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Oxidative Cyclodehydrogenation of Trinaphthylamine: Selective
Formation of a Nitrogen-Centered Polycyclic n-System Comprising

5- and 7-Membered Rings

Johannes Nebauer®, Christian Neif3*,* Marcel Krug, Alexander Vogel, Dominik Fehn,
Shuhei Ozaki, Frank Rominger, Karsten Meyer, Kenji Kamada, Dirk M. Guldi,

Andreas Gorling, and Milan Kivala*

Abstract: We describe a new type of nitrogen-centered
polycyclic scaffold comprising a unique combination of
5-, 6-, and 7-membered rings. The compound is acces-
sible through an intramolecular oxidative cyclodehydro-
genation of tri(1-naphthyl)amine. To the best of our
knowledge this is the very first example of a direct
3-fold cyclization of a triarylamine under oxidative
conditions. The unusual ring fusion motif is confirmed
by X-ray crystallography and the impact of cyclization
on the electronic and photophysical properties is inves-
tigated both experimentally and theoretically based on
density-functional theory (DFT) calculations. The for-
mation of the unexpected product is rationalized by
detailed mechanistic studies on the DFT level. The
results suggest the cyclization to occur under kinetic
control via a dicationic mechanism. )

Introduction

Within the vigorously developing research on polycyclic
aromatic hydrocarbons (PAHs) as defined molecular frag-

ments of sp>hybrid carbon allotropes, on the one hand,!
and innovative organic materials, on the other, nitrogen-
containing PAHs represent a particularly appealing com-
pound family.®* In these scaffolds the nitrogen atom with
its favorable van der Waals radius readily adopts a trigonal
planar geometry upon sp® hybridization to provide for
efficient delocalization of its lone pair of electrons over the
surrounding 7 system.!! Thus, without dramatic structural
changes, the electronic nature of the entire polycyclic
scaffold can be efficiently modified,” which opens interest-
ing perspectives for fundamental studies and technological
applications.

Since the seminal work of Boekelheide on cyclazines in
the 1950s,! a variety of PAHs with embedded nitrogen
atoms have been realized through specialized synthetic
routes. For example, polycyclic azomethine ylides provided
access to PAHs of different topologies through 1,3-dipolar
cycloadditions and dimerizations followed by intramolecular
cyclizations.”*! Another synthetic route employed nucleo-
philic aromatic substitutions between perfluorinated aro-
matics and pyrrole-based nucleophiles with subsequent
oxidative cyclodehydrogenation.”'”! In addition, on-surface
synthesis was established for the fabrication of extended
polycyclic architectures selectively doped with nitrogen.®!!
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While these efforts have so far resulted in numerous
highly interesting and aesthetically pleasing compounds, the
employed synthetic strategies often involve multiple chal-
lenging steps and delicate intermediates."'? Hence, an
alternative synthetic approach relying on direct cyclization
of structurally rather simple triarylamines would be highly
desirable. Triarylamines have become ubiquitous as elec-
tron-rich constituents of organic functional materials!"® and
are readily accessible by transition metal-catalyzed amina-
tion protocols.["

However, under oxidative conditions, that would be
required for the desired cyclization via the Scholl reaction,™
triphenylamines (TPAs) are known to form highly reactive
radical cations which irreversibly dimerize towards
benzidines." Back in the 1980s, a direct cyclization of TPAs
in the presence of palladium(II) acetate in glacial acetic acid
yielding carbazole derivatives was reported.'”? Analogous
monocyclizations of TPAs were also achieved
photochemically."™ Recently, partial oxidative cyclizations
of arylamines with Ag,0 were reported.") In spite of these
promising findings, higher cyclizations without preceding
ortho functionalization of the TPA moiety have yet not been
achieved.”

Herein, we have developed a modular synthesis of
differently substituted tri(1-naphthyl)amines (TNAs) and
identified suitable cyclization conditions to achieve an
unprecedented nitrogen-centered PAH 1% comprising 5-,
6-, and 7-membered rings (superscript indices denote the
ring-fusion motif around the nitrogen center; Scheme 1). To
our surprise, the expected isomeric PAH consisting exclu-
sively of 6-membered rings—denoted in the following as 1%
—was not formed. This is the very first example of a direct
3-fold cyclization of a triarylamine under oxidative Scholl
conditions. The unique ring fusion motif was confirmed by
single crystal X-ray crystallography and the outcome of the
reaction was rationalized by detailed mechanistic studies on
the density-functional theory (DFT) level, suggesting the
involvement of dicationic intermediates. The impact of
planarization on the optoelectronic properties was inves-
tigated both in experiment and theory.
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Results and Discussion

As the previously reported synthesis of TNA 2 failed in our
hands,” we developed an alternative route relying on a
sequence of Buchwald-Hartwig and Ullmann cross-cou-
plings (see the Supporting Information).'*?? To investigate
the impact of different substituents on the outcome of the
oxidative cyclodehydrogenation, we selectively brominated
the para positions in 2 to achieve compound 3 in 92 % yield
(Scheme 1). Subsequent introduction of the
4-(trifluoromethyl)phenyl moieties was achieved by a Suzu-
ki-Miyaura cross-coupling to afford 4 in almost quantitative
yield. This chemically robust moiety was chosen to block the
reactive para positions against intermolecular reactions
during subsequent cyclization.”

We initially explored the reactivity of compounds 24
under the standard Scholl conditions using FeCl; in dry
MeNO, and CH,CL.">*! However, no matter of the temper-
ature and equivalents of the oxidant applied, only partial
cyclization accompanied by chlorination leading to complex
product mixtures were observed for all compounds. In
addition, for TNAs 2 and 3 the formation of dimers and
higher oligomers was observed by mass spectrometry (MS).
Similar disappointing results, such as no reaction, partial
cyclization, decomposition, and dimerization, were obtained
for 2-4 under alternative conditions using Pd(OAc), in
glacial AcOH, Cu(OTf),, and AICl; in CS,, molten AICly/
NaCl mixture, or upon irradiation by a medium-pressure
mercury lamp in different solvents. In contrast,
4-(trifluoromethyl)phenyl-substituted TNA 4 underwent the
desired 3-fold cyclization upon treatment with DDQ and
trifluoromethanesulfonic acid (TfOH),*¥ which was con-
firmed by high-resolution MS analysis.

We initially envisioned the cyclization to lead to the
symmetrical nitrogen-centered PAH 1% (Scheme 1). How-
ever, the 'H and "C NMR spectra indicated the formation
of an unsymmetrical sp’-carbon framework. Finally, the
constitution of the cyclization product was unambiguously
elucidated by X-ray diffraction analysis of a single crystal,
which was grown by slow evaporation of a CH,Cl,/toluene
solution at room temperature. The unusual polycyclic frame-
work 1% exhibits a twisted geometry arising from the fused
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Scheme 1. a) Br,, CH,Cl,, 0°C, 2 h; b) 4-(trifluoromethyl) phenylboronic acid, [Pd(PPh;),], K,CO;, toluene/EtOH 1:2, 100°C, 23 h; c) DDQ, CF;SO;H,
CH,Cl,, 0°C to rt, 22 h. X-ray crystal structures of compounds 2 and 3. DDQ =2,3-dichloro-5,6-dicyano-p-benzoquinone.
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Figure 1. X-ray crystal structure of 1°. a) Top view with selected dihedral angles, b) face-to-face columnar arrangement of the individual molecules
upon T-7t interactions. Selected angles [°]: @ (C21-N1-C31) =134.9(5), 8 (C21-N1-C11) =119.5(5), v (C31-N1-C11) =105.6(5). H-atoms and

solvent molecules omitted for clarity.

5-, 6-, and 7-membered rings (Figure 1a). At closer examina-
tion the compound can be regarded as a m-expanded
cyclazine with an azaazulene subunit (for the computational
assessment of the local (anti)aromaticity, see the Supporting
Information).” The nitrogen center is planar with the
C-N-C angles summing up to 360° and the C—-N bond
lengths ranging from 1.390(7) to 1.423(7) A. These features
reflect the sp>-hybridization of the nitrogen center and, thus,
its efficient electronic communication with the surrounding
n-system. In contrast, the parent TNA features a pyramidal-
ized nitrogen center with Xy ¢ 348.5° and a C-N,, bond
length of 1.439(4) A (see the Supporting Information). In
the crystal, 1" adopts a face-to-face columnar arrangement
with an average distance of 3.52 A and the individual
molecules being rotated by ca. 60° and slightly slipped with
respect to each other. One of the lateral phenyl moieties
undergoes edge-to-face C(sp’)—H-n interactions with the
adjacent molecules within the column at a distance of 3.73 A
(Figure 1b).”"! Between the neighboring columns the CF,
groups are directed towards the hydrogen atoms of the
nitrogen-centered framework at distances between 3.31 and
3.40 A, suggesting weak C(sp”)—H--F interactions.?”

To explain the underlying mechanism for the formation
of 1%, an extensive computational study on the DFT level
was carried out (for details, see the Supporting Informa-
tion). First, the Gibbs free reaction energies of the
individual cyclization steps using DDQ were computed
(Figure 2). Note that upon each cyclization step, i.e.,
oxidation, one equivalent DDQ becomes reduced to
DDQH,. Compound 1% is more stable than 1° by
19 kcalmol ', i.e., the experimentally observed formation of
15 results from kinetic and not thermodynamic control of
the overall reaction. Because of the high dehydrogenation
energies of approximately 35 to 45 kcalmol ™" per step, each
of these steps is irreversible under the applied reaction
conditions, which is in line with the kinetic control of the
reaction. Looking at the partially cyclized intermediates we
find that the first intermediate I° is more stable by
9kcalmol™' than the intermediate I°. Throughout, the
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Figure 2. Relative free energies G for the stepwise cyclization of 4 with
DDQ. The lowest energy path yielding 1°¥ is highlighted in orange, the
one yielding 1% in green. The X-ray crystal structure of isolated
intermediate I° is inserted. R denotes the 4-(trifluoromethyl)phenyl

group.

partially cyclized intermediates are denoted as I", where n
represents the ring sizes formed within the molecule. Species
I¢ is destabilized with respect to I’ due to an unfavorable
intramolecular steric interaction (Figure S40).

Since the cyclization steps are irreversible, only I*%, I¥,
and finally 1°% can emerge from I°. Thus, if I is not only
more stable than I® but also exhibits the lowest activation
barrier of formation, the predominant formation of 1° is
predetermined. In fact, when the cyclization of 4 was carried
out under modified conditions, the postulated monocyclized
intermediate I* was isolated in 6 % yield (next to 1° (21 %);
see the Supporting Information).

As the exact mechanism of the Scholl reaction is hitherto
unknown (and may depend on the particular reactants and
conditions applied),l!”! we considered several possible sce-
narios. The studies were initially performed for unsubsti-
tuted TNA 2 (see the Supporting Information) and sub-
sequently for 4. We found that the 4-
(trifluoromethyl)phenyl groups have no significant effect on

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 2. Oxidation of 4 by a single electron transfer (SET) towards 4°*. All AG values (red) are relative to 4, DDQ, and TfOH, and are given in

kcalmol™". Note that “+H®” is an abbreviation for “+TfOH, —TfO .

the intramolecular cyclization, i.e., the electronic effect of
these groups is actually quite small, which is in agreement
with the experimental data discussed below.

A mechanism starting with the formation of an arenium
ion has been suggested for cyclization reactions of oligophe-
nylenes under similar conditions as used in our work.™
However, the C—C bond formation step is promoted by
protonation of rather unfavorable positions of the naphthyl
groups like C1 (ipso) or C5 (Tables S13 and S14, Schemes S2
and S3). More favorable positions like C2 (ortho) and C3
(meta) lead to very unstable intermediates and, thus, not to
the desired reaction (for details, see the Supporting
Information). In the arenium pathway, all transition state
energies are quite high (>35kcalmol ™), and in addition,
this mechanism cannot explain why a strong oxidizing agent
such as DDQ is needed in the oxidation steps as it seems to
be possible using much weaker oxidants.”?’

Another possible mechanism proceeds via radicals
generated by a single electron transfer (SET) from TNA to
DDQ. As shown in Scheme 2, the initial SET from 4 to
DDQ is slightly endergonic by approximately 4 kcalmol™'.
In the presence of an acid (in our case TfOH), the DDQ
anion becomes protonated, which shifts the equilibrium
towards the radical cation 4°". The DDQH radical can be
further stabilized as the disproportionation of two DDQH
radicals to DDQ and DDQH, is exergonic by
—13.5kcalmol™!, pushing the equilibrium even further
towards 4°*. Finally, the radial cation 4°" is favored by
nearly 10 kcalmol™' compared to the educts. Note that this
process is facilitated only by the protonation of DDQ",
which highlights the crucial role of the acid.

Considering the activation energies needed for the direct
cyclization of the radical cation 4°* (Scheme 3), we observe
that the transition state energies are lower than in the
arenium pathway discussed above. The transition state
leading to intermediate I° is, however, lower than that of I.

Given the high oxidizing power of the DDQ/acid
mixture and the fact that we observe two oxidation events in
our CV studies of 4 (Table 2), we also took the possibility of
generating dications 4°* into account. According to previous
studies DDQ/H™ readily oxidizes organic donors up to
+1.7V vs. saturated calomel electrode (SCE).*** The
second oxidation potential of 4 occurs at +1.22V (vs.
ferrocene/ferrocenium (Fc/Fc*) in CH,Cl, with 02 M
TBAPF;) which corresponds to +1.77V vs. SCE under
analogous conditions.”"! The potential difference of 0.07 V
translates to 1.6 kcalmol™' which is in line with our DFT
calculations suggesting the formation of 4*" to be ender-
gonic by 1.5kcalmol™ (Scheme 4). Hence, under the
assumption that the electron transfer is not rate limiting, the
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Scheme 3. Radical mechanism via 4°*. All AG values (red) are relative
to 4, DDQ, and TfOH, and are given in kcalmol™'. Note that “+ H®" is
an abbreviation for “+TfOH, —TfO™”, and analogous for “—H®".
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Scheme 4. Dicationic mechanism via 4°*. All AG values (red) are
relative to 4, DDQ, and TfOH, and are given in kcalmol™'. Note that
“+4H®" is an abbreviation for “+TfOH, —TfO™", and analogous for
P

formation of these dications may be considered as a pre-
equilibrium to the following cyclization step. Here, the
cyclization step yielding intermediate I’ has the clearly
lowest transition state energy of all transition states found
(~20 kcalmol ). As brought to our attention by one of the

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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reviewers, a related dicationic mechanism has been pro-
posed recently for cyclizations of a naphthyl-substituted
tetracene derivative.” The proposed dicationic mechanism
also explains why DDQ in the presence of an acid is
necessary and why the intermediate I* forms faster than I°,
i.., under these circumstances the formation of 1°% is
predetermined.

UV/Vis absorption and fluorescence spectra of 1° and
2-4 were measured in CH,CI, (Figure 3a and Table 1). The
introduction of the 4-(trifluoromethyl)phenyl moieties to
parent 2 towards 4 results only in a negligible bathochromic
shift of 19 nm (0.19 eV) of the longest wavelength absorp-
tion. This can be attributed to the limited n-conjugation due
to the virtually perpendicular orientation of the electron-
poor naphthyl substituents around the nitrogen-centered
polycyclic framework. For 1°% the lowest energy maximum
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Figure 3. a) Experimental absorption (solid lines) and fluorescence
(dashed lines) spectra were recorded in CH,Cl, at room temperature.
Excitation wavelength (d..) =410 nm (1°¥), 350 nm (2-4).
Fluorescence intensities are normalized such that the integral of the
emission band reflects the fluorescence quantum yield (FQY).

b) Computed UV/Vis absorption and fluorescence spectra (COSMO-
BHLYP/TZVP). In the absorption spectra, the oscillator strengths of the
individual electronic excitations are indicated by sticks. As the BHLYP
density functional systematically overestimates excitation energies, the
theoretical spectra are red-shifted by 0.3 eV for the sake of better
comparison. Fluorescence intensities are shown according to their
oscillator strengths.
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Table 1: Photophysical properties of 1°¥ and 2-4.

Compound A, £ Aem D Te Egopt
[m® [Lmol'em™  [nm]* (%] [ns]  [eV]¢

1%¢7 406 18500 551 6 14.5 2.66

2 340 20000 428 219 40 3.8

3 352 25800 438 20 0.2 3.18

4 359 31000 451 416 3.0 3.09

[a] All spectra recorded in CH,Cl, at room temperature. [b] Excited at
the absorption maxima. [c] Eyp=HhXC/Aeng. [d] vs. Coumarin 153 in
EtOH (®=0.38).% [e] vs. POPOP in cyclohexane (®=0.97).%"

appears at 406 nm, which corresponds to an additional
bathochromic shift of 47 nm (0.40 eV) compared to precur-
sor 4. The absorption maximum is accompanied by addi-
tional low-energy features. The extinction coefficient
roughly doubles when going from 4 (31000 Lmol 'cm™ at
359nm) to 3-fold cyclized 1°¥ (55400 Lmol'cm™ at
327 nm). No solvatochromism was observed for the absorp-
tion of 15 and 2-4 when going from toluene (e=2.4) to
chlorobenzene (¢=5.6), CH,Cl, (¢=8.9), and benzonitrile
(¢=25.2) (Figure S22 and Table S2).

To obtain insights into the origin of the absorptions, we
conducted time-dependent density-functional theory (TD-
DFT) computations (Figure 3b; for further details, see the
Supporting Information). The lowest energy absorption
maxima of 2-4 cover two degenerate excitations from the
HOMO to the two degenerate LUMOs, respectively. These
are more localized on the peripheral aromatic branches,
which increases the dipole moment of the first excited state
(for the molecular orbitals of 4, see Figure S35). The lowest
excitation of 1% is rather weak and causes the long tail of
the lowest energy absorption band. This excitation corre-
sponds to the HOMO—LUMO transition and is accompa-
nied by a significant charge redistribution, mostly located
around the nitrogen-centered cyclazine core. Inspection of
the orbitals shows that electron density is transferred from
the 5-membered ring (and the adjacent 6-membered rings)
to the 7-membered ring (and its adjacent 6-membered rings)
(Figure S36). As a consequence, the relatively large dipole
moment of 1’ (x5.0 D in solution and ~4.0 D in the gas
phase) originating from the azaazulene moiety drastically
reduces in the first excited state (~0.8 D in the gas phase)
and changes its orientation. The first intense absorption
band around 400 nm covers two excitations originating from
HOMO—LUMO+1 and HOMO—LUMO +2 transitions.
Higher excitations are more complex and cannot be easily
identified with electronic transitions between single orbitals.
For comparison, compound 1% is predicted to display a
significantly narrower electronic gap and consequently a
pronounced bathochromic shift of the lowest energy absorp-
tion occurring at ~450-500 nm (Figure S39).

When exciting at 350 nm in CH,Cl,, 2-4 reveal blue
fluorescence with maxima at 428, 438, and 451 nm, respec-
tively. The energetic position of the fluorescence maximum
strongly depends on the solvent polarity (Figure S22).
Going, for example, from non-polar toluene to polar
benzonitrile all fluorescence maxima red-shift. This is in line

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

with the charge transfer in the excited state from the
electron rich nitrogen center to the peripheral aromatic
branches noted above (Figure S35). After 410 nm excitation
in CH,Cl,, 1" shows orange fluorescence with a maximum
at 551 nm. In stark contrast to 2-4, only a minor solvent
dependence is observed, which can be explained by the
much smaller and differently oriented dipole moment of 1°
in the first singlet excited state compared to its ground state.
Thus, the interaction between 1°*7 and the solvent molecules
is relatively small in the lowest excited state and a rather
small solvent dependency of the fluorescence is expected.”
Compounds 2 and 4 have fluorescence quantum yields
(FQY) of 0.21 and 0.41, respectively, in CH,Cl,. Heavy atom
effects stemming from the bromo substituents quench the
fluorescence of 3 to 0.02. With 0.06 the FQY of 1°7 is
drastically reduced compared to 4. Assuming that
fluorescence occurs from the lowest singlet excited state
(Kasha’s rule), the relatively low fluorescence quantum yield
of 15 compared to 2 and 4, may be at least in part explained
with the lower oscillator strength (i.e., lower allowedness) of
the S;—S, transition (Figure 3b). The computed Stokes shift
of 1°7 amounts to 0.74 eV ~5900 cm .

Two-photon absorption (2PA) spectra were measured in
CH,C], by the Z-scan method. The resulting spectra shown
in Figure 4 are classified by their relative magnitude into
two groups (for the simulated spectra, see the Supporting

[ 1567 1200
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i 3 - g 800
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= 3 \|
‘3 60 L \i‘ I{ 200
S \ ocan 500 520 540 560
© 40 - . | Wavelength [nm]
:{ |
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Figure 4. Two-photon absorption cross section (6?) spectra of 1°9, 2,
3, and 4 in CH,Cl,. The inset is that of 1°%’ for shorter excitation
wavelengths. The dash-dotted curves are guides to eyes.

Table 2: Electrochemical properties of 1°¥ and 2—4.
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Information). Compounds 1°7 and 4 give rise to 2PA cross

sections (¢”) of 50-70 GM throughout the 530 to 580 nm
excitation, while 2 and 3 feature 20 GM or less (1 GM=
10 cm*sphoton' molecule ). p-Phenylene linkers in the
former cases govern the electronic communication between
the core and the peripheral electron-withdrawing CF;
functionalities despite the overall twisting. In other words,
n-extension enhances ¢®. Notably, the 2PA signals were
below the detection limit of the measurement set-up except
for 1°7 when exciting at 620 nm or beyond. In the long
wavelengths range, that is >580 nm, ¢® of 1° was always
lager than that of 4. Similar to the 1PA spectrum, the 2PA
spectrum of 1% exhibits an absorption tail on the low-
energy flank, which is not present for 4.

Comparing the transition energies of 2PA and one-
photon absorption (1PA) indicates that the main 2PA
features are energetically closer to higher lying transitions
(Figure 4), rather than the lowest-energy transition in the
1PA spectrum. Moreover, 1% and 3 exhibit a drastic
amplification of ¢? in the short wavelength range. For 1°%,
o® reached 11704130 GM at 485 nm, despite its overall
small molecular size. Considering that the enhancement
appears in a wavelength range close to the absorption tail of
1PA it is probably due to resonance enhancement.""

Intrigued by the 2PA cross sections, we corroborated the
up-conversion in fluorescence assays. Thus, 775 nm laser
pulses were used as the off-resonance excitation source.
While 2 and 3 failed to yield any appreciable signals, due to
their low 2PA cross section at 775 nm, the fluorescence
spectra of 157 and 4 are in perfect agreement to the 1PA
fluorescence spectra (Figure S24). Furthermore, we verified
2PA by changing the excitation energy from 0 to 80 uJ per
pulse. In both cases, the intensity of the fluorescence signal
followed a quadratic behavior.”

Electrochemical studies of 1°7 and 2-4 together with
DFT computations (COSMO-B3LYP/TZVP) provided fur-
ther insights into their electronic properties (Table 2; for
further details, see the Supporting Information). Within the
available potential window of CH,Cl, (between ca. —1.25
and +1.50 V vs. Fc¢/Fc*) no reduction events were observed,
which is in agreement with the computed first reduction
potentials occurring below —2.0 V.

All compounds display two oxidation events (except for
2), TNA 2 is oxidized at +0.78 V (vs. Fc/Fc™), while
unsubstituted TPA is being oxidized at +0.54 V under

Compound Eon Eox2 EOXJ“‘ on,zca'
" V" ik v°
1°¢ +0.62 +1.15 +0.58 +1.47
2 +0.78 - +0.68 +1.65
3 +0.94 +1.35 +0.84 +1.81
4 +0.81 +1.22 +0.70 +1.60

Ered,lcal IPDPV EADPV Ipcal EAcaI Egcal

[V][b] [ev] [c] [eV] d] [ev][b] [eV][b] [ev] [e]
—2.13 5.42 2.61 5.18 2.46 2.72
—2.72 5.54 2.26 5.28 1.88 3.40
—2.41 5.74 2.58 5.44 2.19 3.25
—2.37 5.61 2.54 5.29 2.23 3.06

[a] Potentials in V vs. Fc/Fc* from differential pulse voltammetry (DPV) in CH,Cl, with 0.2 M TBAPF,. Working electrode: glassy carbon. Counter
electrode: Pt. Reference electrode: Ag. [b] Computed potentials referenced to Fc/Fc* (COSMO-B3LYP/TZVP; for details, see the Supporting
Information). [c] Electrochemical IPs estimated from measured E,,; and the oxidation potential of soluted Fc against vacuum (4.8 eV)." [d] EAs

estimated from E,

Angew. Chem. Int. Ed. 2022, 61, €202205287 (6 of 9)

. and the respective IP. [e] Electrochemical gaps were calculated as IP“—EA®
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analogous conditions.® The introduction of the electron-
withdrawing bromo moieties in 3 shifts the first oxidation
event anodically by 160 mV to +0.94 V. In contrast, the
impact of 4-(trifluoromethyl)phenyl acceptors is hardly
discernible and compound 4 is oxidized at +0.81 V, which
corresponds to an anodic shift of only 30 mV in comparison
to parent 2. This effect is in line with the observations from
the UV/Vis absorption spectroscopy and suggests only
negligible electronic communication between the lateral
acceptors and the nitrogen-centered core in case of 4.
Compound 1** undergoes a facilitated oxidation at +0.62 V,
which translates into an anodic shift of 190 mV with respect
to precursor 4. Overall, the calculated electrochemical and
ionization potentials (IPs) nicely reproduce the experimen-
tally observed trends (Table 2), with the deviations between
the theoretical and experimental data being of systematic
nature. The calculated electrochemical gap, i.e., the differ-
ence between the adiabatic IP and adiabatic electron affinity
(EA) is reduced by 0.36 eV when going from 4 to 1°7. By
combining the CV results with the UV/Vis absorption data
(Table 1), the EAs were estimated. According to these data,
the HOMO-LUMO gap narrows by 0.26 eV, which nicely
corroborates the calculated results.

While the computed potentials for the second oxidation
towards the dicationic species reflect the measured trends
(Table 2), their values are consistently higher by ~0.3-0.5 V
compared to the experimental ones. This may indicate that
the energies of the dicationic species are somewhat over-
estimated by the dielectric continuum model used in the
computations. Such an overestimation may, for example,
result from neglecting the increasingly important stabiliza-
tion of the multiply charged species via ion pairing with the
anions of the electrolyte.

Cyclic voltammetry (CV) was utilized to evaluate the
reversibility of the oxidations (Figures S19 and S20). The
first oxidation is quasi-reversible for 2-4 at high scan rates.
Spectroelectrochemical studies revealed the irreversible
formation of new species upon subsequent transformation of
the electrochemically generated radical cations, which is in
agreement with the reported behavior of other triarylamines
under oxidative conditions." In contrast, the first oxidation
of 1’ is fully reversible, which indicates considerable
stabilization of the electrogenerated radical cation due to
efficient charge and spin delocalization within the polycyclic
framework. Spectroelectrochemical experiments revealed a
broad absorption at 1043 nm and several sharp absorptions
at 465, 545, and 664 nm for the radical cation of 1%
(Figure S21). The reversibility was confirmed by applying a
slightly negative potential. All aforementioned markers of
the one-electron oxidized 1° perished, which underlines a
sufficient reversibility and stability of the radical cation. The
second oxidation is irreversible for all compounds.

Compound 1°* was chemically oxidized on a preparative
scale with AgSbF, in CH,Cl, to the corresponding radical
cation. The oxidized species was isolated as [(1°7)*" SbF, ]
in quantitative yield. The compound forms a dark amor-
phous solid which was stable for several weeks under
ambient conditions exposed to air. According to our DFT
computations the molecular orbitals of (1)** are quite

Angew. Chem. Int. Ed. 2022, 61, €202205287 (7 of 9)
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similar to those of neutral 1°” and the electronic structure of
the cation is best described as that of 1°7 with one electron
removed from its HOMO. Moreover, the computed spin
density nicely resembles the HOMO of 1% (Figure 5a and
Figure S36). Electron paramagnetic resonance (EPR) spec-
tra of (1°¢)**, which were recorded with a 10 uM solution in
CH,(Cl, at different temperatures ranging from 7 to 293 K
(Figure 5b and Figures S25-S30), show an isotropic signal
with an effective g-value varying from 2.0035 at 7K to
2.0040 at 293 K. Hyperfine coupling to the "N nucleus is not
observed. This finding indicates a high degree of delocaliza-
tion, that is, the spin and charge are not exclusively located
at the nitrogen center, as already hypothesized from the
observed increased stability of 1° during the electrochem-
ical studies. The UV/Vis absorption spectrum in CH,Cl,
displays several maxima of low intensity with the lowest

Jeirvalues
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T T T T
% 203K
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1 i j \ 200K
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Figure 5. a) Calculated spin density of (1°)** (COSMO-B3LYP/TZVP),
isosurface plotted at 0.001 e Bohr™>. b) Experimental CW X-band EPR
spectra of (1°¥)** as a 10 yM solution in CH,Cl, at different temper-
atures. Experimental conditions: microwave frequency v=28.959 GHz,
modulation amplitude=1.0 mT, microwave power =1.0 mW, modula-
tion frequency =100 kHz, time constant=0.1 s. c) Experimental and
calculated UV/Vis absorption spectra of (1°)°**. Experimental and
computational details as in Figure 3.
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energy absorption occurring at 1057 nm (Figure 5¢). The
transition to the lowest excited state of (1°)** (correspond-
ing to the HOMO—-1—SOMO transition) reveals a very
small oscillator strength and is therefore not visible in the
absorption spectrum. The absorption at 1057 nm is due to
excitation to the second excited state of (1°)*" and
corresponds dominantly to the HOMO—-2—SOMO transi-
tion in (1°%)**,

Conclusion

We have demonstrated for the very first time the ability of
substituted tri(1-naphthyl)amine to undergo a 3-fold intra-
molecular cyclization under oxidative conditions. The cycli-
zation delivered exclusively the unprecedented nitrogen-
centered PAH comprising 5-, 6-, and 7-membered rings. The
unique ring fusion motif was confirmed by single crystal
X-ray crystallography and the product formation was
rationalized by extensive mechanistic studies on the DFT
level, suggesting the oxidative cyclodehydrogenation to
proceed under kinetic control via a dicationic mechanism.
The impact of cyclization on the optoelectronic properties
was evaluated by UV/Vis absorption and fluorescence
spectroscopy as well as comprehensive electrochemical
studies. The nitrogen-centered compound displays pro-
nounced two-photon absorption cross sections and forms a
persistent radical cation. The experimental results were
corroborated by DFT calculations. Our results provide new
insights into the mechanistic aspects of oxidative cyclo-
dehydrogenations involving electron-rich substrates and are
expected to pave the way towards new families of nitrogen-
containing PAHs.
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