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@ Peri-Decoration of a Tetraazaperylene with Urea Units:

Chiral Octaazaperopyrenedioxides (OAPPDOs) and Their
Optical and Chiroptical Properties

Tobias Wesp,” Tim Bruckhoff,” Hubert Wadepohl,”’ and Lutz H. Gade*®

Abstract: Octaazaperopyrenedioxides (OAPPDOs) are a new
class of fluorescent polycyclic aromatic hydrocarbons based
on a tetraazaperylene core that is formally condensed with N-
substituted urea units in the two opposite peri positions.
Here, we report the synthesis of series of substituted OAPPDO
derivatives with different N-substitution patterns (H, alkyl,
benzyl) in the peri positions, including bay-chlorinated
OAPPDOs. Starting from the latter, a series of bay-arylated
OAPPDOs was synthesized by Suzuki cross coupling, which
resulted in the formation of helically chiral OAPPDO deriva-
tives. The electrochemical and photophysical properties were

investigated by UV/Vis and fluorescence spectroscopy as well
as cyclic voltammetry. The P and M enantiomers of a
phenylated OAPPDO were separated by semipreparative
HPLC and further analyzed by CD spectroscopy. The frontier
orbital energies, the mechanism of the isomerization, the
electronic excitation and the CD spectrum (TD-DFT) were
computed and compared to the experimental data. The
reversible 1e” oxidation of the OAPPDOs generates the
corresponding radical cations, one of which was characterized
by EPR spectroscopy. The reversible oxidation process was
also systematically investigated by spectro-electrochemistry.

Introduction

The perylene core is the central structural motif of a highly
developed class of functional dyes and pigments. In particular,
perylene tetracarboxydiimides (PDIs) have been extensively
studied for more than a century." The high impact of the PDIs
as molecular organic materials is rooted in their excellent
functional properties relevant to opto-electronic applications,
the possibility to tune these properties on the molecular level
as well as their thermal and photochemical stability.*>>2

The electron-withdrawing dicarboximide substituents in the
peri positions of the perylene core in PDIs renders these dyes
electron acceptors which have made them attractive materials
for application as organic n-channel semiconductors in
OFETs.”'*! Analogous behavior has been established for the
closely related class of dyes in which the terminal peri
dicarboximides have been replaced by the condensation of
pyrimidine rings at opposite ends of the perylene core giving
rise to tetraazaperopyrenes (TAPPs; Scheme 1, top).”*3¥ The
latter class of compounds may also be viewed as derived from
the peropyrene reference system by fourfold [CH—N]
replacement, 39 rendering the polycyclic aromatics electron
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Scheme 1. Functional dyes based on a perylene core, PDIs and TAPPs (top)
and a central tetraazaperylene unit, OAPPs and OAPPDOs (bottom). Bay
functionalization leads to twisted chiral aromatic cores.

acceptors. This strategy of isosteric [CH—N] replacement has
allowed the tuning of the molecular redox properties without
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extensive modification of the peripheral substituents but rather
within the poly(N-heterocyclic) aromatic core itself.?”**?

Recently, we have begun to extend the construction
principle outlined above to dyes based on a tetraazaperylene
core (Scheme 1, bottom), thus reducing the frontier orbital
energies by [CH—N] replacement within the central aromatic
polycycle.”® Further modification following the synthetic routes
to the previously studied TAPPs gave access to the nitrogen
rich, strongly electron-accepting octaazaperopyrenes (OAPPs)
for which a first assessment of their properties has been
reported.””

Based on the tetraazaperylene core we have now added N-
substituted urea units in the peri positions, thus generating a
periphery which is complementary to the dicarboximido termini
in the PDIs. Similar to the latter, the combination of NH— and
carbonyl functions allows the formation of intermolecular
hydrogen bonds which ultimately is expected to lead to stable,
tightly packed materials.®****" This new class of dyes may be
viewed as formally derived from the recently reported octaaza-
peropyrenes by oxidation of the two axial CH units and is
therefore  referred to as  octaazaperopyrenedioxides
(OAPPDO).™ Specifically, we report the synthesis of a bay-
halogenated OAPPDO derivative which has offered the oppor-
tunity for further functionalization and, in particular, freezing in
the twisted conformation of the polycyclic aromatic core. This
has led to the isolation of helically chiral OAPPDO dyes.

Results and Discussion
Synthesis of octaazaperopyrenedioxides

The octachlorotetraazaperylene 1, previously employed in the
synthesis of octaazaperopyrenes (OAPPs) is an excellent starting
compound for the OAPPDO target compounds, given that
different nucleophiles were found to attack exclusively at the
peri position.”® Compound 2b was obtained in good yields by
reaction of 1 with para-methoxybenzylamine. In contrast to the
perchlorinated perylene, compound 2b is highly soluble in
common organic solvents. In the next step the amine 2b was
reacted with triphosgene to give the OAPPDO derivative 3b
(Scheme 2). In all compounds the aromatic core is twisted as a
result of the steric pressure of the chlorine substituents in the
bay position. The resulting racemate of two enantiomers (P+ M)
could not be separated due to their thermal interconversion at
subambient temperature.*” Finally, the N-substituent-free com-
pound 4 was synthesized by acid-catalyzed deprotection of the
benzyl group of 3b with trifluoroacetic acid and found to be
poorly soluble in common organic solvents which complicated
further functionalization in the bay position.

The lability of the para-methoxybenzyl-N substituents under
the reaction conditions for further bay functionalization led us
to repeat the reaction sequence starting from 1 by the reaction
with hexylamine to give compound 2a, which was subse-
quently converted with triphosgene to the corresponding
OAPPDO 3a.”” For this highly soluble compound 3a, it was

0
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Scheme 2. a) Synthetic route to the parent compound OAPPDO 4 as well as b) the cross coupled derivatives 6 and the dehalogenated, planarized compound

5.

Chem. Eur. J. 2022, 28, €202201706 (2 of 13)

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Research Article Europe .
Chemistry—A European Journal doi.org/10.1002/chem.202201706 Soories Publishig

by palladium-catalyzed dehalogenation, which resulted in
planarization of the aromatic core®™ For the latter trans-
formation, sodium borohydride was found to be suitable as a b)

reducing reagent with Pd(dppf)Cl, as precatalyst.

The crude mass spectra of compound 6a indicated the
formation of a Suzuki coupled derivative with subsequent
intramolecular C—H activation as by-products.” The reaction
parameters were therefore modified to specifically target an

possible to substitute the bay position by palladium-catalyzed a)
Suzuki coupling. To this end, aryl fluoroborates were used as
transmetalation reagents in the presence of potassium
carbonate and a catalytic amount of Pd(PPh;), (Scheme 2)
yielding the coupled derivatives 6a-e.”'** On the other hand,
the bay-unsubstituted compound OAPPDO 5 was synthesized

azadibenzocoronene starting from 3a (Scheme 3). Instead of a
significant excess of the borane reagent, as used in the
synthesis of 6a—e only two equivalents were used. From this

reaction the partially condensed and partially dehalogenated 0
compound 8a was isolated in low yield. To avoid the
protodehalogenation, that prevented a second C—H activation
and ring closure, Stille conditions were applied, thus circum-
venting the use of a protic solvent. However, whereas
protodehalogenation was successfully avoided, only one C—H

activation step occurred to give the asymmetric compound 7 a
(Scheme 3). To which degree this approach may be modified to
obtain the targeted coronene derivative therefore remains to
be established in future work.

Crystal structures of the OAPPDO derivatives 6 a—d

Single crystals of the bay-arylated OAPPDOs 6a-d were grown
by slow evaporation of a concentrated n-hexane/CH,Cl, solution
(Figure 1), to establish the details of the molecular structures as .

I thei ki in th lid state. Th . ixt f Figure 1. Solid-state structures of bay-arylated OAPPDOs a) 6a, b) 6b, c) 6¢,
well as their packing In the solid state. The racemic mixtures o and d) 6d. The molecular structure is displayed on the left; the twist of the
the chiral OAPPDOs 6 a-d were used for the crystallization in all  azaperylene core is shown on the right (the hexyl groups are omitted for
cases. clarity).

All molecular structures were found to be characterized by
a strong distortion of the azaperylene core, with the relevant
torsion angle @ being between 26.8° (6d) and 30.9° (6¢; aryl groups on each side, but happens to be slightly smaller
Table 1). The twist results from the steric pressure of the two  than for the corresponding bay-chlorinated tetraazaperylene 1

(0]

Hex< )J\ _Hex

N~ 'N

Pd(PPhj3), Pd(PPhg3)4
toluene Tol/EtOH/H ,O
110 °C, 2d 80 °C, 3d
19 % 9%
7a 3a 8a

Scheme 3. Synthetic investigations to obtain an octaazacoronene derivative.
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Table 1. Structural parameters of solid-state structures of 6 a—d.
i Ar: @CH
Hex. _Hex : 3
N N
6b
X
AT O O
AN 6a 6c
= S
CF
_N__N. E_@ § < > °
X \n/ Hex
(e} 6e 6d
Space Torsion angle® Torsion angle®™
group D, [°] D, %] Ormin [’] Omax []
6a P1 26.8(7) 28.6(1) 37.0(4) 43.4(8)
6b P2,/c 27.9(2) 28.7(2) 39.1(2) 43.1(2)
6¢C 12/a 30.9(2) 30.9(2) 35.4(2) 41.7(2)
6d P1 27.4(4) 28.8(4) 42.0(4) 43.7(3)
[a] Torsion angles @ were measured between the tetraazaphenalenylone
units of one molecule. [b] Torsion angles & were measured between a
tetraazaphenalenylone and the corresponding aryl subunit.

(36.1°)%% or previously synthesized bay-chlorinated TAPP (29.4-
32.4 A)BY/0APP (33.7°) derivatives.”® This can be explained by
an attractive interaction of the aryl units for which a distance
between the centroids of the aryl rings of 3.5-3.6 A was found,
suggesting weak mt—m interactions between the aryl substituents
despite the fact that these are not arranged parallel to each
other. Furthermore, the aryl substituents are tilted from the
naphthyridine planes by the dihedral angle 6 of 35-43°
(Table 1) which largely suppresses conjugation of the aryl
groups with the central tetraazaperylene core.

In contrast to the structurally similar bay-chlorinated TAPP
derivatives,®¥ the C—C-bond length between the two naphthyr-
idine units in 6a-d was found to be elongated (1.42 A for the
TAPPE4 vs. 1.47 A for the OAPPDOSs). This untypically long C—C
bond indicates only a partial delocalization of the m-system
over the complete azaperylene core. Despite the twist of the
azaperylene core, the individual naphthyridine units do not
show additional strain and the other aromatic C—C bonds
possess typical bond lengths. The distortion and rotation angles
of the (@ and 0) structures are summarized in Table 1.

The solid-state packing patterns of the OAPPDOs 6a-d and
the corresponding inter-layer distances are displayed in Fig-
ure 2. For all derivatives, no m-m stacking of the azaperylene
core was observed due to the steric hindrance of the protruding
aryl units. This is in contrast to previously described TAPP
derivatives.®®* In general, the steric hindrance of the hexyl and
aryl groups leads to large interlayer distances between 8-10 A.

Compound 6a exhibits a brick layer stacking (inter-layer
distance of 4.2 A) of the azaperylene units. Notably, the packing
motif varies for the different para-substituted derivatives in
spite of their similar molecular structures. For 6b the layers
(8.2 A) are parallel-displaced and within a layer the OAPPDOs of
neighboring molecules are alternately shifted with respect to
each other. In contrast to 6a,b, two of the hexyl groups of 6c
are orientated perpendicularly to the azaperylene core. Con-
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Figure 2. Molecular packing of a) 6a, b) 6b, c) 6¢, and d) 6d.

sequently, the OAPPDOs of neighboring layers are arranged
back to back and shifted in parallel displacement. For 6d, the
OAPPDO units within a layer are arranged parallel and in
contrast to the other derivatives, they are not orientated in a
zigzag pattern. The adjacent layer is shifted parallel with the
OAPPDO core being rotated but localized off-center relative to
the neighboring layers (Figure 2d).
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Conformation analysis

The steric repulsion of the aryl substituents in the bay position
leads to the twist of the perylene core and consequently, to the
formation of helically chiral structures.®*> > There are thus
two atropisomers (P and M) of compounds 6a—e. Due to this
helical chirality, the proton signals of the bay aryl units in the 'H
NMR spectra are not equivalent and appear separated at low
temperature (Figure 3, —30°C). At temperatures below —30°C,
the exchange of the ortho protons was frozen due to the
decelerated rotation of the aryl unit, resulting in two different
signals for the ortho protons (7.43 and 6.90 ppm). Upon heating
to 20°C, the ortho proton resonances coalesced, while the meta
protons exhibit sharp signals. The latter can be explained by
their larger distance from the chiral core, thus reducing the
effect of the resulting diastereotopicity. The coalescence
temperature is at 293 K corresponding to a rotational barrier
AG* of 56.7 kJmol™' (13.5 kcal), which is in accordance with

100 °C N\ JW

60 °C

20°C

M
M

10°C

Figure 3. Temperature-dependent 'H NMR spectrum of the 4-trifluorophenyl
resonances of compound 6d in [D,]TCE.
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Figure 4. DFT-modeled energy profile (B3LYP-GD3(BJ)/Def2-TZVP) for the
isomerization of 4"—4°. Only the part of the mechanism leading to
intermediate 4™ is shown, due to the symmetrical character of the
isomerization.
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previous observations made for similar PDI derivatives.”®
Further heating resulted in the formation of a sharp doublet for
the ortho protons which corresponds to the expected dynamic
high temperature limit.

The helical isomerism of the structures 3a, 4, 5 and 6a—e
was also studied by DFT calculations employing B3LYP-GD3(BJ)/
Def2-SVP*%) or B3LYP-GD3(BJ)/Def2-TZVP***? (for details see
the Supporting Information). Figure 4 displays an example of
the isomerization mechanism for compound 4. All compounds
isomerize according to an identical and symmetric pathway.
Starting from one of the atropisomers (M or P), the bay
substituents first pass on one side (TS), leading to an achiral
intermediate (inter). For a potential concerted exchange of the
bay substituents, which would correspond to an inversion with
only one transition state, no reaction trajectory was found in
the model studies. This is in line with previous findings for the
inversion mechanism of bay-chlorinated perylenes.*” Starting
from the intermediate structure, the other stereoisomer is
obtained via a mirrored transition state with the same energy
barrier.

Due to the high number of degrees of freedom and many
energetically close conformations, the hexyl substituents were
replaced by methyl groups in the DFT models. It was assumed
that for the bay-arylated OAPPDOs, the influence of the hexyl
chain on the energy level of the transition states should be
higher than for the nonarylated. To estimate the influence of
the hexyl groups, seven distinguishable conformers with linear
hexyl chains were considered for the ground state structures of
6a, representing ground state energies differing by up to
2.2 kcalmol™" (B3LYP-GD3(BJ)/Def2-TZVP). Comparison of the
transition states of the methyl- and hexyl-substituted structures
revealed energy differences of up to 2.9 kcalmol™ (B3LYP-
GD3(BJ)/Def2-TZVP).

To reduce the computational cost, the mechanisms of all
derivatives were computed using the basis set Def2-SVP. Here,
energy barriers are obtained that deviate by <0.8 kcalmol™'
from those calculated with Def2-TZVP. The low transition barrier
for the bay-chlorinated compound 3a (AG” =19.8 kcalmol™") is
in accordance with the experimental finding of the inversion at
room temperature. In contrast, the calculated energy barriers of
the compounds with the bulky bay aryl substituents range from
26.2 to 28.7 kcalmol™'. The calculated energy barrier for
compound 6d is slightly larger than the experimentally energy
barrier of 25.9 kcalmol™" determined by variable temperature
circular dichroism (see the Supporting Information).

For a frozen twist in the tetraazaperylene core, the energy
barrier of rotation of the para-trifluoromethylphenyl was
computed to be 15.7 kcal mol™' at the B3LYP-GD3(BJ)/Def2-SVP
level of theory, which is 2.2kcalmol™' higher than the
experimentally determined barrier.

UV/Vis absorption and emission spectra
The different OAPPDOs are dyes with absorption bands in the
visible spectral region which exhibit molar absorption coef-

ficients between 14000 and 32000 M~'cm™" in CH,Cl,. The bay-
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chlorinated OAPPDO 3a possesses a broad absorption band
with a maximum of 494 nm (Figure 5a) and a vibrational
progression towards shorter wavelengths. Both compounds are
highly fluorescent with the emission band being Stokes shifted
by 900 cm™ (Figure 5a).

The comparison of the alkylated (3a), benzylated (3b), and
N-protonated OAPPDO (4; see the Supporting Information)
indicates that the absorption maxima are nearly independent of
the “urea” nitrogen substituents. Compared to 3a the dehalo-
genation of the bay position and the resulting planarization (5)
leads to a small blue shift of 7 nm of the absorption and 24 nm
of the corresponding emission maxima. Although there is only
a small difference in the absorption and emission spectra of
compound 3 and 5, the fluorescence quantum yield is
decreased by 40% for the latter.

The arylation of the bay position leads to an additional
intense, broadened band at 425 nm in the absorption spectra

a) ) ——3a (abs.)

——5 (abs.)
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o
S

o
N
L

0.0
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Figure 5. a) Experimental absorption and emission spectra of compounds 3a
and 5. Predicted absorption spectra employing purely TD-DFT (B3LYP-
GD3(BJ)/Def2-TZVPP) and including excited-state dynamics (ESD; B3LYP-
GD3(BJ)/Def2-SVP), that is, vibronic coupling, are depicted together with
their respective experimental spectrum for compounds (b) 3a and (c) 5. ESD
spectra were corrected by the energy difference of the first singlet excited
state in TD-DFT calculations on double- or triple-£ level of theory.
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(Figure 6a). These absorption maxima are almost identical for all
phenyl substituted derivatives 6a-d, whereas the thiophene
substitution in derivative 6 e induces a red shift of 25 nm in the
absorption spectrum and even a larger red shift in the emission
spectrum (50 nm). All arylated OAPPDOs 6a-e exhibit large
Stokes shifts of more than 2700 cm™ for the emission bands
which can be explained by the strong twist of the molecule and
the resulting additional internal degrees of freedom.

The semiplanarization of the perylene core leads to a blue
shift of the absorption maximum of 36 nm in 7 and 38 nm in 8
in comparison to the parent compound 3a. Compared to
compound 7, the additional phenyl unit in 8 shifted the
emission maximum to significantly higher wavelengths (see
Table 2 the Supporting Information).

The experimental UV/Vis spectra depicted in Figure 5a and
6a were modeled by TD-DFT (B3LYP-GD3(BJ)/Def2-TZVPP)©o-¢¢!
to investigate the character of the electronic excitations in more
detail (Figures5b, ¢ and 6b). According to the TD-DFT
calculations, the absorption maximum of lowest energy corre-
sponds to the first singlet transition (S,—$5;) for all compounds.
The energetically significant higher excitations S,—S, (and So—
S5, only for 3a and 5) are weakly or non-dipole allowed, while
the next higher, dipole allowed singlet excitations correspond
either to the absorption bands at A, in 6a-e (Figure 6b) or
those at 375-380 nm in 3a or 5 (Figure 5b, c).

——6a
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Figure 6. a) Absorption (full lines) and emission (dotted lines) spectra of
compounds 6 a-e. b) Predicted absorption spectra employing purely TD-DFT
(B3LYP-GD3(BJ)/Def2-TZVPP) and including ESD (B3LYP-GD3(BJ)/Def2-SVP),
that is, vibronic coupling, are depicted together with their corresponding
experimental spectrum for compound 6d.
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Table 2. Photophysical properties of 3-8 in CH,Cl, at room temperature.

Aapsmax (NM] Aemmax [NM] 0-0 Transition  Stokes shift

(log&)® (D)™ [nm] [em™]
3a 494 (4.51) 517 (67 %) 505 901
3b 495 (4,38) 518 (77 %) 507 897
4 489 (4.29) 512 (60 %) 501 918
5 487 (4,40) 493 (30%) 490 250
6a 424 (4.17) 614 (34%) 580 2907
6b 425 (4.33) 617 (37 %) 583 2986
6c 425 (4.25) 624 (33%) 588 2842
6d 433 (432) 622 (33%) 588 2862
6e 449 (4.14) 671 (5%) 630 2734
7 458 (4,49) 494 (5%) 472 1591
8 456 (4.45) 534 (28%) 489 3203

[a] Spectra were recorded in CH,Cl, (c~ 107> M). [b] Fluorescence quantum
yields were measured with an Ulbricht sphere (extinction E<0.1).

The additional spectral features can be explained by
dynamic effects such as vibronic coupling (Herzberg-Teller
effect) 7" as it is known for other polycyclic hydrocarbons
such as pyrene.”’™ For the qualitative insight, the vibronic
coupling was computed between the ground state (S,) and the
excited states S, up to Ss (for 3a or 5) or S, (for 6d) using the
vertical gradient model as implemented in the ORCA_ESD
(excited state dynamics) module”™ at B3LYP-GD3(BJ)/Def2-SVP
level of theory (for details see Section 3.2.2 in the Supporting
Information).

Chiroptical properties

The tetraphenylated OAPPDOs exist as their P and M atropisom-
ers with an axial chirality. Both enantiomers are configuration-
ally stable at room temperature which can be explained by the
steric demand of the aryl groups.*® Consequently, enantiomers
were expected to be separable using enantiomeric separation
techniques. As an example, compound 6d was separated by
semi preparative HPLC using a column packed with amylose
tris(a- methylbenzylcarbamate) coated on silica gel (AS—H). The
circular dichroism spectra for both enantiomers are displayed in
Figure 7. As expected the enantiomers displayed a mirror image
relation with an intense band at 310 nm and a broad band
between 450 and 600 nm. Based on the structural and
electronic similarity to the PDIs, the band between 450 and
600 nm can be assigned to the S;—5,4,.7****") The sign of this
band indicates the absolute configuration of the D, symmetrical
enantiomers.”>”>”? P chirality was assigned for a positive band
whereas a negative sign was attributed to the M
enantiomer.®**>%7%878 The assignments of the enantiomers were
confirmed by a comparison of the computed TD-DFT CD
spectrum at B3LYP-GD3(BJ)/Def2-TZVPP level of theory with
CPCM89 35 solvation model for hexane (Figure 7). The P
enantiomer exhibits a positive Cotton effect for the lowest
energy transition and the M enantiomer a negative one.

The characteristics of the electronic transitions in 6d were
further investigated by analyzing the interfragment charge
transfer of the first eight excited states in the TD-DFT

Chem. Eur. J. 2022, 28, €202201706 (7 of 13)
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Figure 7. Experimental circular dichroism (CD; ¢,=3.3x10~° M) spectrum
and TD-DFT-predicted spectrum (comp., B3LYP-GD3(BJ)/Def2-TZVPP/
CPCM; exane) Of 6d in n-hexane. The maximum at 326 nm of the computed
spectrum was normalized to the corresponding maximum of the exper-
imental spectrum. Rotatory strength (R,.) was reported for the first eight
singlet excitations.

calculation (for details see the Supporting Information). Accord-
ing to the calculated CD spectrum, the first band corresponds
to the S,—S, and S,—S, excitation, while the second band
arises from the transition S,—S,. All three excitations corre-
spond to centrosymmetric charge transfer mainly localized in
the peropyrene core but with increasing donation into the aryl-
substituents. The singlet transitions S,—S, and S,—S, have
nearly no rotatory strength and thus do not contribute to the
CD spectrum. The third band can be assigned to the excitations
of $,—Ss and S, which is characterized by local excitations in
the peropyrene core with low charge transfer between the core
and aryl fragments. The fourth band is almost exclusively
related to the S,—S; transition with significant charge transfer
from the aryl substituents into the peropyrene core. However,
the excitation energies of the S;—S; and Sg transitions seem to
be underestimated on the chosen level of theory and thus S;
might contribute to the second band.

Redox properties

The redox properties of the OAPPDOs were investigated by
cyclic voltammetry in CH,Cl,, using tetrabutylammonium hexa-
fluorophosphate as an electrolyte and a scanning calomel
electrode (SCE) as a reference electrode. The key data are
summarized in Table 3 and referenced on Fc/Fc*.

In contrast to the TAPPs and the structurally related OAPPs,
which are strong electron acceptors, the parent compound 3a
revealed two separate one electron oxidation steps in the cyclic
voltammogram but no reduction waves at negative potential
(Figure 8; left). Both oxidation steps (0.65 and 0.84V) are
reversible. The oxidation steps can be assigned to the formation
of the radical cation and dication which results from the
oxidation of the aromatic core. The oxidation of the OAPPDOs
is favored compared to the TAPPs and compound 1 because
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Table 3. Electrochemical properties of 3a and 6.

EA (DFT)® Eyomo (DFT)™ E.omo (DFT)™ Eqpr (TD-DFT) [ Eoxd™ Evomo (CV)™ Evomo-Lumo (UV/Vis)™
[eV] [eV] [eV] [eV] V] vl [eV] [eV]

3a 273 —5.64 —2.60 267 0.654 0.838 —5.80 2.38

5 2.39 —532 —2.28 2.75 0.391 0.628 —5.54 246

6a 2.59 —5.13 —2.44 225 0.197 0435 —535 2.07

6b 2.52 —5.05 —237 2.24 0.155 0.390 —5.31 2.06

6c 245 —4.96 —2.30 2.20 0.115 0.336 —5.27 2.04

6d 2.90 —5.38 —2.73 2.23 - y o 2.05

6e 277 —5.07 —2.59 2.02 0,191 0.393 —5.34 1.89

[a] Electron affinities were calculated using the ASCF/DFT approach®’ as FA =F,.,—E..q employing B3LYP-GD3(BJ)/Def2-TZVP/CPCMpcy (Eneuyred refer to the
total SCF energies of the neutral or reduced compound). [b] Properties were calculated as the SCF-orbital energies of the neutral compound at B3LYP-
GD3(BJ)/Def2-TZVP/CPCMpy level of theory. [c] The optical band gap (E,,) was obtained as the S,—S$; singlet excitation from TD-DFT (B3LYP-GD3(BJ)/Def2-
TZVPP). [d] Half-wave potentials were measured by cyclic voltammetry in CH,Cl, using tetrabutylammonium hexafluorophosphate as electrolyte and the
redox potential of ferrocene as reference. [e] HOMO energy was calculated from the reversible first oxidation potential according to a literature known
procedure (Eyopmo = —[Eox: +5.15 eV1).*¥ [f] Calculated from A, of the UV/Vis spectrum. [g] No reversible oxidation potential was observed.
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Figure 8. Left: Cyclic voltammograms of 3a, 5, 6a, 6e measured in CH,Cl,, supp. Electrolyte: Bu,NPF, reference SCE, sweep rate 50 mVs™". Right: Comparison
of the oxidation potential depending on the para substituent of the aryl unit of 6a-c.

the central (tetraaza)perylene core represents a formally
reduced form. Additionally the amidation of the peri position
has introduced substituents exerting a +M effect. The bay-
chlorinated OAPPDO 3 was found to exhibit the highest
oxidation potential because of the negative inductive effect of
the chlorine substituents, whereas its dehalogenation to 5
shifted the oxidation waves to lower potentials, thus indicating
a stabilization of the radical cation and twofold oxidized
species.

Arylating the bay position shifted both oxidation waves to
even lower potentials. The two oxidation steps of the arylated
derivatives 6a-c,e were observed at 0.12-0.20V and 0.34-
0.44V, respectively (Figure 8, right). In contrast to the electron-
donating substituents of 6a-c only one irreversible oxidation
wave was observed for para-CF;-substituted compound 6d (see
the Supporting Information). In contrast to the phenylated
derivatives, two quasireversible reduction waves (€], =—1.52V,
E2,=-1.81V) were additionally observed for the thiophene
coupled compound 6e. Based on a well established method in
the literature, the energy of the HOMO was estimated from the
measured potential of the first oxidation step (Eyy;) referenced
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to Fc/Fc™.°®" This revealed that the HOMO energies of the bay-
arylated OAPPDOs (6a-e) were shifted to higher energies
compared to the parent compound 3a.

A radical cation OAPPDO** was generated in solution with
complete conversion of the neutral precursor through the
reaction of OAPPDO 3 a with one equivalent of AgSbF, and was
characterized by EPR spectroscopy (Figure 9). While hyperfine
coupling to "N was not detected, the observed g value of 2.003
is consistent with the value of typical organic radicals.®?

The oxidation of compound 3a to the corresponding radical
cation was further investigated using UV/Vis spectro-electro-
chemistry. The sequential changes of the UV/Vis spectra during
the oxidation to the radical cation are displayed in Figure 10.
The spectra revealed an isosbestic point at 518 nm. The
resulting radical cation upon complete oxidation was observed
as a blue species with two intense absorption bands at 591 and
643 nm. The process was found to be fully reversible, and upon
inversion of the voltage, reduction to the neutral species was
found to take place.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 9. EPR spectrum of 3a** (in CH,Cl,, RT).
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Figure 10. Series of absorption spectra of 3a (in CH,Cl,) during the course of
electrolytic oxidation to the corresponding radical cation using TBAHFP
(co=0.5 M) as electrolyte and by applying a voltage of 1.4 V.

Conclusion

In this study, we have expanded the chemistry of tetraazaper-
ylene. With the OAPPDOs, formally derived by addition of two
urea units in the opposite peri positions, we have established a
new, highly fluorescent class of functional dyes. Even though
the core has been aza-substituted four times, the electron-
donating peri substituents favor oxidation of the aromatic core.
This results in a change of redox properties compared to PDlIs,
rendering the OAPPDOs weak electron donors. Similar to the
PDlIs, substitution of the imide nitrogen atom hardly affects the
optical properties and can instead be used to introduce
solubility-mediating alkyl groups. As structural units, the two
urea-derived peri-connected moieties may be viewed as
structurally complementary to the dicarboximido units in the
equivalent positions of the PDIs.

The synthesis of the bay-chlorinated OAPPDO 3a was the
key entry point for further bay functionalization, as exemplified
by Suzuki coupling of various aryl fluoroborates. In contrast to
OAPPDO 3a, the atropisomers of its arylated derivatives are
configurationally stable, as indicated by DFT modeling of the
isomerization mechanism. In addition, it has been shown for
one of the aryl coupled derivatives (6d) that its atropisomers
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can indeed be separated by HPLC using a chiral stationary
phase. This allowed the chiroptical properties of this representa-
tive compound to be investigated. The optical and electro-
chemical properties of compounds 6a-e were fully character-
ized by UV/Vis and fluorescence spectroscopy as well as cyclic
voltammetry. Generally, the arylation resulted in a decrease in
the fluorescence quantum yields as well as in a reduction in the
oxidation potentials.

Future investigations of this new class of dyes will
particularly focus on their properties as emitters, both in
solution and in the solid state.

Experimental Section

General Information: All chemicals and solvents were purchased
from commercial suppliers and used without further purification.
Solvents were dried according to standard procedures. Deuterated
solvents were bought from Euriso Top or Sigma-Aldrich and used
as received. The 'H, *C and '°F spectra were recorded with Bruker
AVANCE 400 and 600ll spectrometers and are referenced to the
residual signal of the used deuterated solvents ('H: CDCly:
7.26 ppm, CD,Cly: 5.32 ppm, [Dg]THF: 1.72/3.58 ppm,
[D]DMS0:2.50 ppm) and "*C: CDCl;: 77.16 ppm, CH,Cl,: 53.84 ppm,
[DITHF: 67.21/25.31 ppm, [Dg]DMSO: 39.52 ppm).®¥ Chemical shifts
are given in ppm and coupling constants in Hz. The following
abbreviations were used to describe the multiplicities: s=singlet,
d=doublet, t=triplet, q=quartet, quint=quintet, m=multiplet.
The mass spectra were recorded by the department of the organic
Chemistry of the University of Heidelberg under the direction of Dr.
J. Gross. El spectra were measured on a JEOL JMS 700 spectrometer,
ESI spectra on a Bruker ApexQe hybrid 9.4 T FT-ICR (also for MALDI
spectra) or a Finnigan LCQ spectrometer. The absorption spectra
were recorded on a Cary 5000 UV/Vis spectrometer and were
baseline and solvent corrected. The CD spectra were recorded on a
Jasco J-1500 CD spectrometer and the Fluorescence spectra were
recorded on a Varian Cary Eclipse Fluorescence spectrophotometer.
The Fluorescence Yields (®) were conducted on a JASCO spectro-
fluorometer FP-8500 equipped with an ILF-835|100 mm integrating
sphere. Cyclic voltammetry spectra were measured on a EG&G
Princeton Applied Research potentiostat model 263 A using a
three-electrode single-component cell under inert atmosphere. A
platinum disk was used as working electrode, platinum wire as a
counter electrode and a saturated calomel electrode as a reference
electrode. As internal reference, ferrocene was used in all cases.
Measurements were carried out in a 0.1 M tetrabutylammonium
hexafluorophosphate solution in anhydrous THF under exclusion of
oxygen. X-ray analyses were performed by Prof. Dr. H. Wadepohl in
the X-ray laboratory of the Department of Inorganic Chemistry at
the University of Heidelberg with an Agilent Supernova E diffrac-
tometer. The obtained structures were solved and refined by Prof.
Dr. H. Wadepohl. Unless otherwise stated, all preparative work was
performed in an inert gas atmosphere in standard Schlenk glass-
ware, which was flame-dried.

General Procedure 1: Octachlorotetrazaperylene 1 (1.00 equiv.) was
dissolved in o-xylene, the corresponding amine (20 equiv.) was
added and the reaction mixture was stirred for 3 h at 140°C. The
solution was allowed to cool to RT, and the solvent was removed
under reduced pressure. The residue was washed with water,
methanol and n-pentane to isolate the corresponding tetraamino-
perylene 2.

General Procedure 2: Tetraaminoperylene 2 was dissolved in CH,Cl,
and subsequently triethylamine (4.00 equiv.) and triphosgene
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(1.25 equiv.) were added at —5°C. The solution was stirred for 1 h
at —5°C and afterwards quenched with NaOH,. The reaction
mixture was extracted with CH,Cl,, and the solvent was removed
under reduced pressure. The crude product was purified using flash
column chromatography to isolate the corresponding OAPPDO 3.

General Procedure 3: Compound 3 (1.00 equiv.), the corresponding
potassium aryltrifluoroborate (20.0 equiv.), K,CO; (21.0 equiv.) and
10 mol% Pd(PPh;), were solved in a mixture of toluene/water/
ethanol (5:2.5:1) and stirred for 3 d at 80°C. The reaction mixture
was quenched with water, extracted with CH,Cl, and the solvent of
the combined organic layers was removed under reduced pressure.
The crude product was purified using flash column chromatog-
raphy to isolate the corresponding chiral OAPPDO 4.

1,3,4,6,7,9,10,12-Octachloro-2,5,8,11-tetraazaperylene (1): 4,10-di-
hydroxy-5,11-dihydro-2,5,8,11-tetraazaperylene1,3,6,7,9,12-hexaone
(2.50 g, 6.54 mmol, 1.00 equiv.), PCls (25.0 g, 120 mmol, 18.4 equiv.)
and phosphoryl chloride (25 mL, 268 mmol, 41.0 equiv.) were
stirred at 160 °C for 2 d. The reaction mixture was allowed to cool
down to RT and poured onto 1L ice water. The orange
precipitation was filtered and washed with 400 mL water and
50 mL methanol. The product was isolated as an orange solid.
(2.10 g, 3.95 mmol, 83%). *C NMR (150.90 MHz, [Ds]nitrobenzene,
295 K): 0=148.3, 146.5, 144.6, 117.1, 116.9 ppm. HRMS (MALDI"):
calcd. for C,¢ClgN,: 527.7637 [M]~; found: 527.7642.

1,6,7,12-Tetrachloro-N? N* N° N'-tetrahexyl-2,5,8,11-tetraazapery-
lene-3,4,9,10-tetraamine (2 a): According to GP 1 1,3,4,6,7,9,10,12-
octachloro-2,5,8,11-tetraazaperylene (5.00 g, 9.40 mmol, 1.00 equiv.)
and hexylamine (25.0 mL, 189 mmol, 20.1 equiv.) were dissolved in
100 mL o-xylene and stirred at 140°C for 3 h. The reaction mixture
was allowed to cool down to RT and the solvent was removed
under reduced pressure. The residue was dissolved in 500 mL
diethyl ether and washed with water (3x 300 mL). After removal of
the solvent in vacuo, the residue was washed with n-pentane to
obtain the product as a red solid (5.30 g, 6.70 mmol, 71%)."H NMR
(600.13 MHz, CDCl,, 295 K): 6 =>5.56 (t, *Jy,=5.08 Hz, 4H, NH), 3.60
(sext, *Jyy=6.53 Hz, 4H), 3.48 (sext, *J,,;=5.21 Hz, 4H), 1.71 (quint,
3Jyn=7.21 Hz, 8H), 1.47 (quint, *J,,;=7.38 Hz, 8H), 1.36 (m, 16H),
0.91 ppm (t, *J,,y=6.54 Hz, 12H). C NMR (150.90 MHz, CDCl,,
295 K): 6=153.1, 144.7, 144.5, 109.0, 98.5, 42.5, 31.6, 29.4, 27.1,
22.7, 14.1 ppm. HRMS (DART*): calcd. for CyoHssCl,Ng: 789.3455 [M +
H]*; found: 789.3455.

1,6,7,12-Tetrachloro-N* N* N° N'°-tetrakis(4-meth-
oxybenzyl)dipyrido[3,4,5-de:3’,4',5'-gh][2,9]phenanthroline-
3,4,9,10-tetraamine (2 b): According to GP 1 1,3,4,6,7,9,10,12-
octachloro-2,5,8,11-tetraazaperylene (10.0 g, 18.8 mmol, 1.00 equiv.)
and 4-methoxy benzylamine (61.0 mL, 470 mmol, 25.0 equiv.) were
dissolved in 180 mL o-xylene and stirred at 140°C for 3 h. After
cooling down to RT the reaction mixture was poured onto 400 mL
methanol and the resulting orange precipitation was filtered. The
solid was washed with 200 mL water and 200 mL methanol and the
solvent residues were removed under reduced pressure to yield the
product as a red orange solid (13.5g, 14.4 mmol, 77%)."H NMR
(600.13 MHz, CDCl,, 295 K): 6=7.14 (d, *Jy,=7.95 Hz, 8H), 6.81 (d,
*Jun=28.30 Hz, 8H), 5.79 (s, 4H, NH), 4.50-4.43 (m, 8H), 3.81 ppm (s,
12H). C NMR (150.90 MHz, CDCl;, 295 K): 6=159.2, 152.6, 144.6,
144.0, 129.7, 129.4, 1258, 114.2, 985, 55.3, 46.4 ppm. HRMS
(MALDI™): calcd. for C,gH,oClN,O,: 932.1921 [M]™; found: 932.1941.

Compound 3a: According to GP2 compound 2a (5.58¢,
7.06 mmol, 1.00 equiv.) was dissolved in 100 mL CH,Cl, and cooled
down to —5°C. Triethyl amine (3.93 mL, 28.2 mmol, 4.00 equiv.) and
triphosgene (2.62 g, 8.82 mmol, 1.25 equiv.) were added and the
reaction mixture was stirred for 1 h at —5°C. The reaction mixture
was quenched with 100 mL NaOH and extracted with CH,Cl, (3x
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100 mL). The solvent was removed under reduced pressure and the
crude product was purified using flash column chromatography
(SiO,, PE/EE 20:1). The product was isolated as a yellow solid
(3.10 g, 7.06 mmol, 52%). 'H NMR (600.13 MHz, CDCl;, 295 K): 6 =
431 (m, 4H), 422 (m, 4H), 1.76 (m, 8H), 1.31-1.43 (m, 24H),
0.89 ppm (t, =794 Hz, 12H). *C NMR (150.90 MHz, CDCl,,
295 K): 6=150.2, 148.1, 147.7, 146.4, 112.4, 100.6, 43.1, 31.4, 27.1,
26.5, 22.6, 14.1 ppm. HRMS (EI"): caled. for C,,Hs,Cl,NzO,: 840.2962
[M]"; found: 840.2951.

Compound (3b): According to GP2 compound 2b (1.50g,
1.60 mmol, 1.00 equiv.) was dissolved in 100 mL CH,Cl, and cooled
down to —5°C. Triethyl amine (894 uL, 6.42 mmol, 4.00 equiv.) and
triphosgene (595 mg, 2.01 mmol, 1.25 equiv.) were added and the
reaction mixture was stirred for 1 h at —5°C. The reaction mixture
was quenched with 100 mL NaOH and extracted with CH,Cl, (3%
100 mL). The solvent was removed under reduced pressure and the
crude product was purified using flash column chromatography
(SiO,, PE/EE 10:1). The product was isolated as a yellow solid
(1.36 g, 1.38 mmol, 86%). '"H NMR (600.13 MHz, CDCl;, 295 K): 6 =
7.60 (d, *Jyy=8.69 Hz, 8H), 6.84 (d, *Jy;=8.72 Hz, 8H), 5.38 (q, >y
=13.94, 8H), 3.76 ppm (s, 12H). *C NMR (150.90 MHz, CDCl,, 295 K):
0=159.4, 150.5, 147.8, 147.5, 146.4, 131.2, 128.1, 114.0, 112.6, 100.6,
55.3, 45.4 ppm. HRMS (El"): calcd. for CgoH;,Cl,NgO": 984.1506 [M];
found: 984.1504.

Compound 4: Compound 3b (75.0 mg, 76.0 umol, 1.00 equiv.) was
dissolved in 5 mL TFA and was stirred for 16 h at 80°C. The solvent
was removed under reduced pressure and the residue was
suspended in 10 mL water. The reaction mixture was neutralized
with K,CO; and the resulting precipitate was filtered. The solid was
washed with water (1x10 mL), methanol (3x10 mL), acetone (3x
10 mL), toluene (3x 10 mL) and n-pentane (3x 10 mL) to obtain the
product as a yellow orange solid (28.0 mg, 55.3 umol, 73%). 'H
NMR (600.13 MHz, [DgJDMSO, 295 K): 6=12.2 ppm (s, 4H, NH). '*C
NMR (150.90 MHz, [Dc]DMSO, 295 K): 6 =150.6, 150.5, 147.0, 145.6,
111.8, 100.8 ppm. HRMS (MALDI?): calcd. for C,gH;CILNGO,™:
502.9139 [M—H]; found: 502.9143.

Compound 5: Compound 3a (100 mg, 119 umol, 1.00 equiv.) was
dissolved in 15mL THF and Pd(dppf)Cl, (26.0 mg, 35.7 pmol,
30 mol%), TMEDA (250 uL, 1.66 mmol, 14.0 equiv.) and sodium
borohydride (62.9 mg, 1.66 mmol, 14.0 equiv.) were added.The
reaction mixture was stirred for 2 d at 65°C, poured onto 50 mL
water and extracted with CH,Cl, (3x100 mL). The solvent was
removed and the crude product was purified using flash column
chromatography (SiO,, PE/EE 5:1). The product was isolated as a
yellow solid (26.0 mg, 36.9 umol, 31%). '"H NMR (600.13 MHz, CDCl,,
295K): 6=8.47 (s, 4H,), 417 (t, *J,,=7.03 Hz, 8H), 1.70 (quint,
*Jyn=6.35Hz, 8H), 1.40 (m, 8H), 1.35-1.30 (m, 16H), 0.88 ppm (t,
*Jun=6.55 Hz, 12H). *C NMR (150.90 MHz, CDCl,, 295 K): 6 =150.5,
149.2, 1394, 137.1, 1157, 104.0, 425, 316, 27.2, 26.7, 22.7,
14.1 ppm. HRMS (EI"): calcd. for C,HsgNgO,: 704.4521 [M]7; found:
704.4519.

Compound 6a: According to GP3 compound 3a (100 mg,
119 umol, 1.00 equiv.), potassium phenyltrifluoroborate (437 mg,
2.37 mmol, 20.0 equiv.), K,CO; (344 mg, 2.49 mmol, 21.0 equiv.) and
Pd(PPh;), (13.7 mg, 11.9 umol, 10 mol%) were dissolved in a
mixture of 10 mL toluene, 5 mL water and 2 mL ethanol and stirred
for 3 d at 80°C. The reaction mixture was allowed to cool down to
RT, quenched with 20 mL water and extracted with CH,Cl, (3%
100 mL). The solvent was removed under reduced pressure and the
residue was purified using flash column chromatography (SiO,, PE/
EE 30:1). The product was isolated as a red solid (63.0 mg,
62.4 umol, 53%). 'H NMR (600.13 MHz, CDCl;, 295 K): 6=7.24 (t,
3Jun=17.51Hz, 4H), 7.20-7.04 (brs, 8H), 7.12 (t, *Jyy=7.29 Hz, 8H),
4.47-4.43 (m, 4H), 4.36-4.31 (m, 4H), 1.85 (quint, *J,.,;=7.29 Hz, 8H),
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1.51-1.40 (m, 24H), 0.98 ppm (t, *},,=6.88 Hz, 12H).*C NMR
(150.90 MHz, CDCl;, 295K): 6=154.9, 151.2, 147.9, 145.4, 141.1,
1284, 128.2, 128.0, 1144, 101.3, 42.1, 31.7, 274, 26.7, 22.7,
14.0 ppm. HRMS (EI*): calcd for CgeH,,NgO,: 1008.5773 [M]*; found:
1008.5762.

Compound 6b: According to GP3 compound 3a (150 mg,
178 umol, 1.00 equiv.), potassium 4-methylphenyltrifluoroborate
(705 mg, 3.56 mmol, 20.0 equiv.), K,CO; (517 mg, 3.74 mmol,
21.0 equiv.) and Pd(PPh;), (20.6 mg, 17.8 umol, 10 mol%) were
dissolved in a mixture of 15 mL toluene, 7.5 mL water and 3 mL
ethanol and stirred for 3 d at 80°C. The reaction mixture was
allowed to cool down to RT, quenched with 20 mL water and
extracted with CH,Cl, (3x 100 mL). The solvent was removed under
reduced pressure and the residue was purified using flash column
chromatography (SiO,, PE/EE 30:1). The product was isolated as a
red solid (83.0 mg, 77.9 umol, 44%). '"H NMR (600.13 MHz, CDCl,,
295 K): 0=6.93 (brs, 8H), 6.80 (d *J,.,,=8.06 Hz, 8H), 4.35-4.31 (m,
4H), 4.25-4.20 (m, 4H), 2.30 (s, 12H), 1.78-1.71 (m, 8H), 1.41-1.40 (m,
24H), 0.89 ppm (t, *Jy.y=7.04 Hz, 12H)."*C NMR (150.90 MHz, CDCl,,
295 K): 0=154.7, 151.3, 147.4, 145.4, 138.2, 137.7, 128.8, 1283,
114.2, 101.1, 42.1, 31.6, 27.3, 26.6, 22.6, 21.3, 14.1 ppm. HRMS
(MALDI™): caled. for C,oHgoNgO,: 1064.6399 [M]*; found: 1064.6415.

Compound 6c¢: According to GP3 compound 3a (150 mg,
178 umol, 1.00 equiv.), potassium 4-methoxyphenyltrifluoroborate
(762 mg, 3.56 mmol, 20.0 equiv.), K,CO; (517 mg, 3.74 mmol,
21.0 equiv.) and Pd(PPh;), (20.6 mg, 17.8 umol, 10 mol%) were
dissolved in a mixture of 15 mL toluene, 7.5 mL water and 3 mL
ethanol and stirred for 3 d at 80°C. The reaction mixture was
allowed to cool down to RT, quenched with 20 mL water and
extracted with CH,Cl, (3100 mL). The solvent was removed under
reduced pressure and the residue was purified using flash column
chromatography (SiO,, PE/EE 30:1). The product was isolated as a
red solid (95.0 mg, 84.1 umol, 47%). '"H NMR (600.13 MHz, CDCl,,
295 K): 6=7.06 (brs, 8H), 6.57 (d *J,.,;=8.62 Hz, 8H), 4.34-4.30 (m,
4H), 4.24-4.19 (m, 4H), 3.79 (s, 12H), 1.74 (quint, *J,,=7.34 Hz, 8H),
1.40-1.29 (m, 24H), 0.88 ppm (t, *Jyy=7.17 Hz, 12H). *C NMR
(150.90 MHz, CDCl;, 295K): 6 =159.6, 154.2, 151.3, 147.4, 145.6,
133.9, 129.7, 114.0, 113.6, 100.9, 55.4, 42.1, 31.6, 27.3, 26.6, 22.6,
14.1 ppm. HRMS (MALDI"): calcd. for C,gHgoNgOq: 1128.6195 [M]™;
found: 1128.6199.

Compound 6d: According to GP3 compound 3a (150 mg,
178 umol, 1.00 equiv.), potassium 4-trifluorometh-
ylphenyltrifluoroborate (659 mg, 3.56 mmol, 20.0 equiv.), K,CO;
(517 mg, 3.74 mmol, 21.0 equiv.) and Pd(PPh;), (20.6 mg, 17.8 umol,
10 mol%) were dissolved in a mixture of 15 mL toluene, 7.5 mL
water and 3 mL ethanol and stirred for 3 d at 80°C. The reaction
mixture was allowed to cool down to RT, quenched with 20 mL
water and extracted with CH,Cl, (3x100 mL). The solvent was
removed under reduced pressure and the residue was purified
using flash column chromatography (SiO,, PE/EE 25:1). The product
was isolated as a red solid (101 mg, 78.8 umol, 44%)."H NMR
(600.13 MHz, CDCl,, 295 K): 6 =7.29 (d *J,,,=8.07 Hz, 8H), 7.10 (brs,
8H), 4.29 (m, 8H), 1.74 (quint, 3/, = 7.44 Hz, 8H), 1.44-1.26 (m, 24H),
0.86 ppm (t, *Jyuy=7.12Hz, 12H). F NMR (379.27 MHz, CDCl,,
295 K): d=—63.0 ppm (s, 12F). *C NMR (150.90 MHz, CDCl,, 295 K):
0=153.7, 150.7, 148.2, 145.1, 143.9, 130.0 (q, Yer=32.4 Hz), 124.0
(@, "Jer=271.1Hz, CF,), 114.1, 101.6, 42.6, 31.5, 27.2, 26.6, 22.5,
14.0 ppm. HRMS (MALDI™): calcd. for CyoHgsF1,NsO,: 1280.5628 [M]™;
found: 1280.5299.

Compound 6e: According to GP3 compound 3a (150 mg,
178 umol,  1.00 equiv.), potassium 2-thiophenetrifluoroborate
(676 mg, 3.56 mmol, 20.0 equiv.), K,CO; (517 mg, 3.74 mmol,
21.0 equiv.) and Pd(PPh;), (20.6 mg, 17.8 umol, 10 mol%) were
dissolved in a mixture of 15 mL toluene, 7.5 mL water and 3 mL
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ethanol and stirred for 3 d at 80°C. The reaction mixture was
allowed to cool down to RT, quenched with 20 mL water and
extracted with CH,Cl, (3x 100 mL). The solvent was removed under
reduced pressure and the residue was purified using flash column
chromatography (SiO,, PE/EE 20:1). The product was isolated as a
red purple solid (83.0 mg, 80.3 umol, 45%)."H NMR (600.13 MHz,
CDCl,, 295 K): 0=7.19 (d, J,,;,=4.40 Hz, 8H), 6.74 (t, *J,,=4.34 Hz,
8H), 4.33 (m, 4H), 4.25 (m, 4H), 1.79 (quint, *J,.,,=7.73 Hz, 8H), 1.45-
141 (m, 8H), 1.37-1.30 (m, 16H), 0.88 ppm (t, *J,,;=7.11 Hz, 12H).
B3C NMR (150.90 MHz, CDCl;, 295 K): 6=151.0, 147.7, 147.3, 146.1,
145.0, 128.5, 127.4, 126.2, 113.1 100.8, 42.6, 31.6, 27.2, 26.7, 22.7,
14.1 ppm. HRMS (MALDI™): calcd. for CsgHg NgO,S,: 1032.4030 [M]F;
found: 1032.4024.

Compound 7: Compound 3a (150 mg, 178 pmol, 1.00 equiv.),
tributylphenylstannane (128 uL, 392 umol, 2.20 equiv.) and Pd-
(PPh;), (41.1 mg, 35.6 umol, 20 mol%) were dissolved in 5mL
toluene and stirred for 2 d at 110°C. The reaction mixture was
allowed to cool down to RT, poured onto 100 mL water and
extracted with CH,Cl, (3100 mL). The solvent was removed under
reduced pressure and the crude product was purified using flash
column chromatography (SiO,, PE/EE 3:1). The product was isolated
as a yellow solid (28.0 mg, 33.0 umol, 19%). '"H NMR (600.13 MHz,
CD,Cl,, 295 K): 6 =8.33 (brs, 2H), 7.28 (brs, 2H), 4.17 (brs, 8H), 1.85
(brs, 4H), 1.74 (quint, *J,.,;=6.91 Hz, 4H), 1.53-1.35 (m, 24H), 0.98 (t,
3Jyy=7.06 Hz, 6H), 0.94ppm (t, *4,,=7.02Hz, 6H). C NMR
(150.90 MHz, CD,Cl,, 295 K): 6=150.4, 147.7, 147.6, 146.9, 139.6,
138.3, 130.2, 127.5, 124.0, 112.9, 109.6, 99.8, 42.8, 42.5, 31.6, 31.5,
27.2, 26.9, 26.8, 26.6, 22.7, 22.7, 13.9 ppm. HRMS (MALDI™"): calcd.
for C,gHssCl,N4O,: 846.3898 [M]*; found: 846.3902.

Compound 8: Compound 3a (262 mg, 311 pmol, 1.00 equiv.),
potassium phenyltrifluoroborat (120 mg, 652 umol, 2.10 equiv.),
K,CO; (858 mg, 6.21 mmol, 20.0 equiv.) and Pd(PPh,), (53.8 mg,
46.6 pmol, 15 mol%) were dissolved in a mixture of 17 mL toluene,
8 mL water and 3.5 mL ethanol and stirred for 3 d at 80°C. The
reaction mixture was allowed to cool down to RT, quenched with
20 mL water and extracted with CH,Cl, (3x 100 mL). The solvent
was removed under reduced pressure and the residue was purified
using flash column chromatography (SiO,, PE/EE 25:1). The product
was isolated as a yellow solid (23.0 mg, 26.9 umol, 9%)."H NMR
(600.13 MHz, CD,Cl,, 295 K): 6 =8.85 (d, *J,,,,=7.48 Hz, 1H), 8.76 (d,
3Jyn=7.58 Hz, TH), 7.95 (s, 1H), 7.68-7.64 (m, 2H), 7.63 (brs, 5H),
435 (t, *Jyy=7.91 Hz, 2H), 4.27-4.22 (m, 4H), 4.14 (t, *J,y=7.77 Hz,
2H), 1.85 (quint, 3., =7.43 Hz, 2H), 1.82-1.75 (m, 4H), 1.68 (quint,
*Jun=7.07 Hz, 2H), 1.51-1.28 (m, 24H), 0.96-0.86 ppm (m, 12H). '*C
NMR (150.90 MHz, CD,Cl,, 295K): =155.1, 151.0, 150.8, 1484,
148.2, 147.6, 147.4, 146.9, 146.1, 142.6, 139.8, 139.3, 136.6, 135.5,
130.1, 1304, 129.8, 129.2, 128.4, 127.7, 127.6, 124.3, 124.1, 116.2,
113.5, 111.2, 110.8, 101.8, 101.2, 42.5, 425, 42.2, 42.2, 31.8, 31.8,
31.8,31.6,27.4, 27.3, 27.0, 27.0, 27.0, 26.9, 26.7, 26.7, 22.9, 22.9, 22.8,
227, 14.1, 14.1, 140, 140 ppm. HRMS (MALDI): calcd. for
CsHeNgO,: 854.4999 [M]*; found: 854.4988.

Deposition Numbers 2154823 (for 6a), 2154824 (for 6b), 2154825
(for 6¢c) and 2154826 (for 6d) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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