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Using pyrrolizine-fused bipolar PAHs as a new
strategy towards efficient red and NIR emissive
dyest
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We report the synthesis and characterization of the first pyrrolizine-embedded PAH systems. The bipolar
core, based on a naphthalimide and indole fusion, was successfully synthesized through a one-pot
cascade of Suzuki/Boc deprotection/Buchwald—Hartwig transformations. A facile post-functionalization
of the unoccupied p-position of the heterocycle with aromatic amines as donor subunits led to a set of

Received 17th November 2023,
Accepted 2nd December 2023

DOI: 10.1039/d3gq001914d

donor—acceptor architecture-based dyes. Effective narrowing of the HOMO-LUMO gap, along with its
tuning by changing donor strength together with stabilization of = conjugation within the pyrrolizine—NMI
core, provided a route to near-infrared (NIR) emission not only in solution (~740 nm) but also in the
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Nitrogen-doped polycyclic aromatic hydrocarbons (PAHs) that
comprise N-pyrrolic fragments at the central or peripheral
position of the m-extended structures' have recently attracted
attention because of their distinctive geometry” and self-
assembly behaviour,>* their capability to strongly bind fuller-
enes,” their low oxidation potential,® and their high-charge
carrier mobility.”  Accordingly, pyrrole, pyrrolo[3,2-b]
pyrrole,>7 as well as their azacoronene (in neutral or cationic
forms)®® and thiepine” fused PAH analogues have served as
components for application in sensing,”> photovoltaics,’ liquid
crystals,® and single-crystal field effect transistors,” respect-
ively. Despite their highly conjugated structure, N-doped PAHs
are typically only modestly emissive. A potential solution to
this challenge is to integrate N-doped PAHs with electron-
deficient segments. From the viewpoint of optical properties,
this type of molecular design should lead to narrowed HOMO-
LUMO gaps, lower energy excited states, and improved charge
transport (CT) properties. In this context, two major molecular
design strategies have been proposed so far: an initially pro-
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posed design encompasses N-heteroannulated perylene bisi-
mides (PDIs) and the later one with thoroughly fused bipolar
Naphthalene-1,8-dicarboximide (NMlIs), as demonstrated in
Fig. 1 (I and 1II), respectively. In line with these considerations,
using a m-extended PDI scaffold with a highly reactive bay-
region proved beneficial for incorporating an electron-rich,
pyrrolic fragment (Fig. 1, Ia). This was achieved through regio-
selective nitration of PDI, followed by electrophilic Cadogan-
type cyclization and alkylation/arylation reactions.'® Such a
readily available platform underwent various post-functionali-
zations, resulting in 1,3/1,4-phenyl-linked derivatives,"' ™
homo-coupled PDIs," or thiophene-bridged thoroughly conju-
gated polycyclic aromatic hydrocarbons (PAHs)'* with high
n-electron density.

Regardless of the type of derivatization performed, these
moieties exhibited a planar geometry that fosters a strong
packing arrangement (even though double N-annulated
species adopted a bowl-like geometry as displayed in Fig. 1,
1b)'®> which is detrimental from the viewpoint of emissive pro-
perties. Instead, N-annulated PDIs were successfully exploited
as non-fullerene acceptors for organic solar cells. In a similar
fashion, but creating a 7-membered, azepine-bridged PDI (see
Fig. 1, Ic), Shinokubo and co-workers'® presented a twisted
species which in spite of possessing the desired non-planar
arrangement shows modest optical features. Facing this chal-
lenge, very recently the second approach in which an electron-
rich system is thoroughly fused and conjugated with an elec-
tron-poor moiety has also been demonstrated by our group
(Fig. 1, I1a); that is, we showed the formation of a PAH consist-
ing of 1,8-NMI and 3,6-di-tert-butylcarbazole (d¢BuCz) via a
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» Hartwig-Buchwald/direct arylation
> Aoy =567 nm
> PLQY =97 %
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284-290

Lindner et al.
tBu Chem. Sci. 2022, 13,
10119-10128
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> Suzuki/Hartwig-Buchwald couplings
> A, = 5200m
>PLaY =3%;
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Hartwig-Buchwald couplings

> Ao, =659 - 740 nm

>PLAY=3587%

O N ‘ woatu N O 7 pyrrolizine fused PAH
tBu  Angew. Chem Int. Ed. 2023, @ added donors in B-position
62, 21, €202302761 1

red & NIR emission

Fig. 1 Current progress in the domain of nitrogen-doped bipolar PAHs
based on PDI N-heteroannulated systems (I a—c) and NMlI-scaffolds (Il
a—c) fused within 6 and 7-membered rings; (d) novel approach toward
double 5-membered rings based on pyrrolizine fused NMIs towards
efficient red & NIR emitting systems.

6-membered ring closure utilizing one-pot Pd-catalysed
cascade transformations encompassing the formation of C-
N/C-C bonds by virtue of Buchwald-Hartwig cross-coupling/
direct arylation reactions (Fig. 1, I1a)."” This compound is very
bright (PLQY ~ 95%). We demonstrated its utility as a terminal
emitter in a so-called hyperfluorescent OLED that showed a
maximum external quantum efficiency of 26%. Shortly after,
Wwiirthner and co-workers'® reported another approach for
synthesizing similar types of annulated compounds that were
accessed following a cascade of Suzuki cross-coupling/nucleo-

0 N._O Boc
Lo QO 2 O
QO 40% quant. 30-45%
N
J I
Br Br O Br O
1 2
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philic addition reactions that emit in the green region with
moderate-to-high PLQY (Fig. 1, IIb). In a similar fashion, but
with 8H-benzo[3,4][1,2]azaborinino[5,6,1-jk]carbazole-8-ol as a
precursor, Luo and Liu'® reported a route to compounds con-
taining a 7-membered ring consisting of a combination of
Suzuki coupling and Buchwald-Hartwig amination reactions,
as demonstrated in Fig. 1, Ilc. Notably, all of these structures
contain highly conjugated ambipolar architectures that are
emissive as a result of the presence of a low-lying charge-trans-
fer excited state. Thus, modification of their electron-rich
segment is envisaged as a route to developing compounds that
should emit in the red and NIR regions.

Here, we report a straightforward synthesis of the first
example of fused NMI and pyrrolizine fragments, in which the
B-position (see Fig. 1, IId) is functionalized with a set of elec-
tron-rich donor moieties, allowing us to establish an efficient
approach toward a new family of highly emissive green-to-NIR
dyes.

The synthesis of 3a-c was accomplished in a three-step
sequence (Scheme 1). We first tried to react N-(2,6-diisopropyl-
phenyl)-4,5-bromo-NMI with unsubstituted indole; however,
this approach failed to provide compound 1. We next
employed N-Boc-indole-2-boronic acid as a precursor. To
enable the thermal decomposition of the Boc protecting
group, the temperature of the reaction was increased, which
proved to be the key to the sequential Buchwald-Hartwig
amination and direct arylation, leading to fused intermediate
1 in 40% yield. With this in hand, its bromination led to 2 in
quantitative yield, which was employed in a Buchwald-Hartwig
amination with d¢BuCz, 9,9-dimethyl-9,10-dihydroacridine
(DMAc) and phenoxazine (PXZ) donor moieties. Dyes 3a-c
were obtained in moderate yields ranging from 30-45%. The
structures of all intermediates and target compounds 3a-c
were unambiguously verified using 'H NMR and *C NMR
spectroscopy and HRMS (see the ESIf for more details). To
gain more insights into the solid-state structure of these dyes,
X-ray quality, single crystal structures were obtained for com-
pounds 1 and 3c¢ by slow evaporation from solutions of DCM
and chloroform, respectively (Fig. 2A and B). Compound 1 crys-
talized in the triclinic P1 space group with two molecules per
unit cell adopting antiparallel orientation of neighbouring
molecules (Fig. 2A). Short intermolecular distances (3.52 A)
exist in the crystalline phase of unfunctionalized 1, which
imply strong n-7 interactions between head-to-tail arranged

N/N N/N QN/N
20 B0 Y

Scheme 1 The synthesis path towards emitters 3a—c and red-emission of 3c visible during purification. Reaction conditions: (a) Pd(PtBus),,
NaOtBu, toluene, 120 °C, 72 h; (b) NBS, DMF, 12 h, RT; (c) R?NH, Pd(PtBusz),, NaOtBu, toluene, 120 °C, 24 h.
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Fig. 2 X-ray structures and their packing of (A) 1 and (B) 3c. The thermal ellipsoids are shown at 50% probability. The hydrogen atoms and solvent

molecules have been removed for clarity.

molecules (Fig. 2A). Compound 3¢ crystallized in monoclinic
P2,, also with two molecules per unit cell. The presence of the
twisted quasi-axial PXZ donor (60°, Fig. 2B) influences the
interactions in the crystal structure, which is reflected in the
prevention of n-stack creation (Fig. S157).

To gain insight into the photophysical behaviour of these
compounds, we computationally modelled their structure and
properties using density functional theory (DFT) at the PBE0/6-
31G(d,p)*° level of theory in the gas phase. Compound 1 pos-
sesses a structure where the central “pyrrolizine-fused-NMI
(PF-NMI)” core is planar, while the diisopropylphenyl moiety
is attached orthogonally (dihedral angle > 89°) to the PF-NAI
group (Fig. S10t). Compounds 3a-c possess a similar struc-
ture, but with the decorated donors adopting a twisted confor-
mation with respect to the PF-NAI plane. The dihedral angle
between the donor and PF-NAI plane is 50.8° in 3a, 67.4° in 3b

2,00 — o
LUMO: 2.7 eV LUMO: -2.76 eV
£=0.0655 >
2 -3.00 — 5,:3.09 eV
it —_—
= £=0.4397
® 5,:2.88 eV S, ——
2 .4.00 — £=0.0655 (S0 5238y
@ AE:3.25eV
© T,:1.67 eV
] 55 T,:1.84 eV i e
S s
\d
-6.00 — o —
HOMO: -5.56 eV

HOMO: -6.02 eV

and 60.4° in 3c (Fig. S10%); the computed structure broadly
matches with that observed in the crystal structure of 3c.

The HOMO and LUMO of 1 are both delocalized across the
PF-NMI core, with respective energies of —6.02/-2.77 eV. In
3a-c, the LUMOs are mainly located on the fused-NMI core
and have comparable energies of —2.76, —2.81 and —2.83 eV,
respectively, while the HOMOs are increasingly localized on
the donor substituent.

The HOMO levels reflect the relative strength of the donor
substituent, with the HOMO of 3¢ (—5.23 eV) being destabi-
lized in comparison to those of both 3a (—5.56 eV) and 3b
(—5.40 eV) because of the presence of stronger PXZ. The com-
puted HOMO-LUMO gaps of 1, 3a, 3b and 3c are 3.25, 2.80,
2.59 and 2.40 eV, respectively (Fig. 3). This trend in HOMO-
LUMO gaps is reflected in the S; and T; energies. The S; and
T, energies of 1 are 2.88 eV and 1.84 eV, respectively, which are

LUMO: -2.81 eV LUMO: -2.83 eV
D —— w
T 3.00 g
m
f=0.1097 »0 g
— AE:2.40eV | f=0.1950 200 3
5,:1.98 eV S.:1.87 eV 2
- i1 150 >
Ti:1.65eV Ty 1.50 eV 2
—— HOMO: -5.23 eV
HOMO: -5.40 eV o

Fig. 3 Theoretical modelling of the energies of the HOMO/LUMO and the S; and T; states of 1 and 3a—c.
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stabilized to 2.38 and 1.67 eV for 3a, 1.98 and 1.65 eV for 3b,
and 1.87 and 1.50 eV for 3c. The calculated AEgy values of 1
(1.04 eV) and 3a (0.71 eV) are much larger than those of 3b
(0.33 eV) and 3c (0.37 eV). These large singlet-triplet gaps
almost certainly preclude that these compounds would show
TADF behaviour. The oscillator strength (f) of the Sy — S;
transition is higher at 0.4397 for 3a in comparison to 3b
(0.1097), 3c (0.1950) and 1 (0.0655), reflecting the larger
overlap of the frontier molecular orbitals (FMOs) in 3a.

The experimental HOMO and LUMO energies were
deduced from electrochemistry, using cyclic and differential
pulse voltammetry (CV and DPV) in DCM (Fig. 4 and Table 1).
The electrochemical data were referenced to Fc/Fe' and are
reported relative to a saturated calomel electrode (SCE). All
compounds show two highly reversible reduction waves at
around —1.0 and —1.46 V, which were assigned to successive
reductions of the PF-NMI acceptor. Compound 1 shows a
quasi-reversible oxidation wave at 1.43 V, assigned to oxidation
of the whole molecule. Compounds 3a-c show two reversible
oxidation waves: the first wave is associated with oxidation of

Potential vs SCE/V

Fig. 4 Cyclic and differential pulse voltammograms of 1, 3a, 3b, and 3c
in degassed DCM (scan rate = 100 mV s™3).

Table 1 Photophysical properties of 1, 3a, 3b and 3c

View Article Online
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the donor moiety and the second one is associated with oxi-
dation of the pyrrolizine-attached diisopropylphenyl moiety.
The oxidation/reduction potentials of 1, 3a, 3b and 3c were
determined from the first oxidation/reduction peaks from DPV
and they are 1.43/-1.01, 1.16/-0.94 V, 1.07/-0.97 V, and
0.89/—0.93 V, respectively (Fig. 4). Based on these data, HOMO/
LUMO values were determined to be -5.77/-3.33 eV,
—5.49/—3.40 eV, —5.41/—3.37 and —5.23/—3.41 eV for 1, 3a, 3b,
and 3c, respectively (Table 1) and the estimated electro-
chemical band gaps were 2.44, 2.09, 2.04, and 1.82 eV respect-
ively, which align with the trend observed from the DFT
calculations.

We performed photophysical measurements of compounds
1 and 3a-c to understand their ground- and excited-state
behaviour. Compound 1 shows a single strong absorption
band at 480 nm (e = 39.4 x 10° M~" cm™') in toluene (Fig. 5).

40 4
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10 4

30 4

3a

20 4

10 4

30 4

=x10°/M" ecm”
(=]

20 4

Normalized counts / a.u.

104

30 4

20 4

10 4

300 400 500 600 700 800
Alnm

Fig. 5 Molar absorptivity of 1 and 3a—c in toluene and photo-

luminescence spectra of 1 and 3a—c in toluene (lexc = 420 nm for 1,

480 nm for 3a, and 500 nm for 3b and 3c) and 5 wt% doped samples in

CBP (lexc = 340 nm).

Toluene 5% in CBP
Compound ~ HOMO%eV ~ LUMOYeV  Agp’/mm (¢/x10°M ' em™)  Ap/nm  “/ns  @p %%  Ap/nm  ®py/% air/N,” Tavg /NS
1 —5.77 —-3.33 480 (39.4) 521 8.3 42 552 33/34 17.3
3a -5.49 -3.40 409, 540 (33.1) 580 7.6 83 610 68/68 7.0
3b —5.41 —-3.37 463 (20.9), 548 659 8.9 22 654 34/35 11.6
3c —-5.23 -3.41 458 (25.7), 568 741 0.8 1 700 717 3.1

“ Eiomomumo = —(E/E™? + 4.8) eV,>! where E°* is the anodic peak potential and E®? is the cathodic peak potential calculated from DPV in relation

to Fc/Fc' as the internal reference and referenced versus SCE (0.46 V vs. SCE)**?* in DCM with 0.1 M ["Bu,N]PF, as the supporting electrolyte. At
298 K, values quoted are in solutions under N,, which were prepared by three freeze-pump-thaw cycles (1ex = 420 nm for 1, 480 nm for 3a, and
500 nm for 3b and 3c). “ dexc = 374 nm. 4 At 298 K, values quoted are in solutions under air. ¢ Thin films were prepared by spin-coating 5 wt% doped
samples in 4,4-bis(N-carbazolyl)-1,1"-biphenyl (CBP) (Aexe = 340 nm).”/ Photoluminescence quantum yields of the thin films were determined using
an integrating sphere (Aex. = 305 nm or 340 nm) under air and N, atmosphere at 298 K. ¥ Time-resolved PL decays were recorded at 298 K under an
O,-free atmosphere (Aexc = 374 nm). Average lifetime (7ayg = YA’/ As;), where 4, is the pre-exponential for lifetime (Tavg)-
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DFT predicts this band to reflect a mixture of locally excited
(LE) n=—n* and charge transfer (CT) transitions because of the
ambipolar nature of PF-NMI, which correlate with the high
oscillation strength (f = 0.5305) of the S, — S, transition;
however, the oscillation strength of S, — S; is very low 0.0655
(Fig. S11 and Table S1}) and so this band likely reflects a com-
bination of these two transitions. In compound 3a, the low-
energy absorption band is bathochromically shifted at 540 nm
(e =33.1x10° M™! em™") and has the same profile as that in 1
where the transitions are of mixed LE/CT character (f =
0.4397). The absorption profiles of 3band 3¢ are more
complex. The low energy bands at 548 nm and 568 nm,
respectively, reflect a CT transition from the donor to PF-NMI
(Fig. S11 and Table S17). The high energy bands (and associ-
ated high-energy shoulder) at 463 nm (¢ = 20.9 x 10° M™*
em™") for 3b and at 458 nm (¢ = 25.7 x 10> M~" em™") for 3¢
(Table 1) are assigned to the absorption of the PF-NAI core as
the profile grossly aligns with that of 1 and the band is only
modestly blue-shifted by about 20 nm.

The parent compound 1 shows (Fig. 5) structured photo-
luminescence in toluene at Ap;, of 521 nm, indicative of emis-
sion from an LE state, and has a @y, of 42%. Compound 3a
has a similar emission profile that is red-shifted at Ap; of
581 nm, aligning with that predicted by DFT; however, the @p;,
is much higher at 83%. The emission profiles of 3b and 3¢ are
distinctly red-shifted and unstructured at 659 nm (deep-red)
and 741 nm (NIR), reflecting emission from a CT state (Fig. 5
and Table 1). The ®p, decreases to 21.6% and 1.1% for 3b and
3c, respectively (Table 1); this is due to the lower oscillator
strength associated with the CT transition and to the energy
gap law.>*?* All emitters showed mono-exponential decay kine-
tics with photoluminescence lifetimes (zp) of 8.3 ns for 1, 7.6
ns for 3a, 8.9 ns for 3b and 0.8 ns for 3c in toluene (Table 1
and Fig. S131). All emitters exhibit positive solvatochromism;
however, the degree of solvatochromism significantly increases
from 1 (65 nm) to 3¢ (149 nm), which demonstrates that 1 and
3a have emissive excited states of mixed LE/CT character while
the excited states of 3b and 3c are of CT character (Fig. S127).
We also investigated the PL behaviour of these emitters in the
solid state (Fig. 5) by doping 5 wt% 1 and 3a-c in 4,4'-bis(N-
carbazolyl)-1,1"-biphenyl (CBP). Surprisingly, the emission of
compounds 1 and 3a was approximately 30 nm red-shifted to
552 and 610 nm (the structured emission, though less resolved
is still present) while the &p;, decreased (34% for 1 and 68%
for 3a) relative to the measurements in toluene (Table 1). In
contrast, the emission of 3b and 3¢ was blue-shifted to 654
and 700 nm, respectively, while the &y, increased to 35% for
3b and to 7% for 3c. All compounds showed multi-exponential
decay kinetics, with average lifetimes zp;, of 17.3 ns for 1, 7.0
ns for 3a, 11.6 ns for 3b and 3.1 ns for 3c (Table 1).

In summary, we report a one-pot cascade cyclization result-
ing in fully conjugated pyrrolizine-fused NMI scaffolds, which
upon facile post-functionalization with a set of electron-rich
substituents deliver red and NIR emissive properties
(<700 nm) both in solution and in the solid state. The demon-
strated design should enable further modifications, opening a

This journal is © the Partner Organisations 2024
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new avenue for their use as NIR-emissive materials in opto-
electronic devices which is the current subject of our studies.
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