been
commonly recognized, acene molecules have been intensively
and extensively studied in the organic functional materials field
[5-7]. By contrast, phenacenes had been hardly applied as func-
tional molecules in spite of their long history; phenacenes were
recognized as contents in petroleum-industry residues as early
as in the 19th century [8,9]. In the last decade, phenacenes were
demonstrated to serve as platform materials namely in organic
electronics, such as chromophores for photovoltaics [10-12],
luminophores in light-emitting devices [13-15], organic semi-
conductors [16-18], and even as aromatic superconductors [19].
Later, parent and chemically modified phenacenes were applied
to active layers in high-performance organic field-effect transis-
tors. Thus, the phenacene molecules displayed high hole
mobility [20-26] and imide-fused phenacenes served as n-type
organic semiconductors [27]. It was also disclosed that
donor—acceptor-type phenacenes provided environment-de-
pendent fluorophores showing solvatochromic fluorescence be-
havior [28,29]. Because phenacene molecules are quite robust
against an oxidative environment even under photoillumination,
they are considered to be promising platforms for constructing
practical organic functional molecules.

Recently, fluorinated PAHs attracted considerable attention
because the introduction of fluorine atoms significantly affects
their electronic features as well as molecular and crystalline
structures [30-32]. For example, the fluorination of oligoacene
frameworks manipulates their electronic properties as well as
their solid-state packing motifs [33-36]. The most pronounced

picene (PIC)

fulminene (FUL)

[7]phenacene (7TPHEN)

Figure 1: Chemical structures of phenacenes studied in this work.
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example is that pentacene serves as a p-channel organic semi-
conductor [37], whereas perfluoropentacene can be used as an
n-channel material [38]. It has been demonstrated that the mo-
lecular structure of [7]helicenes was modified by fluorination,
thus, the helicenes’ pitch was manipulated by terminal fluori-
nation modes [39,40]. Also, the effects of fluorination on the
chiroptical features of [n]helicenes were theoretically predicted
[41].

In addition to the manipulation of electronic natures, partial
fluorination of PAHs has been recognized to be significant for
crystal design and engineering. Thus, molecular packing
patterns of PAHs were altered depending on the positions and
extent of fluorination on the molecules [42-44]. For phenacene
molecules, mono- and difluorinated picenes were synthesized,
and their molecular and crystal structures were systematically
investigated [45]. Monofluorinated picenes, such as 6- and
13-fluoropicene, formed dimeric structures through intermolec-
ular F---H contacts and behaved as p-channel semiconductors.
By contrast, little information is available about the effects of
polyfluorination on the physical properties and structures of
phenacenes. It is expected that polyfluorination of phenacene
cores could produce a functional aromatic material alternative

to fluorinated acenes.

In this context, it would be of interest to construct highly fluori-
nated phenacene derivatives and reveal their structural and elec-
tronic natures in order to develop future organic functional mol-
ecules. In this study, octafluorinated phenacenes, Fg-phenacenes
FgPIC, FgFUL, and Fg7PHEN (see Figure 1 for their chemi-
cal structures), were systematically synthesized via the Mallory

OGO
OO~
F F F F

Fs7PHEN
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photoreaction [46] as the key step, and their UV-vis and fluo-
rescence spectra were investigated in comparison with those of
the corresponding parent phenacenes PIC, FUL, and
7PHEN to reveal the effects of the fluorination at the terminal
rings.

Beilstein J. Org. Chem. 2025, 21, 670-679.

Results and Discussion

Synthesis of Fg-phenacenes

The synthetic routes to building blocks 10, 13, and 15 and those
to the desired FgPIC, FgFUL, and Fg7PHEN are respectively
shown in Scheme 1 and Scheme 2. The newly synthesized com-

Br o_ O o__0O
CO,Me
a), b) c), d) AN e)
65%, 2 steps 80%, 2 steps 29%
Br Br Br CHO
1 2 3 4
BrPh,P F
F
F _F
5
o Br  CHO

OHCF
WV
FF
10

46% from 5

<
; O
0]

60% from 5

39% from 5

Scheme 1: Synthesis of building blocks 10, 13, and 15. Reagents and conditions: a) NaBH4, MeOH, THF, reflux; b) PBrg, reflux; ¢) N-methylmorpho-
line-N-oxide, THF, reflux; d) ethylene glycol, p-TsOH, toluene, reflux; e) tert-BuLi, DMF, THF, -78 °C; f) KOH, 18-crown-6, CHxCly, reflux (rt for 8);
g) hv, I, cyclohexane (toluene/THF mixture for 11); h) p-TsOH, acetone, reflux.
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F, F F F
o L o O
o0 S| - O
a)
F

FgPIC
61% from 5

FgFUL
52% from 5

Fg7PHEN
20% from 15

Scheme 2: Synthesis of FgPIC, FgFUL, and Fg7PHEN. Reagents and conditions: a) KOH, 18-crown-6, CHxCly, reflux; b) hv, I, toluene, rt (reflux for

FgFUL); c) Pd(PPhg)4, toluene, reflux; d) hv, I, toluene, reflux.

pounds were characterized by NMR spectroscopy as well as
elemental analysis or high-resolution mass spectrometry. The
experimental details and compound data are provided in Sup-

porting Information File 1.

Aldehyde 4, in which one of the formyl groups in napthalene-
1,5-dicarboxaldehyde was protected as an acetal, was prepared
through a 5-step reaction sequence. Phosphonium salt 5 [39]
and the partly protected o-phthalaldehyde 6 [47] were obtained
by previously reported procedures.

The reaction of phosphonium salt 5§ with aldehyde 6 in the pres-
ence of KOH and 18-crown-6 produced fluorine-containing
diarylethene 8 as a mixture of E- and Z-isomers. Subsequently,
the E/Z mixture of 8 was subjected to the Mallory photoreac-
tion without separation. Thus, compound 8 was irradiated with
fluorescent black-light lamps (300 nm, 6 X 16 W) in the pres-
ence of a catalytic amount of I, under an aerated condition.
After the photolysis, the acetal moiety was partly cleaved to
produce a mixture of acetal 9 and aldehyde 10. The obtained

reaction mixture was treated with TSOH in acetone to afford

desired fluorinated phenanthrenecarbaldehyde 10 in moderate
yield (46% from 5). The homologous chrysenecarbaldehyde 13
was obtained starting from aldehyde 4 via the same two-step
procedure in a 39% yield from 5. Bromophenanthrene deriva-
tive 15 was prepared by Wittig reaction between compounds 5
and 7 followed by Mallory photoreaction in a 60% yield from 5.

The target compounds, FgPIC and FgFUL, were obtained
through the Wittig-reaction and Mallory-photoreaction se-
quence (Scheme 2). Thus, reactions between phosphonium salt
5 and specific aldehydes, 10 and 13, followed by photolysis in
the presence of I, and O,, respectively, afforded FgPIC (57%)
and FgFUL (52%). Fg7PHEN was obtained by a
Migita—Kosugi-Stille coupling between bromophenanthrene 15
and (E)-1,2-bis(tributylstannyl)ethene to afford diarylethene 18
followed by Mallory photoreaction. The obtained intermediate
18 contained residual palladium and isolation was not success-
ful due to its poor solubility in common organic solvents.
Therefore, the crude 18 was subjected to the Mallory photoreac-
tion without purification. Photoirradiation of diarylethene 18

was performed in the presence of a catalytic amount of I, in
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refluxing toluene to afford Fg7PHEN which was isolated by
sublimation under vacuum.

Absorption and fluorescence spectra of

Fg-phenacenes

In order to get insights into the electronic characteristics of
FgPIC, FgFUL, and Fg7PHEN, their UV—vis and fluorescence
spectra were measured in CHCl3y (Figure 2). The
electronic spectra of the corresponding parent phenacenes
[48,49] are also illustrated as reference. The selected photo-
physical parameters are summarized in Table 1. The fluores-
cence excitation spectra were consistent with absorption spec-
tra to unambiguously assign the fluorescence bands to the
studied Fg-phenacenes (Figure S1 in Supporting Information
File 1).

In the UV-vis spectra, a small-intensity band at 376-393 nm
and a moderate-intensity one at 333—347 nm were observed for
all compounds studied. The former and the latter absorption
bands are, respectively, assigned to the a- and p-bands accord-
ing to Clar’s description [50]. The absorption bands only
slightly red-shifted upon the m-extension (AApzgs = ca. 6 nm per
increment of one benzene ring) and the spectral profiles
resemble each other irrespective of the length of the phenacene
7 conjugation and the fluorine substitution. The results suggest
that these factors could provide insignificant effects on the
apparent electronic spectral nature of the phenacenes in solu-
tion. The fluorescence spectra of the phenacenes displayed
well-resolved vibrational structures as characteristics of rigid
aromatic molecules. Like the UV-vis spectral behavior, the
fluorescence bands gradually red-shifted with increasing the
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Figure 2: UV-vis and fluorescence spectra of FgPIC (a), FgFUL (b),
and Fg7PHEN (c) (red lines) and the corresponding parent
phenacenes (black lines) in CHCl3. The broken lines show long-wave-
length absorption bands at 10-times magnification of the intensity for

clarity.

Table 1: Photophysical parameters for Fg-phenacenes and the parent phenacenes.

Aags/nm
Compound

(o band)? (p band)?
FgPIC 381 333
FgFUL 387 344
Fg7PHEN 393 347
PIC 376° 328¢
FUL 382¢ 339¢
7PHEN 388d 3434

ApL/nm

in CHCl3 (®F)

383 (0.08)
390 (0.12)
396 (0.08)
380 (0.09)°
386 (0.12)°

391 (0.12)d

in solid

458

467

489

391 sh, 408
398 sh, 416

407 sh, 4244

A)\FL/nm
(AVE /cm=1)P

75
(4280)
77
(4230)
93
(4800)
28
(1810)
30
(1870)
33
(1990)

aThe Clar's descriptions for the absorption bands; PAAr. = Ar (solid) — AL (CHCl3), AN = ArL(solid) — Ap (CHCI3), AVr, = Vg (CHClg) — VFL (solid);

CRef. [48]; 9Ref. [49].
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benzene-ring numbers, by ca. 6 nm per increment of one
benzene ring, for both Fg-phenacenes and the parent

phenacenes.

As seen in Figure 2, it is characteristic that the a- and p-absorp-
tion bands and fluorescence bands systematically red-shifted by
5-6 nm compared to the parent molecules upon the fluorination.
The effects of fluorination on UV—vis and fluorescence spectral
behavior was similar to those reported for fluorinated
[7]helicenes [38]. The fluorescence quantum yields, ® of
Fg-phenacenes were ca. 0.1 (0.08 for FgPIC, 0.12 for FgFUL,
and 0.08 for Fg7PHEN) which were similar to those of the cor-
responding parent phenacenes [48,49]. Thus, in the solution
phase, the introduction of fluorine substituents provided seem-
ingly minimal effects on the electronic spectral features of

phenacenes.

It has been demonstrated that parent phenacenes phosphoresce
in a 500-620 nm wavelength region at 77 K showing the clear
vibrational progression. The first phosphorescence vibrational
peak was observed at 501 nm for PIC and 514 nm for FUL
[48]. In the case of Fg-phenacenes, at 77 K, in addition to fluo-
rescence bands, photoluminescence bands assignable to phos-
phorescence were detected (Apgos = 518 nm for FgPIC,
528 nm for FgPIC, and 525 nm for Fg7PHEN, Figure 3). The
red-shift for phosphorescence upon the octafluorination was
slightly more pronounced compared to that for fluorescence.
The fact that the phosphorescence bands were observed for
Fg-phenacenes indicates that intersystem crossing is operative
as one of the non-radiative processes contributing to the low
fluorescence quantum yield of the Fg-phenacenes (cf. Table 1).

(a)

PL Intensity (Normalized)

1
500
Alnm

T
400 600

Figure 3: Photoluminescence spectra of FgPIC (a), FgFUL (b), and
Fg7PHEN (c) in toluene at 77 K.
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Because fluorescence behavior in the solid state reflects molec-
ular alignment and intermolecular interactions in the crystals,
solid-state fluorescence of the Fg-phenacenes was investigated.
We observed fluorescence behavior significantly different from
those observed in solution. Figure 4 compares absorption and
fluorescence spectra between Fg-phenacenes and the parent
phenacenes in the solid phase.

(a) FL F4PIC
ABS
/
- /""\/\
(0]
I
-
E
5 | () FL F4FUL
Z
< — FUL
>
= ABS
S /
g /___/\/\/
—
L
©
c
S e F,7PHEN
0 FL — 7PHEN
ABS
T T T T T T T T T
300 400 500 600

Alnm

Figure 4: Electronic spectra of FgPIC (a), FgFUL (b), and Fg7PHEN (c)
(red lines) and the corresponding parent phenacenes (black lines) in
the solid state.

The parent phenacenes displayed sharp and vibrationally
resolved fluorescence bands with maxima in the 380-390 nm
region which were consistent with those observed in solution.
By contrast, for the Fg-phenacenes, the solid-state fluorescence
spectra significantly broadened and red-shifted compared to
those observed in solution: FgPIC, FgFUL, and Fg7PHEN, re-
spectively, displayed fluorescence maxima at 458, 467, and
489 nm. As shown in Table 1, the differences in the fluores-
cence maxima shifts between the solution and solid phases
(AMgr, and AVgy) are obviously larger for Fg-phenacenes than
the parent phenacenes. These observations explicitly indicate
that the alignment of the phenacene molecules in the solid phase
changed upon the fluorination. It can be expected that the fluo-
rinated phenacenes are aligned in a 7— interacting manner to
display the excimeric fluorescence band in the solid state. Previ-

ously, excimer fluorescence of picene chromophores was ob-
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served in a 450-650 nm wavelength region for a macrocyclic
picenophadiene [51]. As the solid-state fluorescence bands of
the Fg-phenacenes were observed in the similar wavelength
region of the picenophadiene, the solid-state Fg-phenacene mol-
ecules have excimeric character in the fluorescing state.

It is critical to know the crystal packing of the Fg-phenacenes
for clarifying the different solid-fluorescence behavior between
the parent and fluorinated phenacenes. Although we have exten-
sively examined crystallization of Fg-phenacenes, no single
crystal suitable for an X-ray diffraction analysis was obtained.
The crystalline structural analysis is still under examination.

Theoretical analyses

Quantum chemical studies were performed to understand the
electronic spectral behavior of the Fg-phenacenes. The calcula-
tion level at B3LYP/6-31+G(d,p) [52] was chosen because the
B3LYP functional qualitatively reproduced the experimental
properties of some fused aromatics [53]. Figure 5 shows the
molecular orbitals (MOs) around the frontier MO levels and the

eigenvalues.

The shapes (symmetries) and the energy-level order of the MOs
in the Fg-phenacenes are the same as those of the correspond-
ing parent phenacenes. It is characteristic that, upon the fluori-
nation, the MO levels systematically lowered by 0.7-0.8 eV
compared to the parent phenacenes, and that the energy gaps

and the symmetry of the MOs are little affected by the fluori-
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nation. Accordingly, the electronic spectral behavior of the
Fg-phenacenes is essentially the same as that of the parent
phenacenes. The theoretical calculation results were consistent
with the experimentally observed electronic spectral features in
solution, i.e., the absorption and fluorescence bands only
slightly red-shifted (by 5—10 nm) and the spectral shapes were
little affected by the fluorination. It can be concluded that,
through the fluorination, one can tune the MO energy levels
without changing the apparent electronic spectral features in
solution, such as, electronic spectral shapes, wavelengths, and
fluorescence quantum yields. Such fluorine-substitution effects
on electronic spectra and MO levels were recognized for fluori-
nated oligoacene systems [30,34,36].

The theoretical calculations suggest that, in the ground state, the
polarization of the phenacene molecules inverted upon the
introduction of fluorine atoms. As seen from electrostatic poten-
tial (ESP) mapping (Figure 5b), the phenacene cores are nega-
tive (orange region) in the parent compounds, whereas the
phenacene cores turned to be positive (blue) for the
Fg-phenacenes. Therefore, one can manipulate the polarization
of the phenacene cores through the introduction of fluorine
atoms without altering the electronic spectral features.

The excited-state electronic characteristics were also calculated,
and the electronic transitions for the first two vertical absorp-
tion bands are summarized in Table 2. Although the calculated

S1<Sp and S, < Sy electronic transition energies were slightly

(a)
>
°
ui
-1 »{ & .
L+ Q9.8 p-1.53 Cii:‘:; 152 q,;:;’-u‘ﬂ
P40 Tom f T g Nl
2 b et 227 e -3 SRR E - el R~ ;f"‘l{& ERARNPTRIR St
241 #5808 — 2 Q‘Q‘Q ‘ 231 A0 l‘c,
A setee 243 ™ g 24 T T o
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H e 22 P 22 ‘-r’- ..;-3' —— -
6 . — Lo - X Jv6.23 L ® s,
H1 P %6.07"6.46 w (‘:‘( » 608", &30 \.}-. .»’f ¢ & ‘\x 504 == was=
. o RN . -6.53 '*t 8.
-7 PIC -6.82 'I“? FUL -6.81 j $if ZPHEN 2 ?«1
FsPIC FsFUL Fs7PHEN
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Figure 5: (a) The MO diagrams of the parent and fluorinated phenacenes (B3LYP/6-31+G(d,p)). H and L, respectively, denote HOMO and LUMO;
(b) electrostatic potentials mapped on the total Sy electron density surface in the ground state. The orange and blue sites, respectively, indicate nega-

tive and positive regions (-0.02 ~ 0.02 hartree).
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Table 2: Calculated vertical electronic transitions for Fg-phenacenes and the parent phenacenes.

S4¢Sg (o band)

Compound
Ay/nm?3 fo configuration®
Ho1oL  (28%)
FgPIC 355 0.0109 HoLed (689
Ho1oL o (12%)
FgFUL 365 0.0731 H-L (62%)
H-L+1 (19%)
Ho1-L  (18%)
Fe7PHEN 372 0.0160 HoLel (737
Ho1oL  (35%)
PIC 350 0.0053 HoLed (659
Ho1oL  (29%)
FUL 357 0.0162 H-L (22%)
HolL+1  (46%)
Ho1oL  (28%)
7PHEN 366 0.0085 HoLe1  (65%)

S« Sy (p band)

Ap/nm@ fo configuration®
Ho1-L+1 (10%)
344 0.2276 Hol (90%)
Ho1ol  (18%)
356 0.1742 HoL (31%)
HoL+1  (51%)
361 0.3166 HoL (90%)
HotoL+1 (14%)
336 0.1602 Hol (86%)
HoL (68%)
349 01768 HoL+1  (19%)
H-1-L+1 (11%)
355 0.2497 noL (887

aCalculated wavelengths of vertical transitions for S1<Sg (A1) and Sp<S> (A2); Pcalculated oscillator strength; Cconfigurations for the electronic transi-
tions, with H and L, respectively, denote HOMO and LUMO. Electronic transitions with low contribution (<10%) are omitted.

overestimated to show a systematic difference between the ex-
perimental and calculated absorption wavelengths, A\ =
21-26 nm for the S; < Sy transition and Ak, = 11-14 nm for the
So Sy transition, the calculation results qualitatively explain
the absorption spectral behavior of the fluorinated phenacenes
(cf. Table S2 in Supporting Information File 1). Therefore,
the S¢—S; transition band, experimentally observed in the
381-393 nm wavelength region for Fg-phenacenes, was
assigned to a forbidden transition contributed from (H — 1)-to-L
and H-to-(L + 1) electronic transitions (a band according to
Clar’s description with H and L, respectively, denote HOMO
and LUMO). The S; < S transition is assignable to H-L one
(p-band). The calculated results, in particular for FgPIC and
Fg7Phen possessing odd benzene-ring m conjugations, were
well consistent with the electronic transition characteristics of
phenacenes [54]. In the case of FgFUL possessing an even-
benzene-ring homologue structure, there was a significant
contribution from the H-L transition in the a band, presumably
because of the difference in the molecular symmetry.

Conclusion

Octafluorinated phenacenes, FgPIC, FgFUL, and Fg7PHEN,
were conveniently synthesized through the Mallory photoreac-
tion as the key step, and their electronic spectral features were
investigated. They displayed UV-vis and fluorescence spectra
which were seemingly the same as those of the parent

phenacene molecules in the solution phase although theoretical

calculations predicted the MO energy levels of Fg-phenacenes
markedly lowered by the fluorination. By contrast, in the solid
phase, FgPIC, FgFUL, and Fg7PHEN showed significantly
broadened and red-shifted fluorescence bands indicating that
the intermolecular interactions in the solid phase were modified
by the fluorine substitution. The present results could provide a
strategy for the manipulation of the solid-state optoelectronic
nature of polycyclic aromatic molecules to develop future func-

tional materials in organic electronics.

Supporting Information

Supporting Information File 1

Excitation spectra of the fluorescence, synthetic procedures
and physical data for the new compounds, theoretical
calculation results, copy of 'H and 13C NMR spectra of the
prepared compounds.

[https://www .beilstein-journals.org/bjoc/content/
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In recent years, significant progress has been made in the synthesis of various nanographenes incorporating non-benzenoid rings,

expanding the scope of molecular design beyond all-hexagon polycyclic aromatic hydrocarbons (PAHs). Among these, m-conju-

gated scaffolds featuring embedded azulene units have gained considerable attention due to their unique optical and electronic prop-

erties. This review provides an overview of representative azulene-embedded nanographenes, with a particular focus on the synthe-

tic strategies. Additionally, it explores selected aspects of aromaticity and spectroscopic properties.

Introduction

The discovery of graphene and fullerenes has sparked a contin-
uously growing interest in synthesis of new carbon-rich unsatu-
rated molecules and materials [1]. Graphene is a revolutionary
material with exceptional properties, driving advancements
across various scientific, industrial, and technological fields like
organic electronics [2], medicine [3], sensing [4] and energy
storage [5]. Typically, bulk graphene is obtained using a top-
down approach, where graphite is exfoliated using chemical or
mechanical methods [6,7]. However, this method does not
provide precise control over the structure of graphene and
graphenoid materials, which is crucial for fine-tuning their

properties. An alternative is the bottom-up approach where

various nanographenes are synthesized form smaller building
blocks via classical organic synthesis. This strategy enables
precise control over the structure and topology, leading to the
development of a vast array of benzenoid nanographenes, also
known as polycyclic aromatic hydrocarbons (PAHs) [8,9].
PAHs can be considered molecular models of bulk graphene,
offering invaluable insights into structure—property relation-
ships in graphene and graphene-based materials.

Structural defects appear to be inevitable in real graphene and

graphenoid structures. The presence of heteroatoms, disloca-

tions and grain boundaries [10] has a significant impact on the
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properties of graphene [11]. From both fundamental and applied
perspectives, a thorough understanding of these topological
defects is of great importance. Consequently, the investigation
of well-defined defects in atomically precise and monodisperse
nanographenes plays a unique role in engineering defects in
graphene, helping to elucidate the structure—property relation-
ships.

Non-benzenoid rings are among the most important types of
defects found in graphene [12,13] with Stone—Wales [14] and
azulene [10] defects being the most representative examples
(Figure 1a). Modelling and understanding these defects is a key
motivation behind the growing interest in non-alternant, non-
benzenoid PAHs [15]. In particular, the incorporation of azul-
ene moieties into various PAHs is highly valuable, as such mol-
ecules provide deeper insights into structure—property relation-
ships [16,17].

Azulene, an isomer of naphthalene, is the smallest non-alter-
nant, non-benzenoid aromatic compound (Figure 1b). It consists
of an electron-rich pentagon and an electron-deficient heptagon,
resulting in a significant dipole moment of 1.08 D [18]. Due to
its unique non-alternant topology, azulene exhibits a smaller
energy gap compared to that of isomeric naphthalene and
unusual emission from the S, state (anti-Kasha’s emission), as a
consequence of its non-mirror related highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) [19]. This distinctive behaviour gives rise to intriguing

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

optoelectronic properties, making azulene an attractive candi-
date for practical applications. For example, graphene nanorib-
bons with azulene defects are promising materials for nonlinear
optics (NLO) [20]. Furthermore, azulene subunits are present in
many hypothetical allotropic two-dimensional carbon
allotropes. In recent years many 2D graphenoid allotropic forms
of carbon were theoretically predicted like a family based on the
azulenoid kekulene [21], phagraphene (Figure 2a) [22], TPH-
graphene (Figure 2b) [23], PHH-graphene [24] and yp-graphene
[25]. Notably, fragments phagraphene and TPH-graphene have
already been synthesized via on-surface chemistry and charac-
terized using low-temperature scanning probe microscopy with
CO-functionalized tips [23]. These non-alternant carbon
allotropes represent promising candidates for novel carbon-

based materials with exotic properties.

Given the points discussed above, it is evident that exploring of
synthetic pathways for azulene-embedded nanographenes is a
highly relevant and important topic in contemporary synthetic
organic chemistry. These well-defined molecules are not only
valuable as fundamental models of defective graphene but also
hold significant potential in organic electronics [26,27] despite
the considerable challenges in their synthesis [28,29].

One important factor should be considered regarding azulene-
embedded nanographenes. In the literature terms such as “azul-
ene-embedded nanographenes” or “azulene-embedded PAHs”

generally refer to any conjugated carbon scaffold composed of

b)

Figure 1: a) Stone—Wales (red) and azulene (blue) defects in graphene; b) azulene and its selected resonance forms.
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phagraphene (5-6-7)
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b) N I 1 N i ' . ) .
N

N
‘ 1 N i N K

tetra—penta-hepta(TPH)-éraphene (4-5-7')

Figure 2: Examples of azulene-embedded 2D allotropic forms of carbon: a) phagraphene and b) TPH-graphene.

sp? carbons with adjacent pentagonal and heptagonal rings.
However, in many cases, the distinctive electronic structure of
azulene is absent due to the dominance of surrounding
benzenoid rings or the presence of biradical character. As a
result, these PAHs despite, possessing formal azulene may ex-
hibit properties typical of benzenoid molecules rather than the
characteristic azulene features such as red-shifted absorption, a
small HOMO-LUMO gap, aromaticity of azulene subunit and
anti-Kasha’s emission from higher excited states. In such cases,
the azulene unit merely acts as a linker within a more complex

benzenoid framework.

This review covers all types of azulene-embedded molecular
scaffolds, regardless of whether they contain a "formal" or
"true" azulene subunits. However, one of the key objectives
here is to highlight the differences between these structural
types and provide a clear distinction between benzenoid struc-
tures with azulene-like linkers and molecules that can be
considered “true” aromatic m-extended azulenes. This is why, in
many cases, the aromaticity of the azulene moiety is discussed,
particularly through the analysis of the most used variations of
NICS (nucleus-independent chemical shifts) parameters [30].
Additionally, whenever possible, information on the wave-
length of the lowest-energy optical transition is included, as it
serves as an important indicator of the electronic structure.

This review provides an up-to-date summary of known synthe-
tic strategies for azulene-embedded polycyclic aromatic hydro-
carbons (PAHs) as models of defective graphene, offering
guidelines for designing new carbon scaffolds of this type.
Given the rapid progress in this field, with nearly half of the
cited works published since 2020, this review focuses primarily
on purely hydrocarbon structures, with less emphasis on hetero-
atom-containing molecules. Typically, only the final synthetic
steps leading to the fused structures are discussed. However, in
cases where it provides valuable context, key reactions leading
to direct precursors are also described.

Review
Early approaches to azulene-embedded

nanographenes

The following section provides a short historical overview of
synthetic approaches leading to smaller purely hydrocarbon-
based azulene-embedded nanographenes. The synthesis of
smaller non-alternant PAHs containing azulene moiety dates to
the 1950s. The most common strategy involved synthesizing a
partially saturated scaffold, which was then dehydrogenated in
the final step. One of the earliest examples of the synthesis of
m-extended azulene was the non-benzenoid isomer of pyrene
published by Ward and co-workers (Scheme 1) [31].

chloranil

Lo

Pd/C
T, (T 2w
tail up to 650 nm
. NaHSO, H,, Pd/C
OH  sublimation " ethanol

I I 3 “4,50%

xylene, 135 °C
® (J
Z 5, quant. 6, 32%

tail up to 650 nm

Scheme 1: Synthesis of non-alternant isomers of pyrene (2 and 6) using dehydrogenation.
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Cyclohept[bc]acenaphthylene (2) was obtained from a partially
saturated precursor 1 via dehydrogenation using palladium on
carbon. However, the reaction carried out at 300 °C gave 2 as a
red solid in only 4% yield. A similar strategy was used by
Osborn for the synthesis of isomeric compound 6 (Scheme 1)
[32]. In this case, compound 3 was dehydrogenated giving com-
pound 4 which was then reduced to the direct precursor 5.
Subsequent oxidation using chloranil yielded cyclo-
hepta[kim]benz[e]indene (6) as black plates in a 32% yield. The
azulene-containing isomers of pyrene exhibit azulene-like
absorption tailing up to around 650 nm. Interestingly, despite
their initial synthesis in the 1950s, no further attempts have
been made to synthesize compounds 2 and 6 using more
modern methods.

Dehydrogenation played a pivotal role as a key step also in the
synthesis of larger m-scaffolds. For example, Murata and
co-workers reported the synthesis of an azulene containing
isomer of benzo[a]pyrene 9 (Scheme 2) [33]. Reduction of
ketone 7 using LiAlH4 resulted in alcohol 8 which was
subsequently dehydrogenated using sulfur in trichlorobenzene
at 220 °C to yield the azulene-containing isomer of
benzo[a]pyrene 9 in 18% isolated yield. Bestmann and Ruppert
reported the synthesis of a dinaphthoazulene 14, a non-alter-
nant isomer of benzo[a]perylene (Scheme 2) [34]. In their
method, bisylide 10 was reacted with dibromide 11 to form
cyclic bisphosphonium salt 12, which was then subjected to
alkaline hydrolysis. The direct precursor 13 was isolated in 10%
yield after two steps and, finally, oxidized to PAH 14 using
DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone).

The second approach was inspired by well-known

Ziegler—Hafner azulene synthesis [35]. The key step in this

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

method involves the synthesis of the intermediate pentafulvene,
which is subsequently cyclized to yield the target azulene. An
example of this strategy is the synthesis of the azulene-embed-
ded isomer of benzo[a]pyrene which was reported by Jutz and
Kirchlechner in 1966 (Scheme 3) [36]. Condensation between
phenalene 15 and pentafulvene 16 gave pentafulvene 17. Penta-
fulvene 17 was finally subjected to Ziegler—Hafner reaction in
quinoline at 180 °C, resulting in the m-extended azulene 18 in
60% yield. A similar synthetic strategy was employed by Hara
and co-workers in 1975 (Scheme 3) [37]. Compound 19 reacted
with cyanine 20 to give pentafulvene 21. Compound 21 was
later cyclized in quinoline at 180 °C giving non-alternant
isomer of benzo[a]pyrene 22 in 62% isolated yield. PAH 22 has
remarkable re-shifted optical absorption with Ay, = 1010 nm,
which is a strong indicator of its dominant non-alternant char-

acter.

Traditional methods for synthesizing azulene-embedded PAHs
often require harsh conditions, making them challenging to
apply to larger m-scaffolds. Furthermore, these methods
frequently suffer from low yields and are not easily adapted to
more modular approaches, limiting the variety of possible sub-
stitution patterns. This is why more modern approaches
continue to be developed.

Modern approaches to azulene-embedded

nanographenes

Modern synthetic approaches have greatly benefited from the
discovery of palladium-catalysed cross-coupling reactions, such
as the Suzuki sp>—sp? coupling or Sonogashira sp2—sp coupling.
These reactions enable the modular construction of complex
precursors, which can then be transformed into azulene-embed-

ded PAHs in the final step. Two main synthetic strategies are

0] OH
K e A s
trichlorobenzene, 220 °C
O 2 O s
7 8, 95% Amax = 900 nm

O™
+ —_—
O O benzene
\ rt
PPh; Br
10 11

¥
12 PPh3

NaOH O O DDQ O 0
e A P

13, 10% (two steps)
Amax = 550 nm

Scheme 2: Synthesis of non-alternant isomer 9 of benzo[a]pyrene and 14 of benzo[a]perylene using dehydrogenation.
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| AN U pyridine
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Scheme 3: Synthesis of azulene-embedded isomers of benzo[a]pyrene (18

commonly employed: 1) The construction of the azulene moiety
in the final step by creation of new C—C bond(s) or oxidation of
a partially saturated precursor (Figure 3a); 2) The use of precur-
sors that already contain the azulene moiety or moieties, which
are then annulated into fully fused PAHs in the final step
(Figure 3b). Obviously, the synthesis of more complex mole-
cules may require elements of both strategies.

a) formation of an azulene unit in the final step

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

| I 18, 60%

Amax = 741 nm

quinoline, 180 °C
2

quinoline, 180 °C “

22,62%
Amax = 1010 nm

and 22) inspired by Ziegler—Hafner azulene synthesis.

Construction of the azulene moiety in the final step

Oxidation of partially saturated precursors: With modern
cross-coupling reactions providing access to larger precursors, a
synthetic strategy involving the dehydrogenation of partially
unsaturated precursors in the final stage can be applied to larger
molecules as well. In this approach, the final PAHs with embed-

ded formal azulene moieties are formed from substrates that

b) fusion of substituents or fusion of azulene units in the final step

Ve ™\
e N e
i N i pu fusion of substituents e o\
S8 X o _ . ‘ N at periphery 4 0 N
\ / oxidation of partially \ , of the azulene unit N J
el --“. saturated precursor - - ST RN
v N Vv N \ !
[ N LTI L . | S Ut
R o R L
Se L PN _-\ G AN NP
DA
. s s
! 1 Y e N 1
~ P ¢ T~ v Se
s N . k
S JIPs
¢ *y formation of new
(S «_ _.i C-C bonds
~r 1 -
a2
.

Figure 3: General strategies leading to azulene-embedded nanographenes:
ents at the periphery of fusion of azulene units.

a) construction of azulene moiety in the final step: b) fusion of substitu-
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already possess adjacent heptagons and pentagons but are
partially saturated [38].

Ie, Aso and co-workers reported the oxidation of partially satu-
rated precursor 23 using DDQ, which led to the isolation of
PAH 24 in 50% yield which contains two formal azulene units
(Scheme 4) [39]. However, compound 24 was found to possess
a biradical structure (biradical character index, yy = 0.49) with
antiaromatic character of the pentagon, in contrast to pristine
azulene. This results in a significantly red-shifted optical
absorption at 997 nm. Therefore, compound 24 should be
considered a formally antiaromatic extended indeno[1,2-b]fluo-
rene, rather than a ‘true’ extended azulene.

Similarly, Miillen and co-workers reported the synthesis of non-
benzenoid open-shell nanographene 26 from partially saturated
precursor 25 in 25% yield after oxidation using DDQ
(Scheme 4) [40]. Extensive characterization of the resulting
nanographene in solution revealed a low optical gap, and an
open-shell singlet ground state with a low singlet—triplet gap.
Nanographene 26, which also contains the indeno[1,2-b]fluo-
rene structural motif, displays an extremely narrow energy gap
of 0.27 eV and exhibits a pronounced open-shell biradical char-
acter, with biradical character index close to 1 (yg = 0.92). Very
recently, a similar synthetic strategy was used by Jiang and

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

co-workers for the synthesis of very stable non-alternant

nanographene with a triplet ground state [41].

Zhang and co-workers reported the synthesis of diazulenoru-
bicene 29, a non-benzenoid isomer of peri-tetracene (Scheme 5)
[42]. The stepwise oxidation of compound 27 [43] which first
yields the partially saturated product of the Scholl reaction (28)
when FeCl; in CH»Cl,/MeNO, was used as an oxidant. Further
oxidation was possible using DDQ in 1,4-dioxane and finally
fully unsaturated PAH 29 was isolated in 87% yield. Com-
pound 29 is a substructure of PAH 26 but does not exhibit bi-
radical character. Instead, heptagons and pentagons are
primarily non-aromatic, with a localized double C=C bond in
the seven-membered ring, giving compound 29 predominantly
benzenoid properties. Interestingly, PAH 29 undergoes single or
double bromination with NBS in a mixture of CHCl3;, AcOH
and 0-DCB [44]. The resulting mixture of brominated PAHs 30
and 31 was then subjected to single or double [3 + 2] annula-
tion with various alkynes, leading to the extended structures 32
and 33. Notably, compound 33d can undergo Pd-catalysed
dimerization, resulting in the formation of a chiral non-
benzenoid nanographene 34 [45]. Single crystals of 34 surpris-
ingly exhibit SHG-CD (second harmonic generation—circular
dichroism) properties due to the unusual self-sorting of R and S

enantiomers in the crystalline state.

Suzuki coupling
olefin metathesis

DDQ
toluene, 80 °C

t-Bu
Friedel-Crafts alkylation L

t-Bu

Amax = 997 nm

indeno[1,2-p]fluorene = g“o

26, 25%
Amax = 936 nm

Scheme 4: Synthesis of biradical PAHs possessing significant biradical character using oxidation of partially unsaturated precursors.
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DDQ

29, 87%

Amax = 666 nm

32a-d
4 examples
Amax = 688—=719 nm

32a, 33a R', R2 = 4-nBuPh
32b R, R2 = 4-n-HexOPh

CHCI3/AcOH

0-DCB, 80°C 130 °C

Pd(MeCN)4(BF4),
o-chloranil

CHCI3, 60 °C, 10 h

xylene/MeCN/NEt;

and

32¢, 33¢c R" = C4Hg, R2 = TMS
32d, 33d R' = 3,5-di-t-BuPh, R2 = TMS

yield after two steps: 23-37%
(32 and 33 combined)

33a, 33c, 32d
3 examples
Amax = 679-711 nm

Bu Amax = 752 nm

Scheme 5: Synthesis of dicycloheptalijk/,uvwx]rubicene (29) and its further modifications.

Scholl-type oxidation: The Scholl oxidation is a highly useful
tool for constructing various benzenoid polycyclic aromatic
hydrocarbons (PAHs) [9]. So it is not a surprise that such fusion
reactions were used in construction of azulene embedded in
various nanographenes. However, when applied to complex and
sterically crowded precursors, the reaction often involves a
degree of unpredictability. Additional rearrangements and sub-
stitutions might occur making the exact outcome of the reaction

difficult to predict.

For example, Chi and co-workers unexpectedly obtained azul-
ene-embedded nanographene 36 and its triflyloxylated deriva-
tive 37 from precursor 35 during the an attempted synthesis of a
naphthalene-bridged double [6]helicene (Scheme 6) [46].

Depending on the amount of DDQ used for oxidation, the yield
of 36 reached up to 22%, while 37 was obtained in up to 27%
yield. The proposed mechanism for the formation of 36 and 37
involves an arenium ion-mediated 1,2-phenyl shift followed by
a naphthalene-to-azulene rearrangement. The alternative radical
cation mechanism has a higher energy barrier than the arenium
cation-mediated reaction. Notably, only one of the
pentagon—heptagon pairs exhibits an azulene-like electronic
structure and aromaticity, as confirmed by the analysis of calcu-
lated NICS values. Similarly, Liu and co-workers reported the
synthesis of two related nanographenes from precursor 38
(Scheme 6) [47]. Oxidation using DDQ/TfOH yielded two
PAHs 39 and 40 in 34% and 22% yield, respectively. The

authors postulated here formation of azulene moiety through
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36, R = t-Bu 15% (12 equiv DDQ), 22% (16 equiv DDQ)
16% (20 equiv DDQ), 0% (30 equiv DDQ), Amax = 570 nm
37, R = OTf 0% (12 equiv DDQ) 9% (16 equiv DDQ)

18% (20 equiv DDQ), 27% (30 equiv DDQ), Amax = 584 nm

Amax =573 nm ¢.gy

Scheme 6: Synthesis of warped PAHs with one embedded azulene subunit using Scholl-type oxidation.

radical cation mechanism and 1,2-phenyl shift. However, in this
case, analysis of NICS values indicated that the azulene moiety
does not exhibit aromatic character, and the electronic proper-
ties of the final molecules are primarily determined by the sur-
rounding benzenoid rings.

Mastalerz and co-workers reported the oxidation of precursor
41 using DDQ which led to a mixture of azulene-embedded
PAHs 42-44 (Scheme 7) [48]. Contorted PAHs 42—44 contain-
ing two azulene subunits, were formed through a single-step
cyclopentannulation and cycloheptannulation process. The
cyclodehydrogenation reaction was accompanied by further

regioselective functionalization at the periphery of the PAHs.

Besides triflyloxylation (42, 43), the introduction of one or two
dichlorovinylene groups (43, 44) was observed. As in previous
cases, the exact ratio of the products depended on the amount of
DDQ and concentration of the precursor. Analysis of NICS
values of 42—44 revealed that the “formal azulene” units do not
exhibit aromatic character, and the electronic properties of the
molecules are primarily determined by the surrounding

benzenoid rings.

Takasu and co-workers reported a more complex application of
Scholl-like oxidation for the construction of an azulene-embed-
ded nanographene 49, featuring embedded contiguous azulene

units and a narrowed cove-type edge (Scheme 7) [49]. Com-
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DDQ

TFOH/CH,Cl,
r,1h

Amax = 628 nm Amax = 636 nm

DDQ (8 equiv), ¢ = 1.67 mmol L-1: 42 (14%), 43 (30%), 44 (9%)
DDQ (10 equiv), ¢ = 3.33 mmol L~": 42 (25%), 43 (11%), 44 (2%)

t-Bu

t-Bu Q

H,C=C(Bpin),
Pd(PPh3)4

I I OTf

K3PQOy4, dioxane
100 °C, 2 h

t-Bu

O'O Bpin

DDQ, TfOH

t-Bu Q

DDQ, LEDs

%‘ Bpin

PrCN
25°C,60 h
46, 69% t-Bu 47, 97%
KsPO,
Pd(PPh3)s | +45

dioxane, 100 °C, 1.5 h

Amax = 660 nm

Suzuki coupling

CH,Cl,
25 °C. 5 min

Scheme 7: Synthesis of warped PAHs with two embedded azulene subunits using Scholl oxidation.

pound 46 was first subjected to intramolecular oxidation using
light-promoted DDQ and as the result the first azulene subunit
was introduced giving PAH 47 in an exceptionally high yield
(97%). A Suzuki cross-coupling reaction between 47 and 45
gave compound 48 which was subjected to a final Scholl oxida-
tion using DDQ. The target compound 49, containing two azul-
ene subunits, was obtained in a relatively low yield (16%).
Analysis of NICS values for 49 revealed similar characteristics
to most azulene-embedded PAHs obtained via Scholl oxidation
— specifically, the azulene subunit does not exhibit aromaticity,
and the surrounding benzenoid rings predominantly determine
the electronic structure of 49.

[3 + 2] Annulation of alkynes accompanied by a phenyl ring
expansion: The dimerization of alkynes, followed by the
expansion of a phenyl ring leading to the formation of an azul-
ene moiety, was first reported over half a century ago. These
reactions can be carried out using various catalytic systems, in-
cluding sulfenyl chloride/AlCl; [50], palladium catalysts [51] or
gold catalysts [52]. With the appropriate choice of substrates,
this approach can also be used for the synthesis of m-extended
azulenes. For example, Tobe and co-workers conducted the
intramolecular cyclization of 1,4,5,8-tetrakis(mesityl-
ethynyl)naphthalene 50 using I, in CH,Cl, (Scheme 8) [53]. In

the reaction resulted in the mixture of isomeric m-extended azul-
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and

50 51, 19% 52, 8%
Amax = 743 nm Amax = 803 nm

[PtCI(CgF5)(cod)]
P(OCH2CF3)3 or
P(OCH(CFs)o)s Sdaf

6 examples

yield: 45-80%

p-xylene, 120 °C, 12 h

53a—f
Sonogashira coupling

Scheme 8: Synthesis of azulene-embedded PAHSs using [3 + 2] annulation accompanied by ring expansion.

enes 51 and 52 in rather moderate yields of 8% and 8%, respec-  series of azulenophenanthrens 54a—f in yields ranging from
tively. Both PAHs 51 and 52 contain also embedded non-alter-  40% to 80%.

nant indenophenalene subunits. Similarly, Murakami and

co-workers reported intramolecular dimerization of alkynes fol- A similar strategy was employed very recently in the synthesis
lowed by a phenyl ring expansion for 2,2’-di(arylethynyl)bi-  of azulene-embedded isomers of linear acenes (Scheme 9) by
phenyls 53a—f [54]. The platinum-catalysed reaction led to a  Zhang and co-workers [55]. A palladium-catalysed variation of

C4Hg

. \ Pd(acac),, Bypiny, Lil IOHD C4Hg 57a,n=0,31%
[ C4Ho 2-MeTHF, microwave c 57b,n=1, 36%

N 150 °C n CiHo 576,n=2,38%
55a—d C4Hg 56 57d,n =3, 16%

0
CaHg Pd(acac)y, Bopins, Lil
COCTT - s, e
\\ 4719
o

2-MeTHF, microwave

58 CqHg 56 150°C 59, 39%
CaHo
1) NaBH4, MeOH, THF
57a—d, 60, A,y = 680-744 nm rt, 20 min.
2) SnClz'HZO, CHzclz’
AcOH, rt, 12 h

Scheme 9: Synthesis of azulene-embedded isomers of linear acenes using [3 + 2] annulation accompanied by ring expansion.
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[3 + 2] annulation, accompanied by ring expansion [56], was
used for the intermolecular reaction between acenes bearing
alkyne substituents 55a—d and di-n-butylacetylene (56). The
reaction gave a series of azulene-embedded isomers of linear
acenes from anthracene to pentacene (57a—d) in rather low
yields (16-38%). The synthetic pathway leading to the hexa-
cene isomer 60 was more complex due to the high reactivity of
intermediate pentacenes. Instead, pentacene-6,13-dione 58 was
subjected to the reaction with di-n-butylacetylene (56) giving
azulene-embedded dione 59 in 39% yield. Finally, NaBH4
reduction followed by SnCl,/AcOH dehydration gave target
non-alternant isomer of hexacene 60 in 43% yield. Interestingly,
for the same number of rings, azulene-embedded acene isomers
isomers exhibit greater stability than their fully benzenoid acene

counterparts. Moreover, the azulene-like electronic structure is

t-Bu

Pd(OAc), Cs,CO,
PPh,

-

toluene, 120 °C

KOH

quinoline, 250 °C
microwave, 2 h

64, 50%
Amax = 624 nm

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

preserved, leading PAHs 57a—d and 60 to display characteristic

low-energy azulene absorption and anti-Kasha emission.

Intramolecular C-H arylation: Various C—H arylation strate-
gies have proven to be effective as the final step in the synthe-
sis of azulene-embedded PAHs. This approach requires a
halogen-functionalized precursor and typically employs a palla-
dium catalyst. Dou and co-workers reported a last-stage intra-
molecular C-H arylation of substituted indenofluorenes 61 and
62 (Scheme 10) [57]. The palladium-catalysed reaction yielded
fused products containing either two (63) or four azulene
subunits (64). Analysis of NICS values revealed that the formal-
ly antiaromatic character indeno[1,2-b]fluorene units remain
dominant in fused PAHs 63 and 64 resulting also in a biradical
character. Considering these factors, PAHs 63 and 64 should be

indeno[1,2-b]fluorene =

00

63, 52%
Jmax = 616 nm

D
()

66, 15%
tail up to 1100 nm

Scheme 10: Synthesis of azulene-embedded PAHs using intramolecular C—H arylation.
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regarded as extended indenofluorenes that contain only “formal
azulene” subunits rather than exhibiting true azulene-like elec-

tronic properties.

Zhang and co-workers reported the synthesis Cgq molecular car-
bon 66, which contains 10 non-benzenoid rings including four
“formal azulene” units (Scheme 10) [58]. Interestingly, initial
attempts to convert 65 into 66 using various procedures for
the palladium-catalysed C—H activation were unsuccessful,
even when conducted at elevated temperatures. However,
treatment of 65 with KOH in refluxing quinoline successfully
yielded the desired PAH 66, albeit in a modest 15% yield.
Despite the presence of four “formal azulene” units, the TPP
(tetracyclopenta[cd fg jk,mn]pyrene) core of compound 66 ex-
hibits antiaromatic properties. As a result, the pentagons within
the structure remain antiaromatic, while the heptagons are non-
aromatic, indicating the absence of an azulene-like electronic
structure.

Liu and co-workers developed a modular approach to for
synthesizing azulene-embedded isomers of linear acenes
(Scheme 11) [59]. Precursors 67-70 were obtained from alde-
hydes and substituted cyclopentadienes using Knoevenagel-type
condensation. Finally, intramolecular palladium-catalyzed C—H
arylation afforded the fused azulene-embedded PAHs 71-74 in
good yields (40-70%). All non-alternant isomers of linear
acenes exhibit azulene-like lowest energy optical absorption, at-
tributed to the azulene-like Sy— S, transition.

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

Condensation reactions: Various condensation reactions can
also serve as valuable synthetic tools for constructing azulene
subunits in the final step. For example, Ma and co-workers re-
ported a modular synthetic strategy for the synthesis of diverse
azulene-embedded PAHs via a tandem Suzuki coupling and
base-promoted Knoevenagel-type condensation, achieving good
yields and high structural versatility (Scheme 12) [60]. In this
approach, precursors 75a—m were first obtained using a Suzuki
cross-coupling and subsequently subjected to the Knoevenagel-
type condensation using -BuOK. As a result, 13 PAHs 76a—m
containing an azulene subunit were synthesized in very good
yields (82-96%). This strategy was later extended to larger mol-
ecules incorporating two azulene subunits. Precursors 77a,b,
78a,b and 79 underwent a similar intramolecular condensation,
yielding PAHs with two azulene subunits (80a,b, 81a, 81b and
82) in yields ranging from 33% to 63%. Analysis of NICS
values for the resulting PAHs revealed that the azulene subunits
did not exhibit typical azulene-like aromaticity. Notably, this
represents one of the few modular approaches to azulene-em-
bedded nanographenes that enables the synthesis of a larger

family of molecules using a unified synthetic strategy.

The tandem Suzuki coupling/Knoevenagel condensation
strategy leading to PAH 85 was independently reported by Liu
[61] and Mastalerz (Scheme 12) [62]. The first group reported a
cascade formal [3 + 4] annulation between triple boronic ester
83 and naphthalene 84 which combines a Suzuki cross-cou-

pling and Knoevenagel-type condensation in a single synthetic

R

71,70%

Knoevenagel-type condensation

Pd(PPhs)4, Cs,CO3
DMF, reflux

t-Bu t-Bu

74,40%

absorption: tail over 700 nm

Scheme 11: Synthesis of azulene-embedded isomers of acenes using intramolecular C—H arylation.
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@ @ 76a—-m
13 examples
g OH'C t-BuOK . yield: 82-96%
@ THF, 0°C O’ @ Amax = 489-501 nm
75a-m

Ci2Hos

O, —
\
\ ,/ Pd(PPhs);, Cs,CO3
Br DMF, reflux

26%
84

Pd(PPhs)s
KoCO3

DME, 90 °C

80a,b
yield: 36-47%

82, 33%

diazulenes
Amax = 497-555 nm

Amax = 474 nm

KOH
THF, 60 °C
9%
(two steps)

Scheme 12: Synthesis of azulene-embedded PAHSs using intramolecular condensations.

step. This transformation was facilitated by Cs,COj;, which
acted as a base for both the coupling and condensation reac-
tions, ultimately yielding nanographene 85 in 26%. In contrast,
Mastalerz and co-workers used a two-step strategy where the
product of the Suzuki coupling 86 was first isolated. Com-
pound 86 was then subjected to condensation with KOH in
THF, affording 85 in an overall 9% yield over two steps. Addi-
tionally, the group reported an alternative synthetic route via
trioxobenzotrisazulene, achieving a 25% total yield of 85 over

three steps. It is worth noting that an alternative synthetic route

via trioxobenzotrisazulene was also developed, achieving a 25%
total yield of 85 over three steps [61,62].

Miscellaneous reactions: Less conventional reactions can also
serve as valuable synthetic tools for constructing "formal azul-
ene" subunits in the final step. Wiirthner and co-workers
utilized a palladium-catalysed [5 + 2] annulation reaction which
was developed in the group [63]. This strategy has been demon-
strated previously as an efficient approach for constructing sp2-
hybridized heptagons. In their study, a two-fold palladium-cata-
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lyzed [5 + 2] annulation was performed using 3,9-diborapery-
lene [64] 87 and 1,2-dibromoacenaphthylene 88, yielding the
azulene-embedded PAH 89 with an isolated yield of 15%
(Scheme 13) [65]. While the azulene subunits in 89 were
shown to be antiaromatic in the neutral PAH, oxidation to the
dication induced an aromaticity switch, resulting in the
pentagon—heptagon pair adopting an aromatic character. The
group later extended this strategy to scaffold 91 decorated with

two imide substituents, which was isolated in 4% yield [66].

Annulation of substituted azulenes

Scholl-type oxidation: The Scholl-type oxidation has also been
employed also for azulene-embedded PAHs. where it was used
to fuse substituents around the already existing azulene moiety
in the direct precursor. However, such reactions often lead to
suboptimal results in terms of yield and selectivity. Positions 1
and 3 of the azulene moiety are the most electron-rich, and pris-
tine azulene is known to form 1,3-polyazulene upon oxidation
[67], which may hinder the formation of the desired fused prod-
ucts. For instance, Itami and co-workers [68] reported that the
oxidation of compound 92 resulted in the expected fully fused
product 93, but only in 8% yield after oxidation with FeCls,
while the major product was 1,1'-biazulene 94, obtained in 88%
yield (Scheme 14). Compound 94 could further be oxidized
using FeClj to yield the partially fused chiral compound 95.
More recently, Morin and co-workers explored various strate-
gies to achieve m-extended azulenes [69]. Amon other ap-
proaches, the group tested the Scholl-type oxidation of precur-
sors 96 and 97. However, the reaction yield was low for 96
when position 1 of azulene was involved in oxidation and fused

!
99

[Pd,(dba)s]-CHCl3,
t-BuP-HBF,, CSgCO3

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

azulene 98 was isolated only in 30% yield. The attempts to fuse
position 5 in case of 97 resulted exclusively in oligomeric prod-

ucts and no 99 was observed.

One way to address the problem of the reactive positions (1 and
3) of the azulene unit is by blocking them in the precursor.
Pigulski and co-workers explored Scholl-type oxidation of
1,2,3-triarylazulenes 100a—f using FeCly as the oxidant
(Scheme 14) [70]. The use of K,COj3 as an additional base was
necessary because residual moisture, in the presence of FeCls,
led to the protonation of the starting azulenes. Interestingly,
when azulenes were substituted exclusively with phenyl groups,
no desired product was formed, instead surprisingly a 1,2-phe-
nyl shift occurred, yielding azulen-1(8aH)-ones 101a—c. How-
ever, when one or more of the substituents were replaced with a
2-pyrenyl group, partially fused (102, 103) or fully fused (104,
105) m-extended azulenes were obtained. This synthetic ap-
proach enabled the synthesis of a series of ‘true’ aromatic m-ex-
tended azulenes, which exhibited red-shifted azulene-like

optical absorption, reaching into the NIR region.

The facile oxidation of positions 1 and 3 of the azulene moiety
might be used as an advantage in the synthesis of azulene-em-
bedded PAHs. The intramolecular oxidation of azulene units is
particularly efficient when performed in an electron-deficient
system, as demonstrated by Tani and co-workers [71] in their
synthesis of azulene-fused tetracene diimide 107 from precur-
sor 106 (Scheme 15). Oxidation with DDQ gave the target
product in very high yield (95%). Interestingly, compound 107
contains four azulene subunits and exhibits strongly red-shifted

89, 15%
Amax = 559 nm

or

238,

90

t-AmOH, 100 °C

91, 4%
tail to 1000 nm

Scheme 13: Synthesis of azulene-embedded PAH 89 using palladium-catalysed [5 + 2] annulation.
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C
0 Q FeCls
o

CH,CI,/CH;3NO, +
rt,5h
90 O 92, 88%
Amax = 593 nm Amax = 695 nm
expected dimerization
FeCls
92
CH,Cl,/CH3NO,
rt, 14 h
93, 33%
Amax = 683 nm
\ ¢ \ \
o) 0 0 0

o QI —~

or -,

e I~ O~ D
0°C,1h . .
96 97 98, 30% 99, 0%, oligomers instead
t-Bu
t-Bu t-Bu
FeCI3, K2CO3
DCE/MeNO,

0°C, 18 h: 102, 32%
Amax = 689 nm

t-Bu +Bu
80 °C, 16-96 h: 101a—c, 29-93%
if Ar, Ar' = substituted phenyls

80 °C, 16 h: 105, 46% O
Amax = 733 NM O

t-Bu

Suzuki coupling

Scheme 14: Synthesis of azulene-embedded PAHs using oxidation of substituents around the azulene core.
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DDQ
CH,Cl,
-60°C,25h
107, 95% CeHir
Amax = 946 nm
OG n-Bu OC n-Bu
= DDQ e
S S S
S CH,Cl,, —60 °C S
o - &
109, 79%
108 dmax = 648 nm
t-Bu t-Bu

N\ _-N N/ FeCls
/N O NN CH,Cly, CHoNO, reflux
— N —
\
110

111, 46%
tail up to 1150 nm

blue LED, I,
toluene, 80 °C

112,R=H 114, R = H, 31%, Anax = 810 nm
113, R=t-Bu 115, R = {-Bu, 20%, Amax = 796 nm

Suzuki coupling

Scheme 15: Synthesis of azulene-embedded PAHSs using the oxidation of reactive positions 1 and 3 of azulene subunits.
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azulene like optical absorption, with a maximum at 946 nm. A
similar approach was demonstrated by the same group in the
synthesis of azulene-based helicene 109, achieved by oxidizing
precursor 108 using DDQ [72]. Notably, PAH 109 forms an air-
stable radical cation after oxidation. A similar intramolecular
oxidation of two adjacent azulene units was also reported with
the use of FeClj as an oxidant [73] or in one step during Suzuki
coupling between 1,8-dibromonaphthalene and borylated azul-
ene [74].

The ease of oxidation at positions 1 and 3 of azulene was
utilized by Uno and co-workers in the synthesis of azulene-
fused azacoronene 111 [75]. Oxidation of 110 using FeCl3 gave
the nanographene 111 in 46% yield. Compound 111 exhibits
red-shifted azulene-like NIR absorption with tail up to 1150 nm

Pd(OAC)Z’ PCy3'BF4
PivOH, K2C03

DMA, 115°C, 20 h

raceen () o0

KoCOj3

[

toluene

) =
120, 0%

not observed

t-Bu

PtCl,

FeCI3

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

in CS, and contains an aromatic azulene subunit. A similar oxi-
dation can also be carried out under photochemical conditions,
as demonstrated by Zhang and co-workers [76]. Precursors 112
and 113 were oxidized using I, under blue LED irradiation,
yielding bisimides 114 and 115 in 31% and 20% yield, respec-
tively. Both PAHs 114 and 115 exhibit NIR optical absorption,
with azulene subunits that retain their aromatic properties.

Intramolecular C-H arylation: The intramolecular, palla-
dium-catalysed C—H arylation can also serve as an effective tool
for the fusion of azulene-embedded nanographenes. Liu and
co-workers reported the synthesis of azulene-embedded
nanographenes 117 and 118 using this method (Scheme 16)
[77]. Precursor 116 was designed to undergo a four-fold intra-

molecular C-H arylation, but due to dehalogenation, only the

Q toluene, 80 °C
123

Buchwald—Hartwig reaction
Suzuki coupling

Scholl reaction
Sonogashira coupling

124, 94%

MeNO,, CH,Cly, ~78 °C

Pd(PCys3),Cl,
DBU
DMF, 130 °C

126, 18%
A =660 nm

Scheme 16: Synthesis of azulene-embedded PAHSs using intramolecular C—H arylation.
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products of double (117) and triple C—H arylation were isolated
in 10% and 3% yields, respectively. The optical absorption of
117 and 118 reaches the desired NIR region, owing to the reten-
tion of the azulene-like electronic structure within the azulene
subunits. The same group applied this strategy to precursor 119,
however, the target PAH 120 was not observed after the reac-
tion (Scheme 16) [78]. Instead, products of a skeletal arrange-
ment of one azulene moiety 121 and two azulene moieties 122
were isolated in low yields (1% and 4%, respectively). Plau-
sible mechanisms of such a cyclopenta[efTheptalene to phenan-
threne rearrangement were proposed by the authors and involve
the arenium ion pathway or Pd catalyst pathway. Both 121 and
122 exhibit typical azulene-like red-shifted absorption due to

almost forbidden Sy—S; transition.

Liu and co-workers reported also an isomer of bischrysene con-
taining two azulene subunits (Scheme 16) [79]. Precursor 125
was obtained through PtCl,-catalysed intramolecular annula-
tion of alkyne 123, followed by a Scholl-type oxidation of 124.
Finally, double intramolecular C—H arylation catalysed by
Pd(PCyj3),Cl, gave non-alternant PAH 126 in an 18% yield.
Interestingly, according to the calculated NICS values, all
heptagons of 126 lost their aromatic character. Later, it was re-
ported that PAH 126 exhibits anti-Kasha fluorescence [80] from
the S3 state in the range of 410-470 nm upon excitation at
370 nm. This was well verified by femtosecond time-resolved
absorption spectroscopy (fs-TAS), with corresponding
high-energy excited state absorption bands observed at 660 nm.

[Pd,(dba)s]-CHCls,
PCy3-HBF4, CSZCO3

O toluene/water, 90 °C, 1d

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

Wiirthner and co-workers developed a cascade [3 + 3] annula-
tion strategy, where Suzuki cross-coupling is followed by C—H
arylation, and applied it to various electron-deficient
nanographenes [81-84]. This strategy can also be applied to
non-alternant PAHs. For example, azulene 127 reacts effec-
tively with imide to yield the non-alternant PAH 129 in 47%
yield (Scheme 17) [85]. The resulting non-alternant isomer of
perylenebisimide 129 exhibits strongly red-shifted absorption
(Amax = 1041 nm) and an azulene-like electronic structure. The
optical absorption of PAH 129 is strongly bathochromically
shifted compared to isomeric terrylenebisimide (A, = 650 nm)
[86] and even larger rylene bisimides like hexarylenebisimide
(Mmax = 953 nm) [87]. Bisimide 129 might be regioselectivily
brominated using NBS, yielding PAH 130 in 80%. The bro-
mide 130 undergoes nucleophilic substitution with methoxide
or morpholine, giving the corresponding substitution products
131 and 132 in 60% and 74%, respectively. Very recently,
during revision of this work, Aratani and co-workers reported
the use of this strategy in the synthesis of two azulene-embed-

ded isomers of perylene monoimide [88].

Cyclization of alkenes: A bismuth-catalysed cyclization of
alkenes has been demonstrated as an efficient synthetic tool for
the creation of benzenoid PAHs [89]. Murai and co-workers
applied this approach to the synthesis of azulene-embedded
nanographenes (Scheme 18) [90]. Vinyl ethers 133a—d were
cyclized using Bi(OTf)3 in 1,2-dichloroethane giving PAHs
134-137 in high yields (71-85%). All the new PAHs exhibit

127 o
129, 47%
Br Br Amax = 1041 nm
128
NBS
THF, rt, 20 h
iPr O %ﬂ?r O o iPr O
i [ iPr N

131, 60% iPr 5 130, 80%

Amax = 933 nm Amax = 953 nm

iPr 3 132,74% iPr 3

Amax = 921 nm

Scheme 17: Synthesis of an azulene-embedded isomer of terylenebisimide using tandem Suzuki coupling and C—H arylation.
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Q5 OB
Bi(OTf)3 (6 mol %) 134 85% 136, 71%
0~ |
. CH,CICH,CI, 25 °C, 3 h
i -0
Suzuki coupling
Wittig reaction 135. 77% 137, 81%

Amax = 627646 nm

Scheme 18: Synthesis of azulene embedded PAHs using a bismuth-catalyzed cyclization of alkenes.

characteristics typical for “true” m-extended azulenes, such as
azulene-like optical absorption and narrow HOMO-LUMO
gaps. In addition, compounds 134-137 show reversible stimuli-
responsiveness against the acid—base reaction.

Cyclization of alkynes: The extension of m-conjugation in
polycyclic aromatic hydrocarbons (PAHs) through alkyne-
benzannulation reactions has become an increasingly popular
method in recent years [91]. Such benzannulations can be medi-
ated by Brgnsted acids, Lewis acids or transition metals, and
have been applied to a wide range of PAHs [92] and graphene
nanoribbons [93]. More recently, this synthetic strategy has
been independently employed by several research groups for the
synthesis of non-alternant azulene-embedded PAHs. Typically,
modular synthesis of direct precursors can be achieved using
Suzuki and Sonogashira cross-coupling reactions.

One of the first examples was the synthesis of diazuleno[1,2,3-
¢d:10,20,30-fg]pyrene, which was later subjected to on-surface
transformations [94]. More recently, a more general approach
was reported by Langer and co-workers, who described the
simple single benzannulation of a series of precursors 138a—k
(Scheme 19) [95]. The reaction was mediated by MsOH and
carried out in hexafluoroisopropanol (HFIP), yielding the final
products (139a—k) in 53-93% yield. In general, the absorption
spectra of the products show a typical “azulene-like” fine-struc-
tured low-energy absorption profile. Similarly, Morin and
co-workers reported a similar approach to synthesize PAHs
with two embedded azulene subunits (Scheme 19) [69]. Three
precursors 140a—c were annulated using InCl3/AgNTf, or PtCl,
yielding azulene-embedded nanographenes 141-143.

A similar approach was employed by Xin and co-workers in the
synthesis of isomeric m-scaffolds (Scheme 19) [96]. Precursors
144a—c were annulated using PtCl,, yielding target PAHs
145-147 in yields ranging from 26% to 46%. Compounds
141-143 and 145-147 can undergo a two-fold protonation

process, resulting in the formation of two tropylium fragments

within a single molecule. Additionally, they exhibit typical
azulene-like optical absorption and the aromatic properties

characteristic of azulene subunits.

Liu and co-workers extended this chemistry to substituted naph-
thalene derivatives which led to chrysene fused with two azul-
ene moieties (Scheme 19) [97]. Precursors 148 and 149 were
annulated using DBU (1,8-diazabicyclo(5.4.0)undec-7-ene) in
NMP (N-methyl-2-pyrrolidone) at 180 °C. The resulting PAHs
150 and 151 were isolated in relatively good yields (40% and
48%, respectively) and exhibited typical azulene-like optical
absorption. The UV-vis absorption spectra, fluorescence prop-
erties and 'H NMR spectroscopy, indicate that 150 and 151 can
be protonated to form the corresponding tropylium cation and
consecutive dication under acidic conditions, with reversible
protonation—deprotonation capabilities. Additionally, new
OFET-based acid vapor sensors were developed from 150 by
synergistically utilizing its charge transport and protonation—de-

protonation properties.

The solution-phase synthesis of a non-benzenoid nanoribbon
from an azulene-containing polymer via alkyne benzannulation
was reported by Morin and co-workers (Scheme 20) [98]. The
starting polymer 152 was synthesized using Suzuki cross cou-
pling and is regiorandom, meaning the orientation of the azul-
ene units within the main chain is not defined. Polymer 152 was
annulated using MsOH (methanesulfonic acid) yielding the
non-alternant graphene nanoribbon 153. The nanoribbon is
soluble in common organic solvents and exhibits conductivity
values up to 1.5-1073 S-cm™! when doped by TFA in the thin
film state.

The serendipitous synthesis of azulene-embedded [S]helicenes
was reported by Usui, Suemune, and co-workers [99]. The
unexpected formation of an azulene skeleton from a benzenoid
alkyne derivative occurred when a catalytic amount of PtCl,
was used. A more systematic approach to [5]-, [6]-, and

[7]helicenes with embedded azulene units was reported recently
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Scheme 19: Synthesis of azulene-embedded nanographenes using intramolecular cyclization of alkynes.
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Scheme 20: Synthesis of azulene-embedded graphene nanoribbons and azulene-embedded helicenes using annulation of alkynes.

by Gao, Yang, and co-workers (Scheme 20) [100]. Alkyne pre-
cursors 154-156 were annulated using PtCl,, yielding a series
of [n]helicenes (n = 5-7) with embedded azulene units
(157-159), which were isolated in relatively low yields
(10-32%). The incorporation of the azulene subunit into
helicenes causes significant perturbation in the molecular elec-
tronic structure, resulting in the dark cyan or green colours of
157-159 and azulene-like weak absorption due to Sop— S tran-
sition. Strong chiroptical responses were revealed by ECD spec-
tra, with the maximum |g,p,s| values reaching 0.022 (at 421 nm)
and 0.021 (at 427 nm) for 158, and 159, respectively. These
values are among the highest |g,p| values of helicenes in the

visible range.

Miscellaneous reactions: The scope of reactions that can be
used as the final fusion step when azulene-containing precur-
sors are employed is not limited to those described above. A
synthetic strategy involving condensation followed by the reac-
tion of the resulting 1,4-dienone with metal acetylides and
dehydration is a commonly used tool for the synthesis of
(hetero)acenes [101]. Jiang and co-workers applied this ap-
proach to azulene-embedded isomers of pentacene, hexacene
and heptacene (Scheme 21) [102]. First, the carbon scaffolds of

the target acenes were constructed by condensation of dialde-

hyde 160 with compounds 161-163 yielding diketones
164-166. Next, diketones 164-166 were subjected to nucleo-
philic addition reaction by lithiated triisopropylsilyl (TIPS)
acetylene, followed by SnCly-mediated reduction of the inter-
mediate diols. Finally, azulene-embedded isomers of pentacene
(167), hexacene (168) and heptacene (169) were isolated in very
good yields. Compounds 167-169 exhibit excellent photosta-
bility under ambient air and light conditions, as compared to
their isoelectronic acene counterparts, and red-shifted azulene
like optical absorption with tail up to 900 nm.

The Yamamoto homocoupling reaction catalysed by low-valent
nickel compounds [103] may be used instead of Scholl-type ox-
idation in the synthesis of azulene-embedded PAHs. Yamada
and co-workers very recently reported the synthesis of azulene
dimer 172 (Scheme 22) [104]. Initially, the authors attempted to
directly oxidize 170 to 172 using Scholl reaction. However,
compound 172 was isolated in only 1% yield. As an alternative,
they brominated 170 to form 171, followed by Yamamoto-type
coupling using Ni(COD);, and 2,2’bipirydyl (COD = 1,5-
cyclooctadiene), which produced 172 in high yield (89%). Inter-
estingly, the fusion of two azulene units at peri-position in-
duces the significant orbital interaction, resulting in a very
narrow HOMO-LUMO gap in 172. Consequently, 172 exhibits
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Scheme 22: Synthesis of non-alternant isomer of perylene 172 using Yamamoto-type homocoupling.

NIR absorption properties (Apax = 1180 nm, tail to 1720 nm)
and reversible redox behaviours (electrochemical gap 1.07 eV)

which is impressive for such small n-scaffold.

Formation of carbon-heteroatom bonds: Although the
primary focus of this review is the synthesis of all-carbon
azulene-embedded nanographenes, some carbon—heteroatom
fusion reactions are also worth mentioning. In general, azulene-
fused heteroaromatics are rare due to the limited synthetic
methods available, although some N- or BN-nanographenes are
known.

An efficient synthesis of azulene—pyridine-fused heteroaro-

matics was reported by Swager and co-workers (Scheme 23)

[105]. A series of monoazulene PAHs 174a—e was obtained
from 1-nitroazulene precursors 173a—e using triphenylphos-
phine, instead of the expected Cadogan reaction products. This
synthetic approach also works for precursors containing two
azulene subunits, ultimately yielding PAH 176 in 34% yield.
The results showed that these hetero-aromatics display strong
aromaticity with rigid planar m-structures and exhibit weak azul-
ene-like Sp—S; transition absorptions in the visible regions.
Single-crystal ribbons of 176 exhibit p-type semiconducting be-
haviour with hole mobilities of up to 0.29 m? V~!s™1. Typical
Cadogan products can be obtained when the NO, group is local-
ized in the benzenoid part of the precursor (Scheme 23) [106].
As a result, the reaction of precursor 177 with P(OEt); gave
fused m-scaffold 178 in 40% yield. Compound 178 features a
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Scheme 23: Synthesis of N- and BN-nanographenes with embedded azulene unit(s).

highly planar geometry, narrow optical band gaps, anti-Kasha
fluorescence, and reversible stimuli-responsiveness to acid and
base. Gao and co-workers demonstrated that also BN hetero-
cycles can be obtained using similar types of precursors
(Scheme 23) [107]. Compound 179 was reacted with PhBCI, to
yield BN heterocycle 180 in 78% yield. Compound 180 exhib-
its high sensitivity for the visual detection of fluoride ions and
undergoes an unexpected deboronization reaction upon the ad-
dition of TFA.

On-surface synthesis
Recently, the field of on-surface chemistry has made signifi-
cant progress, with the successful development of complex

metal-catalyzed on-surface reactions that are not accessible

through classical solution-based organic chemistry [108,109].
Ultra-high vacuum (UHV) conditions on metallic surface allow
to observe chemical species which are very reactive and impos-
sible to isolate using classical chemical synthesis. Therefore, it
is not surprising that such synthetic techniques have been
applied to the synthesis of azulene-embedded nanographenes.
One of the main challenges in this area is that the outcome of
reactions is often difficult to predict, and various skeletal rear-
rangements can occur under typical on-surface reaction condi-

tions.
The synthesis of most of the reported azulene-embedded PAHs

involves the generation of azulene moieties on-surface. This

means that the precursors obtained through traditional solution
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chemistry are typically benzenoid hydrocarbons. These precur-
sors are usually dehydrogenated on the surface, leading to the
formation of formal azulene subunits. A good example of this
strategy is the reaction reported by Feng and co-workers
(Scheme 24) [110]. Precursor 181 was annealed on an Au(111)
surface at 300 °C, resulting in PAH 182 with two embedded
azulene subunits. Spin-polarized density functional theory
calculations predicted that PAH 182 would exhibit an open-
shell singlet ground state, as it contains five Clar sextets, com-
pared to only two in the closed-shell structure. The same group
later proposed an extension of this strategy [111]. Precursor
183, which contains subunit 181, was first annealed at 300 °C
giving two rotamers 184 and 185 which are products of an
Ullmann-type dimerization (Scheme 24). Further heating on
the Au(111) surface led to products with partial skeletal rear-
rangement, driven by intramolecular structural strain. Both
nanographenes, 186 and 187, contain six formal azulene
subunits and exhibit nearly planar geometry. However, theoreti-
cal analysis of NICS values revealed that none of the azulene
subunits exhibits the characteristic azulene-like aromaticity. Ad-
ditionally, both 186 and 187 show moderate open-shell biradi-
cal character, according to theoretical calculations.

A similar strategy, leading to different types of skeletal rear-
rangements, was reported by Ma and co-workers (Scheme 24)
[112]. The reaction of precursor 188 at 290 °C on Au(111) sur-
face produced a series of isomeric products 189-194, which
contains azulene and/or Stone—Wales type of defects. The main
product, nanographene 189, is formed via oxidative ring-closure
of the four methyl substituents of precursor 188 after annealing.
In contrast, all the other observed PAHs 189-194 result from
oxidative ring-closure and skeletal ring-rearrangement reac-
tions. Theoretical calculations revealed that nanographene 188
possesses an antiferromagnetic open-shell singlet ground state,
whereas the other products do not.

Pefia and co-workers reported a two-step on-surface synthesis
of impressive propeller-shaped nanographenes 196 and 197
(Scheme 25) [113]. First, benzenoid precursor 195 underwent
Ullmann-type cyclotrimerization on an Au(111) surface at
200 °C, resulting in compound 196. PAH 196 was then further
heated to 375 °C, which triggered dehydrogenation and the for-
mation of two isomeric compounds 197 and 198. Both 197 and
198 possess six azulene subunits and an [18]annulene core. The
creation of azulene moieties follows a novel cyclodehydrogena-
tion pattern in conjoined cove regions, leading to the formation
of two new C—C bonds and the relaxation of the twisted regions
into a flat-lying molecule on the surface.

Ruffieux and co-workers recently reported a synthetic approach

toward tetrabenzo-fused circumazulene starting from precursor

Beilstein J. Org. Chem. 2025, 21, 1272-1305.

199 (Scheme 25) [114]. However, the desired circumazulene
was not detected, and instead, products of some additional
annulations were observed (200-202). The more planar struc-
ture of nanographenes 200-202 likely drives the process toward
more annulated configurations. Theoretical calculations of the
studied azulene-embedded PAHs indicated a strong antiaro-
matic character of the inner nonbenzenoid rings, particularly

heptagonal rings, in contrast to pristine azulene.

Dihalogenated precursors offer the potential to obtain poly-
meric structures through on-surface chemistry. A notable exam-
ple was reported by Ebeling and co-workers (Scheme 26) [23].
First, simple 2,6-dibromoazulene (203) was annealed on an
Au(111) surface, leading to the formation of 2,6-polyazulene
chains 204. Upon heating these chains to 730 K, laterally fused
chains were observed. The distinctive phagraphene nanoribbon
205 and the THP-graphene nanoribbon 206 were formed. This
transformation provides solid evidence that large fragments of
non-alternant analogues of graphene can be synthesized from
simple precursors. Similarly, Miillen and co-workers applied an
analogous strategy for 3,3'-dibromo-1,1'-biazulene 207
(Scheme 26) [115]. First, biazulene 207 was polymerized to
yield oligoazulene 208. However, further annealing at 250 °C
did not result in the expected products of simple fusion, but
rather a mixture of various non-benzenoid PAHs due to skeletal
rearrangements. Initially, polymeric structures where fused
fragments were linked by single C—C bonds were observed
(209). Additionally, fully fused PAH 210 was identified using
STM. Theoretical calculations revealed that the hexagons and
most of the heptagons in 210 are nonaromatic, while the
pentagons, especially those in the aceheptalene subunit, are
highly aromatic.

Optical and electronic properties

Analyzing the optical and electronic properties of the diverse
range of azulene-embedded nanographenes discussed in this
review presents a significant challenge, as many of the original
studies lack comprehensive data. In numerous cases, fluores-
cence characteristics were not thoroughly examined, and time-
dependent density functional theory (TD-DFT) calculations —
essential for accurately identifying the So— S electronic transi-
tions — were not reported. Nevertheless, certain general struc-
ture—property relationships can still be proposed for these
systems. Representative examples of polycyclic aromatic
hydrocarbons (PAHs) featured in this review are summarized in
Table 1, which provides key data on their lowest-energy
electronic transitions (Sg—S;), fluorescence behavior,
and first reduction/oxidation potentials. Several structural
factors are particularly influential in determining properties
such as near-infrared (NIR) absorption and narrow electrochem-

ical gaps. These include: (1) the presence or absence of an
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Scheme 24: On-surface synthesis of azulene-embedded nanographenes from benzenoid precursors via dehydrogenation of methyl groups.
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Table 1: Optical and electronic properties of selected azulene-embedded nanographenes.

Structure Amax™ 0 (g)2 AmaxE™ E12%E 000 Eg° Ref.
[nm}fem='M-1]  [nm] V] [V]

OQ 1180 (521)

. tailto 1720 nm  — e 7 g
-

172
OQQO 1010 (98) - - - [37]

22

t-Bu

t-Bu t-Bu 764 (450)
O“O ey - 0.10/-1.34 1.81 [70]

1041 (4500) 0.59/~1.03
(CHoCly) (CHoCly) 162 (85]
946 (2500) B 0.19/-0.77
(THF) (PhCN) 0.96 (1]
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Table 1: Optical and electronic properties of selected azulene-embedded nanographenes. (continued)

Q Q tail up to 700 nm

. (CH4Cly)
N/
159
99090
C 680 (weak)
CqHg (CH5Cly)

CaHo
60

t-Bu O O
NP9
Q ~660 (weak)
‘. O Q - (THF)

126
O'.O 666 (15800)
. (THF)

O

O O CeH13
.O’ 997 (weak)
CeH1s O O (CHzClp)

936 (weak)
(CHxCl)

4634
0.09/-1.84
®p < 0.1% 1.93
Eoﬂ-ZélZ) ) (onsets, CHoClp)
529d 0.06/-1.69 175
(CH.Cly) (CH,Cly) :
410d 0.12/-1.45
(THF) (THF) 1.55
4009, 670 0.22/-1.74 1.06
(THF) (0-DCB/CHxCly) -
-0.11/-1.34
(CHoCl) 1.45
B 0.11/~
(CH,Cly)

[100]

(58]

[79,80]

[42]

(39]

[40]
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Table 1: Optical and electronic properties of selected azulene-embedded nanographenes. (continued)

0.31/-1.69

o) 200  [47]
648

0.42/-1.67
O = 20% 200  [48
(orion ) (GHaCL) el

a\nmax — Maximum of the lowest energy electron transition, € — extinction coefficient; °First oxidation and reduction potentials versus Fc/Fc* couple;

CEq = E1 2% — E1 £, Yanti-Kasha emission.

azulene-like electronic structure; (2) the degree of aromaticity
within the azulene subunit; and (3) the biradical character of
molecule.

Purely hydrocarbon PAHs containing ‘true’ aromatic azulene
subunits (e.g., compounds 172, 22, and 104) can exhibit
remarkably red-shifted absorption, even when incorporated into
relatively small r--conjugated frameworks. Through careful mo-
lecular design — retaining the azulene-like electronic structure
and promoting spatial separation of the HOMO and LUMO
orbitals — it is possible to achieve exceptionally narrow optical
gaps. A striking example is the perylene isomer 172, which
displays absorption extending to 1720 nm and an electrochemi-
cal gap of just 1.07 V [104]. The presence of two parallel azul-
ene moieties in this structure results in an enhanced dipole
moment (1.97 D) compared to pristine azulene (1.28 D). This
parallel alignment appears to be critical for achieving a narrow
optical gap: in contrast, a recently reported azulene dimer with
antiparallel azulene units exhibits a lowest-energy transition at
680 nm [116], comparable to that of pristine azulene. However,
the molar extinction coefficients (¢) of compounds 172, 22, and
104 are relatively low (below 1000 M~! em™!), reflecting the
partially forbidden nature of the Sy— S; transitions. Incorporat-

ing strongly electron-withdrawing imide groups can enhance

the intensity of these transitions, as demonstrated in the cases of
the terylene bisimide isomer 129 (Ap,x = 1041 nm,
e = 4500 M~! cm™!) [85] and bisimide 107 (Apax = 946 nm,
e = 2500 M~ ! em™) [71]. Notably, none of the afore-
mentioned compounds exhibit Kasha-type or anti-Kasha fluo-

rescence.

Some azulene-embedded PAHs exhibit anti-Kasha fluores-
cence, akin to that observed in pristine azulene [117]. Notable
examples include two series of compounds that feature aromat-
ic azulene subunits: isomers of [n]helicenes (n = 5, 6, 7) [100]
and [n]acenes (n = 2-6) [55], all of which display anti-Kasha
fluorescence. Selected representatives from both series are
listed in Table 1; for instance, [7]helicene 159 emits at 463 nm,
while [6]acene 60 emits at 529 nm. Azulene-embedded
nanographenes containing only ‘formal’ (structurally defined
but not truly aromatic) azulene subunits can also exhibit anti-
Kasha emission. PAH 126 shows anti-Kasha emission at
410 nm, whereas compound 29 displays dual emission behav-
ior — both anti-Kasha (400 nm) and Kasha-type (670 nm) fluo-
rescence. Nanographenes with formal azulene subunits and sig-
nificant biradical character (e.g., compounds 24 and 26) typical-
ly show strongly red-shifted optical absorption but no fluores-

cence.
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Interestingly, when the benzenoid framework dominates and the
formal azulene unit acts primarily as a structural linker, even
large nanographenes may not exhibit red-shifted absorption.
PAHSs 39 and 42 exemplify this behavior: despite their extend-
ed m-conjugation, both show optical absorption and electro-
chemical gaps characteristic of benzenoid PAHs, with either
no fluorescence (compound 39) or weak Kasha-type fluores-
cence (compound 42). Lack or weak fluorescence is a typical
behavior of warped, distorted benzenoid PAHs due to the
fact that they can suffer from enhanced intersystem crossing
[118].

Conclusion

All modern synthetic approaches to azulene-embedded
nanographenes have been summarized. These molecules
demonstrate a diverse range of electronic properties depending
on their specific m-conjugated scaffold. While some PAHs
contain aromatic ,,true” azulene subunits, while the others ex-
hibit biradical properties or benzenoid part of molecules has
dominant impact on the properties. Moreover, the incorporation
of azulene units into PAHSs results in unique and exciting prop-
erties, including biradical character, near-infrared (NIR) absorp-
tion, stimuli responsiveness, and anti-Kasha emission. These
characteristics make azulene-embedded nanographenes promis-
ing candidates for applications in organic electronics, optoelec-

tronics, and molecular materials.

Despite recent progress, several challenges remain to be
addressed. The number of modular synthetic strategies for azul-
ene-embedded nanographenes is still limited, necessitating the
development of more efficient and scalable approaches.
Additionally, the role of serendipity, particularly in reactions
such as the Scholl oxidation, continues to hinder precise control
over molecular structures. A deeper mechanistic under-
standing of these transformations is essential for achieving
predictable and reproducible outcomes. Finally, the design
and synthesis of substructures related to hypothetical non-
benzenoid carbon allotropes represent an exciting avenue for
future research, potentially leading to the discovery of novel
materials with unprecedented electronic and structural proper-
ties.
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Abstract

In this paper, the behavior of a bicolor fluorescent indicator for the detection of barium cations formed by double-beta decay of
136X ¢ is analyzed by means of computational tools. Both DFT and TDDFT permit to understand the origin of the bicolor fluores-
cent signal emitted by 1-arylbenzo[a]imidazo[5,1,2-cd]indolizines in the free and Ba2*-bound states. The aromatic character of the
fluorophore is analyzed by means of energetic (hyperhomodesmotic equations), structural (harmonic oscillator model of
aromaticity, HOMA) and magnetic (nucleus independent chemical shifts, NICS) criteria. It is concluded that the aromatic character
of the fluorophore is better described as the combination of two aromatic subunits integrated in the polycyclic system. Different
DFT functional are used to analyze the photochemical behavior of this family of sensors. It is concluded that PBEO and M06 func-
tionals describe better the excitation process in the free state, whereas interaction of the sensor with Ba2* requires the MOGL func-
tional. TDDFT analysis of the emission spectra shows larger errors, which have been corrected by means of a structural model. The
bicolor behavior is rationalized based on the decoupling between the para-phenylene and benzo[a]imidazo[5,1,2-cd]indolizine

components that results in a blue shift upon Ba2* coordination.
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Introduction

Double beta-decay [1] is a radioactive decay in which two
neutrons are converted into two protons by means of the trans-
formation of two quarks down into two quarks up (Figure 1).
This process involves the emission of two W™ bosons that in
turn evolve towards the emission of two electrons. In the two-
neutrino double-beta decay (BB2v), two electronic antineutrinos
are also produced. Another possibility corresponds to the neutri-
noless double-beta decay [2] (BBO0v). This latter process could
take place if the electronic neutrino is a Majorana particle [3],
namely, it coincides with its own antiparticle (v, =V,). This
would result in a mutual annihilation, according to which
the two emitted electrons would take more energy than in the
BB2v process. In both processes, the initial nuclide must
advance two steps beyond the periodic table. Among the
possible candidates for double-beta decay, !36Xe is a suitable
isotope. In the BB2v radioactive decay, the reaction is
136 e — 136Ba2+ 1 2e™ + 2v,. The pBOv analog would consist
of simply 130Xe — 136BaZ* + 2¢~. Both transformations are
extraordinarily rare events. For instance, the estimated half-life
for the BP0V decay is at least higher than 2.3-1020 years, where-
as the current best estimate of the age of the universe [4] is
13.8-10° years. However, characterization of the neutrino as a
Majorana particle constitutes a formidable challenge that would
have an extraordinary impact in cosmology since this would
contribute decisively to explain why our universe is formed by

matter and not antimatter [5].

u uu u
dd d dd
n® p*
0"
W _
Ve =
K]
- kS
- Ve =
W g
S
-
u uu u
dd d dd
n0 p* n® p*

Figure 1: Two possible double beta decay modes. Left: with emission
of two electronic antineutrinos (BB2v). Right: neutrinoless double beta
decay (BBOv).

Within this context, from a chemical point of view, detection of

BPOv radioactive decay of 136Xe requires an extremely sensi-
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tive detection of 13°Ba2*. One promising candidate [6] would
be a radiometric fluorescent sensor. With this idea in mind, we
started a project aiming at designing, synthetizing and vali-
dating a fluorescent indicator that would fulfill the following
conditions: (i) high discrimination between the free and BaZ*-
bound states; (ii) high binding affinity for Ba%*, and low back-
ground signal for the chelated state. We reasoned that a bicolor
fluorescent indicator [7] (FBI), namely, a radiometric sensor
that emit the fluorescent signal at different wavelengths in the
free and bound states, would be the best option given the
extremely rare character of the fpOv event.

After analyzing different possibilities, we finally observed that
FBIs based on benzo[a]imidazo[5,1,2-cd]indolizines as fluores-
cent moieties constitute promising candidates to detect Ba*
cations [8,9] (Figure 2). Another essential component is an aza-
crown ether of appropriate dimensions to capture the barium
cation. In addition, one para-disubstituted phenyl (or aryl)
group is installed to generate selective cation— interactions.
Finally, a spacer (denoted as X and Y in Figure 2) and a linker
(denoted as Z) to anchor the sensor to a suitable surface via a
covalent interaction are required. Ideally, different configura-
tions and conformations of the fluorophore in the free and
chelated states would result in a bicolor behavior in the emis-
sion spectra. Indeed, initial experiments were successful. How-
ever, we observed that translation of the behavior of these FBIs

from supramolecular chemistry to solid—gas interfaces raises

Figure 2: General structure of first-generation bicolor fluorescent indi-
cators based on 1-aryl benzolalimidazo[5,1,2-cdlindolizines. X and Y
represent the spacer and Z stands for the linker to the surface, respec-
tively. The different emission wavelengths in the free and bound states
are highlighted.
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important issues in terms of both discrimination between free
and chelated states and photophysical properties [10].

Therefore, in this paper, we reexamine the electronic features of
these 1-arylbenzo[a]imidazol5,1,2-cd]indolizine-based FBIs in
terms of aromaticity (a relevant feature to analyze the nature of
the excited states) and emission properties. The final goal of
this research has been to contribute to the design of a second
generation of bicolor fluorescent indicators for barium tagging

in neutrinoless double-beta decay.

Results and Discussion

First, we analyzed the aromaticity of parent benzo[a]imid-
azo[5,1,2-cd]indolizine 1 (Scheme 1) in order to get a better
understanding of the properties of this tetracyclic system [11].
Since ground state aromaticity can be assessed by energetic
[12], geometric [13] and magnetic [14,15] criteria, among
others [16-18], we analyzed first the resonance energy of 1 with
respect to the aromatic resonance energies of the ortho-phenyl
and the bicyclic imidazo[1,2-a]pyridine components. In reac-
tion A, an hyperhomodesmotic equation [19] 2 + 3 — 4 + 1 was
defined, in which the conjugation of the bicyclic imidazo[1,2-

Beilstein J. Org. Chem. 2025, 21, 1627-1638.

a]pyridine unit was removed, while preserving the ortho-disub-
stituted phenyl ring, highlighted in yellow in Scheme 1A. This
reaction yielded a stabilization energy of ca. 17 kcal/mol. In the
alternative hyperhomodesmotic reaction B, defined as 5§ + 6 —
7 + 1, the formal ten-electron Hiickel aromaticity of the
imidazo[1,2-a]pyridine moiety (in blue) was preserved while
the phenyl component was decomposed. The computed stabi-
lization energy of this second reaction was calculated to be of
28 kcal/mol, slightly lower than the aromatic stabilization
energy (ASE) and isomerization stabilization energy (ISE)
calculated for benzene [20] (see reaction D in Scheme 1). Most
likely this lowering stems from the strain imposed to the ortho-
phenylene moiety in the tetracyclic structure. Combination of

reactions A and B in the form
1 1
A(2+3+5+6)—>A(4+7)+1

yields an average value of (AEAB) = —-22.6 kcal/mol. A similar
treatment of the separate components as outlined in reactions C

and D shows a much lower stabilization energy for imidazol[1,2-

(A)
AEp =-17.2 kcal/mol
Z >N N t* 2N Z\ + ZON A\
2 3 4 1
(B)
. AEg = -28.0 kcal/mol +
Z NN Z NN Z "N Z NN
SN SN XN XN
5 6 7 1

(©)

9 10

D)

Z\ N\
1 kcal/mol A\
(\/‘;’\} + @

11 8

@ . @ AEp = -34.0 kcal/mol
12 12

o O

Scheme 1: Hyperhomodesmotic equations used to analyze the resonance energy of benzo[alimidazo[5,1,2-cd]indolizine 1 with respect to the
imidazo[1,2-a]pyridine unit (A) and the ortho-disubstituted phenyl ring (B). Similar reactions for the separate components of 1 are shown in (C) and
(D). All the relative energies have been calculated at the B3LYP-D3BJ/6-311+G** level of theory. Explicit hydrogens on the saturated Cgps atoms are

highlighted in gray.
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a]pyridine 8 and a higher stabilization energy of benzene (15).

Combination of these latter equations yields

9+10+2-12 —>11+8+13+14.

This second averaged equation results in a computed stabiliza-
tion energy of {(AEcp) = —20.5 kcal/mol, 2.1 kcal/mol lower
than that calculated for (AE AB>~ These results indicate that there
is a noticeable interplay between the phenyl (yellow) and
imidazo[1,2-a]pyridine (blue) components of 1 and that these
aromatic units preserve their respective aromatic characters.

We next examined the aromatic character of benzo[a]imid-
azo[5,1,2-cd]indolizine 1 by analyzing its geometry in terms of
bond equalization. Three possibilities were considered: a total
delocalized geometry denoted as 1a in Figure 3A, a peripheric
conjugation 1b that excludes the participation of the lone pair of
the central N atom and, finally, a two-component delocaliza-
tion scheme denoted as 1c. The chief features of fully opti-
mized structures of 1 at the ground state (Sg) and first singlet
excited state (S;) are reported in Figure 3B. Using geometric
criteria, we computed the HOMA [21,22] for 1 at the ground
state, according to the following expression:

n .
HOMA =1 —%Zak(Rf(’pt ~RY)*. )
i=1

In this equation, n is the number of covalent bonds, k describes
the type of bond (CC or CN), R" stands for the optimal CC or
CN distances associated with aromatic structures, Rli( repre-
sents the corresponding bond distance gathered in Figure 3B,

and oy is a parametric term defined as

2

oy = 5
d\2 d t\2
(R ROP + (R R

@

where R} is the standard single bond distance of the k-pair of
atoms (C-C, C-N) and le is the same paremeter but referred to
the corresponding double bonds (C=C, C=N).

We computed the HOMA values associated with the total,
peripheral and modular patterns using the standard parameters
and a more recent set based on computational parameters that
take into account antiaromaticity, denoted as HOMAc [23]. Ac-
cording to our results, formal structure 1a is the less aromatic
one, a result compatible with the formal anti-Hiickel character
of this structure, with 16 m-electrons if the central nitrogen atom

is included in the electron counting. Peripheral structure 1b is

Beilstein J. Org. Chem. 2025, 21, 1627-1638.

! DO
. \ .
~ /, ~
R~ N N N~"~N
1a (total) 1b (peripheral) 1c (modular)
n=18 n=14 n=6+10=16
HOMA = 0.697 HOMA = 0.708 HOMA = 0.837
HOMAc = 0.873 HOMACc = 0.893 HOMAc = 0.938
B)
C)

1(So) 1(51)

Figure 3: (A) Total, peripheral and modular delocalization patterns for
fluorophore 1. The ground state (S,) Harmonic oscillator models of
aromaticity, both standard (HOMA) and computational antiaromaticity-
including (HOMACc) descriptors are gathered for each pattern.
Descriptor n stands for the number of covalent bonds, of each pattern,
according to Equation 1. (B) Anisotropy of the current induced density
(ACID) diagram of compound 1. (isosurface value: 0.035 a.u.)

(C) Bond distances (in A) for fully optimized structure of 1, computed at
the ground state (Sp) and at the first singlet excited state (S1, in
orange). Results obtained at the B3LYP-D3BJ/6-311+G** (Sp) and
using TDDFT (S;). Hydrogen atoms have been omitted for clarity.

formally Hiickel aromatic since the lone pair of this atom is not
considered, thus resulting in 14 m-electrons and a higher HOMA
value. Finally, modular structure 1c includes formally separat-
ed components with six and ten m-electrons, both units being
Hiickel aromatic. This structure shows the highest HOMA and
HOMACc values, which is in agreement with our conclusion
from the analysis in terms of stabilization energy. In addition,
an analysis of the Anisotropy of the induced current density
(ACID) plot [24] calculated for 1 (Figure 3B) shows a signifi-
cant diatropic ring current formally associated with the periph-
eral model 1b. Another diatropic contribution can be assigned

to the modular model 1¢, with a vortex in the bond connecting
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the phenyl group with the pyrrole ring. Interestingly, paratropic

ring currents are observed close to the molecular plane.

This conclusion is reinforced by the NICS computed for the
four rings of 1. As shown in Table 1, the isotropic NICS values
at the molecular plane are always negative, but the pyrrole ring
shows the lowest value. Indeed, if the NICSzz(0) values are
considered, a paratropic character is observed at the center of
the pyrrole and imidazole rings. The situation is more consis-
tent when the NICS values are computed 1 A above the molecu-
lar plane [25,26] since diatropic ring currents are observed over
the centers of the four ring points of electron density. However,
the issues associated with magnetic criteria to describe the
aromaticity of polycyclic systems must be taken into account.
Thus, a recent study [27] emphasizes the relative (and competi-
tive) contributions of global, semi-local and local ring currents
associated with Kekulé resonance and Clar’s disjoint aromatic
m—sextets, which reveals different coexisting ring current
circuits in this kind of systems. Therefore, the assessment of the
aromaticity of system 1 relies on the combined agreement
among conceptually different criteria. In summary, thermo-
chemical, structural and magnetic analysis permit to conclude
that the aromaticity of the fluorophore defined by 1 has modular
and peripheral character, which results in a moderate total
aromaticity for this parent compound in the ground state. Since
it is known that the aromaticity rules are reversed in lmmr*
excited states [28], the high fluorescent response of 1 is
connected with its higher aromaticity at the excited S; state.
Actually, the two peripheric C—C bonds of the central pyrrole
ring are slightly shorter in the optimized S; state, thus
suggesting a less modular aromatic character. Unfortunately,
since the HOMA parameters for excited states [29] are avail-
able for triplet 3mrr* states only and we are interested in fluores-
cence emission spectra, this kind of quantitative assessment of
aromaticity was not possible.

The role of the crown ether and the para-phenylene moieties
was also analyzed. The interactions of different sized crown
ethers with Ba2* and coordination with the aromatic ring
modeled by means of benzene (14, highlighted in yellow in
Scheme 2) were studied computationally. Although the effi-
ciency of crown ethers as components in cation-selective fluo-
rescent probes has been extensively explored [7,30], to the best
of our knowledge no previous computational DFT studies on
the selectivity of crown ethers of different sizes with Ba2* have
been reported. Therefore, we explored (Scheme 2A) the binding
between this cation and 12-crown-4 (16a, n = 1), 15-crown-5
(16b, n = 2), 18-crown-6 (16¢, n = 3) and 21-crown-7 (16d, n =
4), to form BaZ*-crown ethers 15a—d. We compared the corre-
sponding binding energies by means of the following isodesmic

equation:

Beilstein J. Org. Chem. 2025, 21, 1627-1638.

Table 1: NICS(iso) and NICSzz values at the molecular plane (z = 0)
and 1 A (z = 1) above this plane in a perpendicular direction. Points
a—c correspond to the respective ring points, in light red. Perpendicu-
lar points at z = 1 are shown in light green.

Point NICS(iso)? NICSzz2
z=0 z=1 z=0 z=1

a -11.729 -16.728  -11.798  -32.255

b -12.486 -11.486  +8.812 -31.343

c -8.740 -10.298 -12.648 -27.974

d -7.287 -7.705 +8.730 -17.884

aValues computed using the B3LYP/6-311+G** hybrid functional and
the GIAO method.

AGiSO (a - d) = AG298 (153 - d) + AG298 (163) —

[AG,og(16a—d) + AGyog(152)].

Where the different terms correspond to Gibbs energies com-
puted at 298.17 K. We also extended this study to the interac-
tion between complexes 15a—d and benzene (14) and computed
the corresponding complexation energies as

AG]‘XH (a - d) = AG298 (173 - d) -

4
[AGyos(14) + AGyog(15a—a)]. P

In addition, Figure 4 includes the chief geometric parameters of
the different complexes, as well as the corresponding free

energy values.

Our calculations show that, as expected, 12-crown-4 16a and
15-crown-5 16b are too small and consequently the barium
cation lies outside the average molecular plane determined by
the macrocycle. In the case of 18-crown-6 16c¢, the cyclic ligand
accommodates very well the cation, which is now within the av-
erage molecular plane. In addition, the corresponding AGjs,
values increase with the n-values (Figure 4A). Ligand
21-crown-7 15d suggests that this size of the cyclic ligand is
less than optimal, since the calculated structure shown a
concave-convex topology, in which one oxygen atom, high-
lighted by an asterisk, lies out from the direct coordination

perimeter, thus suggesting that this ligand is too big. The rela-
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Scheme 2: Isodesmic (A) and reaction profiles (B) for the analysis of the interaction of Ba2+ with different crown ethers and a benzene ring as a
computational model of para-phenylene ring shown in Figure 2.

(A)
12-crown-4 15-crown-5 18-crown-6 21-crown-7
o
o
15a 15b 15¢ 15d
{Reao) = 2.66 {Reao)s = 2.67 {RBaoY = 2.76 (Reao) = 2.76
AGiso = 0.0 AGiso = -28.4 AGjg, =-55.3 AGigo = —63.9
B)
12-crown-4 15-crown-5 18-crown-6 %1-crown-7
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' 314 | 3.19
~ ~
17a 17b 17¢c 17d
(RBao) = 2.70 (RBa0)s = 2.76 (Reao) = 2.79 (Raao) = 2.81
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AAGtOt =0.0 AAGtOt =-21.3 AAGtOt =-41.0 AAGtOt =-31.3

Figure 4: Fully optimized geometries (B3LYP-D3BJ/6ccrow-311++G**&DefTZVPP(Ba) level of theory) of Ba2*-crown ethers 15a—d (A) and
phenyl-Ba2*-crown ether complexes 17a—d (B). Barium cations are represented in dark blue. Descriptors ({Rga0))» denote the average Ba—O bond
distances (in A) for the different crown ethers. Distances between Ba2*+ and the ring points of electron density of benzene (in green) are also gathered
in (B). AGiso and AG iy, terms stand for the Gibbs energies (in kcal/mol) described in Scheme 2 and have been calculated according to Equation 3
and Equation 4. Numbers in parentheses are the relative AGyn, energies with respect to complex 17a. AAG;o; energies have been calculated accord-
ing to Equation 5. Hydrogen atoms have been omitted for clarity.
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tively lower increase of the AGijzo(d) with respect to its AGjgo(c)
congener also indicate that the stabilization induced by the addi-

tional oxygen atom is lower in magnitude.

An analysis of the effect of the aromatic ring represented by the
benzene ring shown in Scheme 2 and in Figure 4B was also per-
formed. We observed that for complexes 17a (n = 1) and 17b
(n = 2) the low size of the crown ethers generates a poor coordi-
nation to Ba2*, which results in more charge available for
further coordination thus giving rise to a relatively strong
m—cation interaction with the phenyl group. In the case of com-
plex 17¢ (n = 3) stemming from 18-crown-6, the barium cation
remains within the average molecular plane determined by the
macrocyclic moiety. The larger AGjy, value for 15¢ results in a
relatively lower AG.y, free energy for 17¢, given the lower
charge available for further interaction with the phenyl group.
The geometry of complex 17d (n = 4) resembles that found for
parent 15d, since the 21-crown-7 moiety adopts a
concave—convex shape, in which the barium cation occupies a
central position within the concave face. Also in this case, one
oxygen atom of the oversized macrocycle does not interact
directly with Ba%*, thus resulting in a non-optimal coordination
pattern. Therefore, the shape of the ligand and the low positive
charge available for the cation result in the largest BaZ*-ring
point distance and in a positive value of AG4,(d) although the
corresponding energy is slightly negative (ca. —4 kcal/mol). If

we combine both relative magnitudes in the form

AAGy (a—d) = AG,, (a—d) —[AG, (a—d) - AG,, (3)] (5)

in which the second term of the right hand (in brackets) corre-
spond to the relative Gibbs reaction energy with respect to 17a,
gathered in parentheses in Figure 4. These combined AAG
values permit to conclude that 18-crown-6 (n = 3) is the best
tradeoff between coordination to the cation and subsequent
interaction with the phenyl group. This is the reason why in our
design we introduced and aza-equivalent of 18-crown-6, namely

the 1,4,7,10,13-pentaoxa-16-azacyclooctadecane moiety.

We next investigated the coupling between the two compo-
nents of the sensor gathered in Figure 2 at the free and Ba®*-
bound states, namely the aza-crown ether-Ba2*-para-phenylene
and the benzo[a]imidazol[5,1,2-cd]indolizine components. We
chose compound 18 (Figure 5) as a convenient computational
model. We calculated the energy profile associated with the
rotation between the 1,4-phenylene and benzo[a]imidazol5,1,2-
cd]indolizine 1 components, defined as variation of the w =
a—d—c—d dihedral angle shown in Figure 5. Our calculations
show that, in the absence of barium, compound 18 exhibits
almost coplanar components, so both systems form a combined

fluorophore highlighted in green in Figure 5. The correlation
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between energy and this dihedral angle by means of a Karplus-
like [31] equation up to the fourth degree in the form

E(w)— E(0) =13.89cos*0—10.61cos’w—

(6)
9.73c0s’®—0.20cosm + 6.55

shows an excellent correlation (R? = 0.9987). The situation is
completely different in the presence of a naked barium cation
(Figure 5B). Thus, the E(w) — E(0) vs w curve shows a wide
minimum in the region of 90 deg. Also in this case, the correla-
tion for a fourth-degree polynomial expansion in terms of cos"w
in the form

E(w)— E(0) =84.56c0s*m—113.49c0s> o —

©)
40.10c0s”m — 2.32cosm —14.12

with a correlation factor of R2 = 0.9829. This minimum
involves the simultaneous coordination of the cation to one
nitrogen atom of the fluorophore 1, to the para-phenylene group
and the crown ether, a result in line with our experimental
results [8].

Next, we analyzed the geometry and electronic features of syn-
thetic compounds 18 and 18-Ba2* as a model case study of the
general design shown in Figure 2. Instead of the isolated cation
generated by the $B0v process, we included barium perchlorate
since this salt was used in experimental studies, as it can be ob-
served in Scheme 3. DFT and TDDFT calculations show that
the geometries of 18 at the ground first excited states are quite
similar (Figure 6), the aza-crown ether component being more
flexible, in good agreement with our experimental observations
[9], with very low values of the dihedral angle formed by the
benzo[a]imidazo[5,1,2-cd]indolizine and the para-phenylene
groups, especially in the S; state, thus indicating that both aro-
matic units are coupled under excitation—relaxation to produce
the corresponding absorption—emission spectra (vide infra). The
calculated structures of 18 complexed with barium perchlorate
are more rigid, with only small modifications on going from the
ground state to the first single excited state (Figure 6). Howev-
er, the presence of the two perchlorate anions results in addi-
tional coordination with BaZ*, thus resulting in larger values of
the Ba—N distances, as well as of the average Ba—O and
Ba—phenylene distances. In addition, the w = a—b—c—d dihedral
angle between fluorophore 1 and the 1,4-phenylene ring is
smaller than that calculated for the naked barium cation, but
still shows a noticeable departure from coplanarity.

The peculiar behavior of barium perchlorate with respect to

naked Ba2* prompted us to compare the photophysical proper-
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Figure 5: Relaxed scan of the relative conformational energies of sensor 18 at the free state (A) and bound to barium cation 18-Ba2* (B), calculated
at the B3LYP-D3BJ/6-31G*&DefTZVPP(Ba) level of theory. Capture of one naked barium cation generated after a neutrinoless double-beta decay
(BBOv) is assumed. The dihedral angle w = a—b—c—d formed by the two components of the fluorophore are graphically defined.

18

Scheme 3: Reaction of fluorescent probe 18 with barium perchlorate,
as indicated in Figure 2 (X = O, Y, Z = Me). The possible coordination
patterns are shown.

ties of unbound compound 18 in the presence of Ba(ClOy),.
The values corresponding to the adiabatic absorption (Sg(opti-

mized) — §;*, adiabatic absorption) and emission (S;(opti-

mized) — Sy, fluorescence) are reported in Table 2, together
with the differences between the free and bound states. The cor-

responding signed errors are gathered in Figure 7.

The behavior of the different functionals resulted to be very
variable, although the ground state and excited state geometries
were very similar. In the case of absorption wavelengths,
wB97XD, BHandHHLYP and CAM-B3LYP were the most
convenient functionals to describe the blue shift on going from
the free to the Ba-chelated state. If errors for the free and
chelated states are considered, B3LYP and wB97XD are the
functionals that introduce the lowest error values, although
these data are less relevant than A ,p,.

Calculated emission wavelengths and the differences between
the calculated fluorescent emissions in the free and bound states
showed in some cases noticeable differences. Thus, M06-L and
wB97XD functionals described better the emission of 18 at the
unbound state, whereas M06 and M06-L gave the lower errors
for the Ao, values of 18-Ba(ClQOy4),. However, the situation was
found to be different when the Al values were calculated. In
this case, M06 (which even predicted a red shift) and PBE were
the less accurate functionals, whereas M06-2X was the most

1634



Beilstein J. Org. Chem. 2025, 21, 1627-1638.

18-Ba* (Sy)+2CIO; {Q
: +2CI0; O

Figure 6: Fully optimized structures (B3LYP-D3BJ/6-311++G(d,p)&DefTZVPP(Ba) level of theory) of compounds 18 and 18:Ba2* at the ground (Sg,
carbon atoms in gray) and first excited (S1, carbons in orange) sates. Bond distances are given in A. The dihedral angles w = a—b—c—d, in absolute
value, are reported in deg.

Table 2: Calculated? absorption (Azps, in Nm) and emission (Aem, in NM) wavelengths of compound 19 at the free and barium perchlorate bound
states, using different DFT functionals.

Functional Aabs Aem
18 18:Ba(Cl0y), Ahaps? 18 18:Ba(Cl0y) Mhem?

experimental® 434 420 -14 508 434 -74
BHandH 377 335 -42 425 364 -61
BHandHLYP 376 335 -41 427 376 -51
B3LYP 462 397 -36 462 426 -36
CAM-B3LYP 382 342 -40 435 375 -60
MO06 431 382 -49 478 420 -58
MO6-L 384 341 -43 621 645 +24
MO06-2X 518 432 -86 445 379 -66
PBE 433 369 -64 473 457 -16
wB97XD 377 340 -37 434 372 -62

aCalculations performed with the 6-311++G(d,p)& DefTZVPP (Ba) basis sets and effective-core potential. °Difference between the free and chelated
values: A\ = A(19-Ba(Cl04)3) — A(19). °Data taken from ref. [8].

precise functional, followed by wB97XD, the other functionals
being quite similar among them. Therefore, we concluded that
MO06-2X, whose calculated geometry is almost coincident with
that computed with B3LYP-D3BJ, is the most precise func-
tional to predict the two-color behavior of these fluorescent

Sensors.

Computational Methods
All the DFT [32] and TDDFT [33] calculations were performed
using the B3LYP[34-36], B3LYP-D3BJ [37,38], CAM-B3LYP

[39], MO06 [40,41], M06-2X [42], MO6-L [43-45], PBEO [46]
and wB97XD [47] functionals. The 6-311+G* and 6-31++G**
bases sets [48,49] were used for C, N, O, and H. The
DefTZVPP [50] effective-core potential and basis set were used
for Na and Ba. NICS calculations were carried out by using the
GIAO [51] method. Wiberg bond orders [52] were computed
within the NBO bicentric localized orbitals [53,54]. All struc-
tures were fully optimized [55] and characterized by harmonic
analysis. All the calculations were performed by using the

Gaussian 16 suite of programs [56].
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Figure 7: Comparison between the calculated and experimental differ-
ences between the emission wavelength of 18 and 18-Ba(Cl0g)2, with
different functionals within DFT and TDDFT frameworks.

Conclusion

From the computational study reported in this paper, we con-
clude that the benzo[a]imidazo[5,1,2-cd]indolizine scaffold is a
convenient fluorophore for barium tagging in neutrinoless
double-beta decay. This fluorophore exhibits modular
aromaticity in which the central pyrrole ring is less aromatic
that the other three rings, as proved by energetic, geometric and
magnetic criteria of aromaticity. The lower ground state
aromaticity of the tetracyclic system, as a whole, results in a
highly fluorescent signal in the first singlet excited state. Analy-
sis of the crown-ether component permits to conclude that the
aza-analog equivalent to 18-crown-6 represents the best
compromise between coordinating oxygen atoms and ability to
form a m—BaZt complex with the para-phenylene component of
the sensor. Rotation about the dihedral angle defined by the two
aromatic components of the sensor result in an essentially
planar conformation at the free state, whereas binding to a
naked barium cation results in a perpendicular arrangement be-
tween the benzo[a]imidazo[5,1,2-cd]indolizine and the 1,4-
phenylene components, thus promoting a blue shift responsible
for the bicolor behavior of the sensor. Interaction with barium
perchlorate results in a slightly different coordination pattern,
although the bicolor behavior observed in the experimental
fluorescence spectra is preserved. These photophysical proper-
ties were observed in DFT and TDDFT calculations. Although
the calculated geometries were found to be very similar, the
emission wavelengths varied significantly depending upon the
functional used.

These conclusions have permitted us to design a second genera-

tion of fluorescent bicolor sensors with modifications at the

Beilstein J. Org. Chem. 2025, 21, 1627-1638.

benzo[a]imidazo[5,1,2-cd]indolizine scaffold. The chemical
synthesis, photophysical properties and suitability for barium

tagging will be published in due course.
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