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ABSTRACT

Four donor-acceptor boron difluoride complexes 1-4 based on triphenylamine electron donor and [1,3,5,2]oxadiazaborinino|3,4-
a][1,8]naphthyridine acceptor are synthesized and systematically investigated as emissive and charge-transport materials for
organic optoelectronics. Comprehensive spectroscopic and electrochemical studies reveal a pronounced intramolecular charge
transfer character of these compounds, leading to solvent-polarity-dependent photophysical properties such as bathochromically
shifted emission spectra. Charge-carrier mobility measurements demonstrate balanced hole and electron transport properties,
highlighting the potential of these materials for optoelectronic applications. In the solid state, compounds 1 and 2 exhibit near-
unity photoluminescence quantum yields (PLQY) in polymethylmethacrylate and 1,3-bis(N-carbazolyl)benzene matrices, whereas
the CF;-substituted analogues 3 and 4 show markedly red-shifted emission accompanied by reduced PLQYs. The dyes are
successfully employed as emitters in organic light-emitting diodes (OLEDs) using doping-free, host-containing, and interface
exciplex-forming architectures, as well as multiple ultrathin emissive layer configurations, exhibiting an external quantum
efficiency of up to 12.76% in the best case. Furthermore, compounds 3 and 4 enable the fabrication of far-red OLEDs with triple
ultrathin emissive layer configurations, exhibiting electroluminescence maxima at 650 and 688 nm, respectively. These results
establish donor-acceptor boron difluoride complexes as promising platforms for color-tunable emission and diverse OLED device
architectures.

| Introduction demand for high-efficiency displays, wide color gamut repro-
duction, and energy-efficient solid-state lighting [1]. Despite

Organic light-emitting diodes (OLEDs) have experienced rapid this progress, the realization of efficient red OLEDs remains a
and continuous advancements in response to the growing  significant challenge. Emission in the long-wavelength region
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is often accompanied by an enhanced nonradiative decay
due to increased vibrational relaxation and intrinsic efficiency
losses associated with the energy-gap law [2-5]. These factors
collectively limit the radiative recombination efficiency and
device stability. This highlights the need for novel molecular
emitters that combine rigid molecular frameworks, precisely
controlled electronic structures, and minimized vibrational dis-
sipation, while maintaining compatibility with advanced device
architectures.

Boron-centered luminophores, particularly boron difluoride
(BF,) complexes, have emerged as a promising class of materials
to address these challenges [6, 7]. Boron difluoride complexes
are coordination compounds in which a BF, moiety is chelated
by organic ligands, most commonly j-diketones or related 7-
conjugated systems, leading to rigid, planar, and highly stable
molecular architectures [8]. The electron-deficient boron cen-
ter, together with enhanced ligand conjugation, endows these
complexes with precisely tunable optical properties, strong
fluorescence, and high photostability. As a result, BF,-based
luminophores have been widely explored in diverse applications
such as fluorescent probes [9, 10], chemical and biological sensing
[11, 12], laser materials [13-15], bioimaging [16, 17], and organic
optoelectronic devices [18-21]. Their pronounced sensitivity to
local environments, including polarity, pH, and ion coordina-
tion, further expands their functional versatility across materials
science and analytical chemistry [22-24].

From a photophysical perspective, the strong Lewis acidity of
the boron center and its ability to form rigid chelated structures
enable an effective modulation of frontier molecular orbitals,
suppression of nonradiative decay pathways, and the generation
of narrowband emission. In parallel, donor-acceptor (D-A)
molecular motifs based on heteroaromatic cores offer addi-
tional advantages, including controlled intramolecular charge
transfer (ICT), enhanced thermal stability, and broad tunability
through molecular engineering [25, 26]. In this context, com-
bining naphthyridine-based frameworks with BF, coordination
represents an attractive strategy for constructing long-wavelength
emitters that combine strong ICT character with structural
rigidity, thereby overcoming the efficiency limitations typically
associated with orange and red emission [27].

Recently, we developed a new class of N,O-coordinated
naphthyridine-based, carbazolyl-containing donor-acceptor
BF, complexes with solid-state luminescence properties tune
able by fluorine atoms (Figure la) [27]. They demonstrated
efficient emission, reaching a photoluminescence quantum yield
(PLQY) of 86% in a polymeric matrix due to the aggregation
/crystallization-induced emission phenomenon. However,
information on the charge-injecting, charge-transporting, and
electroluminescent properties of BF, complexes remains very
limited.

In this work, we present a new family of naphthyridine-based
donor-acceptor boron difluoride complexes developed as effi-
cient emitters (Figure 1b) for OLEDs spanning the green to
red spectral region. Through rational molecular design, compre-
hensive structural characterization, and detailed photophysical
investigations, we demonstrate how BF, coordination enhances
molecular rigidity, modulates charge-transfer behavior, and pro-

motes high-yield emission. Two of the compounds exhibit PLQY
of 100% in the solid state. The naphthyridine-based donor-
acceptor boron difluoride complexes also exhibit bipolar trans-
port properties, with comparable hole and electron mobilities
across a wide range of electric fields. When incorporated into
optimized OLED architectures, these emitters enable the fabrica-
tion of devices with high external quantum efficiencies (EQEs)
up to 12.76% and reduced efficiency roll-off. Collectively, these
results highlight the effectiveness of a molecular-device co-
design strategy and establish naphthyridine-BF, complexes as a
versatile and promising platform for bipolar light-emitting OLED
materials, although their maximum EQEs remain lower than the
record values reported elsewhere [28-30].

2 | Results and Discussion
2.1 | Synthesis and Characterization

For the synthesis of compounds 1-4 (Scheme 1), 5,7-
dimethyl-1,8-naphthyridin-2-amine (5) and 5,7-bis(trifluoro
methyl)-1,8-naphthyridin-2-amine (6) were used as starting
building blocks. First, 4-bromobenzoic acid (7) was converted into
4-bromobenzoyl chloride (10) by treatment with thionyl chloride
in hot toluene. Analogously, 5-bromothiophene-2-carboxylic acid
(9), synthesized by bromination of thiophene-2-carboxylic acid
(8), was converted into 5-bromothiophene-2-carbonyl chloride
(11). Subsequent acylation of amines 5 and 6 with compounds
10 and 11 afforded amides 12-15 in yields of 64-82%. These
bromo-derivatives were then subjected to a Suzuki-Miyaura
cross-coupling reaction with (4-(diphenylamino)phenyl)boronic
acid (16) to give products 17-20 in good (91% and 89% for 17
and 18, respectively) or moderate (54% and 51% for the CF;
analogues 19 and 20, respectively) yields. Finally, ligands 17-20
were treated with boron trifluoride under basic conditions to
afford the boron difluoride complexes 1-4 in yields of 67-73%.

2.2 | Crystal Structure Analysis

Additionally, the structures of compounds 1, 2, and 4 were con-
firmed by single-crystal X-ray diffraction analysis (Figures S1-S6).
In both cases, the oxadiazaborinino-naphthyridinyl core adopts
an almost coplanar arrangement with the adjacent phenylene
linker in dye 1 or the thiophene linker in dye 2, with correspond-
ing torsion angles (N3-C11-C12-C13/N3A-C11A-C12A-CI13A for
compound 1 and N3-C11-C12-S1 for 2) in the range of 1.8-4.0°
(Figure 2a and Figure S5a). In the structure of compound 1, the
torsion angle between the two covalently connected phenylene
units (C14-C15-C18-C19/C14A-C15A-C18A-C19A) is 22.5-36.5°.
Meanwhile, the analogous angle between the phenylene and
thiophene units (C14-C15-C16-C17) in compound 2 is signifi-
cantly smaller (21.3°). This reduced torsion angle indicates more
effective 7-conjugation between the triphenylamine and the
oxadiazaborinino-naphthyridinyl units in the thiophene-linked
compound 2 compared to compound 1. Therefore, the structural
data demonstrate that thiophene acts as a slightly more effective
conjugated linker than phenylene in this molecular system.

Boron difluoride complexes 1 and 4 crystallize in the tri-
clinic crystal system with space group P-1 [a = 10.59395(19) A,
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FIGURE 1 | (a)Recently elaborated carbazole-containing dyes. (b) Donor-acceptor triphenylamine-containing boron difluoride complexes 1-4.

b = 152220(3) A, ¢ = 21.1518(5) A, a = 109.054(2)°, B =
102.4406(18)°, y = 90.1192(15)° for compound 1; and a = 11.0324(3)
A, b = 154278(4) A, ¢ = 18.2429(5) A, a = 84.0032)°, § =
75.177(2)°, y = 86.165(2)° for compound 4], containing four dye
molecules (due to the presence of two symmetrically independent
conformers) and two toluene molecules in the unit cell (Tables S1
and S3, and Figures S4 and S6). The thiophene-linked analogue 2
crystallizes in the orthorhombic crystal system with space group
Pbea [a = 10.42048(5) A, b = 15.50365(7) A, ¢ = 33.44011(15) A],
with eight molecules in the unit cell (Table S2 and Figure S5).

In the molecular packing of both structures, half of the molecules
are oriented in a near-perpendicular arrangement relative to the
other half, forming a well-organized architecture through numer-
ous intermolecular interactions, including hydrogen bonds (pri-
marily C—H---F, as well as C—H:--N and C—H---O interactions)
and C—H---w contacts, accompanied by weak 7-7 stacking
interactions (Figure 2 and Figures S7 and S8).

2.3 | Thermal Properties

Compounds 1-4 are stable under ambient conditions and show
no evidence of hydrolysis in dilute aprotic solutions (hexanes,
toluene, chloroform, dichloromethane, acetone, acetonitrile).
Thermogravimetric analysis (TGA) further indicates that these
materials possess good thermal stability, with decomposition
temperatures (T,, defined as a 5% weight loss) of approximately

324°C, 293°C, 331°C, and 334°C for compounds 1, 2, 3, and 4,
respectively (Figure S9).

2.4 | Electrochemical Properties

The positions of the HOMO and LUMO energy levels of com-
pounds 1, 2, 3, and 4 were determined using cyclic voltammetry
(Figures S11-S14). The electrochemical studies demonstrated
stable, reproducible cycles with well-defined anodic and cathodic
peaks. This confirms the reversibility of the electron-transfer
processes and the suitability of the materials’ energy levels for
applications in organic electronics; the calculated ionization
potentials (5.18 eV for compound 1, 5.16 eV for 2, 5.20 eV for 3, and
5.19 eV for 4) and electron affinities (3.09, 3.10, 3.59, and 3.59 eV,
respectively) (Table S4) agree with the photoluminescence (PL)
data and confirm the charge-transfer nature of the excited
states.

The HOMO energy levels of compounds 1-4 were also evaluated
by ultraviolet photoelectron spectroscopy in air (UPS) (Figure
S15). The ionization potentials were obtained by standard linear
extrapolation of the rising edge of the photoemission spectra to
the baseline. The resulting IP values —5.84 eV for compound 1,
5.77 eV for 2, 6.02 eV for 3, and 5.94 eV for 4 (Table S4) - are
higher than those derived from electrochemical measurements
in solution, which is commonly attributed to solvation effects,
polarization, and intermolecular interactions in the solid state.
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SCHEME 1 | Synthesis of boron difluoride complexes 1-4.
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b=3372A
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FIGURE 2 | X-ray molecular structures of compound 2 (a). Fragments of the crystal structures showing: -7 interactions (b) (hydrogen atoms are

omitted for a clear view), CH:-- (c), and CH---F/CH---N hydrogen bonds (d).
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TABLE 1 | Hole and electron mobility parameters of compounds 1-4 at room temperature.

Electrons

Holes

Dye Be (em® Vs e gy (em* Vs P

ﬁ (cm V—1)1/2 c

My (cmz v-1 s—l) a Ho (sz v-1 S—l) b ﬁ (cm V—1)1/2 c

1 3.9x107° 8.4 %1077 0.0107
2 1.2x1073 71x1077 0.0060
3 0.9 x10°¢ 0.9x1078 0.0058
4 2.4x107° 6.0x1078 0.0047

17x107° 8.4 %1077 0.0067
2.4 %1073 71x1077 0.0045
0.97 x 107° 3.6 x107° 0.0070
1.1x107° 1.3x107° 0.0086

aElectron (u,) and hole (u,) mobilities in an electric field of 6.4x10° V/cm.
bZero-field mobilities (uy).

Field dependence parameter () of a Poole-Frenkel type mobility (u = y, e
(Figures S21-S24).

aE!/?

I
» E=6.4x10° V/lcm—=,
10™ 3 szl
2 10 4
£
o . = 1-electrons
£10 @ 1-holes
8 = 2-electrons
= 1077 - » 2-holes
4 3-electrones
3-holes
1078 5 @ 4-electrones
@ 4-holes
10° fits
_#I 1 1 T
0 200 400 600 800 1000 1200 1400

E1/2 (V1/2/0m1l2)

FIGURE 3 | Holeand electron mobilities as Poole-Frenkel functions
of the electric field for compounds 1-4. The dashed line indicates the
electric field at which mobility values were collected in Table 1. The inset
shows a photograph of the TOF samples of dyes 1-4 under UV excitation.

2.5 | Semiconducting Properties

The charge transport behavior of compounds 1-4 was investi-
gated using the time-of-flight (TOF) technique. TOF measure-
ments revealed bipolar charge transport in all BF, complexes
1-4. Transit times were extracted from current transients plotted
on log-log scales, enabling the determination of charge-carrier
mobilities under various applied electric fields (Figure 3).

Both hole and electron mobilities of compounds 1-4 span a broad
range from 5 x 1078 to 1.7 X 10~* cm? V! 57!, depending on the
electric field strength (Table 1). These results highlight the strong
influence of molecular design and solid-state packing in vacuum-
deposited films on the charge transport characteristics of the BF,
complexes. Notably, the less polar complex 1 exhibited the highest
hole (1.7 x 10~ cm? V! s71) and electron (3.9 X 107> cm? V™1 s71)
mobilities at an electric field of 6.4 X 10° V cm™!, underscoring its
potential for optoelectronic applications (Table 1).

In contrast, complex 3 displayed the most balanced charge trans-
port, with comparable hole (9.7 x 1077 cm? V~! s7!) and electron
(9.0 x 1077 cm? V7! s7!) mobilities at the same electric field, a
feature that is particularly advantageous for OLED performance
(Table 1). As expected from these features, similar transit times of

). The thickness of the vacuum-evaporated layers varied from 0.763 to 1.203 um

approximately 100 ps were observed for holes and electrons in the
vacuum-deposited film of compound 3 under applied positive and
negative voltages of 80 V, respectively (Figure S19). Comparison of
the corresponding current transients reveals a more pronounced
plateau for electrons, indicating less dispersive electron transport
relative to hole transport in this film. A similar trend was observed
for the other studied boron complexes.

Overall, these findings demonstrate that the investigated BF,
complexes represent a versatile platform not only for the devel-
opment of efficient emissive materials but also for the design of
advanced electron transport systems.

2.6 | Quantum Chemical Calculations

To gain insight into the electronic structure and excited-state
characteristics of dyes 1-4, DFT and TD-DFT calculations were
carried out at the M06/def2-SVP level of theory. The optimized
ground-state geometries reveal torsion angles between the triph-
enylamine donor and the para-phenylene/2,5-thienylene linker
(0©,) of 30.2°-31.5° for compounds 1 and 3, and 19.3°-20.5° for the
thiophene-bridged analogues 2 and 4 (Figure 4). In contrast, the
naphthyridino-oxadiazaborinine acceptor unit remains nearly
coplanar with the para-phenylene/2,5-thienylene linker, exhibit-
ing small torsion angles (®,) of 0.4°-1.1°, which is favorable for
effective 7-conjugation and charge transport. These geometrical
features are consistent with single-crystal X-ray diffraction data
(Figure 2a and Figures S7a and S8a).

Frontier molecular orbital analysis shows that the HOMO is
primarily localized on the triphenylamine donor moiety, whereas
the LUMO is mainly distributed over the planar naphthyridino-
oxadiazaborinine acceptor and the conjugated para-phenylene
or 2,5-thienylene linker, with enhanced electron density toward
the naphthyridine segment (Figure 4). This spatial separation of
frontier orbitals supports efficient intramolecular charge transfer,
which is beneficial for charge injection and exciton formation in
OLED devices.

TD-DFT calculations indicate that the lowest-energy absorption
bands arise from the S;—S, transition and exhibit relatively
high oscillator strengths (f = 0.7540, 1.0644, 0.4365, and 0.7059
for compounds 1, 2, 3, and 4, respectively; Table S5), imply-
ing strong light-harvesting capability. For the CF;-substituted
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FIGURE 4 | Optimized ground-state structures and molecular orbitals of boron difluoride complexes 1-4.

boron difluoride complexes 3 and 4, the S,—S, transition
is dominated by HOMO—LUMO excitation, resulting in pro-
nounced ICT character that is advantageous for red-emissive
luminescence. By contrast, the CH;-substituted analogues 1
and 2 exhibit mixed HOMO—LUMO, HOMO-1-LUMO, and
HOMO—LUMO+1 contributions, indicating reduced ICT char-
acter. These differences in excited-state character rationalize the
distinct photophysical behaviors observed experimentally.

2.7 | Photophysical Properties

We investigated the photophysical properties of dyes 1-4 in dilute
solutions of n-hexane, toluene, chloroform, dichloromethane,
acetone, and acetonitrile (C = 2.0 x 107> M). In apolar toluene, 1-
4 exhibit broad low-energy absorption bands located at 424, 463,
483, and 520 nm, respectively (Figure 5a and Table 2). Apparently,
replacing the 1,4-phenylene linker with 2,5-thienylene results in a
bathochromic shift in the absorption spectra. An analogous effect
is observed when methyl substituents on the naphthyridine units
are replaced with trifluoromethyl groups.

Compounds 1, 2, 3, and 4 all display broad PL bands in
apolar toluene with maxima at 532, 546, 636, and 642 nm,
respectively (Figure 5b and Table 2). Substituting methyl groups
with trifluoromethyl groups on the naphthyridine unit induces
a bathochromic shift of the emission from the green to the red
region. This red shift is accompanied by a significant reduction in

PLQY, from 84%-85% for emitters 1 and 2% to 7% and 3% for the
CF; analogues 3 and 4, respectively. All investigated dyes show
monoexponential decay kinetics and short nanosecond lifetimes
in toluene solution (0.21-2.50 ns).

Overall, replacing the 1,4-phenylene linker with 2,5-thiophene
and introducing CF; substituents effectively shifts the absorption
and emission properties of the dyes towards lower energies.
Although this enables a red emission, it also markedly reduces
PLQY and the shortened luminescence lifetimes.

Next, we compared the absorption and PL properties of the four
dyes in other solvents of varying polarity, namely n-hexane, chlo-
roform, dichloromethane, acetone, and acetonitrile. The absorp-
tion spectra of all dyes show only minor changes in nonpolar
n-hexane and medium-polarity chloroform and dichloromethane
compared to those in toluene, while a slight hypsochromic shift
is observed in the more polar acetone and acetonitrile solutions
(Figures S25 and S26 and Table S6). In contrast, the emission
properties are strongly dependent on solvent polarity. In nonpolar
n-hexane, all four compounds exhibit hypsochromically shifted
emission spectra (1., = 461, 496, 537, and 568 nm for dyes 1,
2, 3, and 4, respectively) compared to their toluene solutions.
These spectra display a pronounced vibronic structure, and the
PLQY values increase, particularly for dyes 3 and 4 to values of
up to 66% and 46%, respectively. An increase in solvent polarity
leads to bathochromic shifts of the emission bands and spectral
broadening, accompanied by a significant decrease in PLQY.
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FIGURE 5 | Normalized absorption (a) and photoluminescence (b) spectra of solutions of dyes 1-4 in toluene (C = 2.0 X 107> M, A = 424, 462,
482, and 520 nm for dyes 1, 2, 3, and 4, respectively). Normalized photoluminescence spectra (c) of PMMA films of dyes 1-4 (1wt.% of dye, Ao, = 420,

450, 480, and 490 nm for dyes 1, 2, 3, and 4, respectively). The inset shows a photograph of the film luminescence under UV excitation at 365 nm.

TABLE 2 | Photoluminescence properties of boron difluoride complexes 1-4 in toluene solutions and the PMMA-blended films.
In toluene In PMMA
Dye Agps (am)* A, (nm)®  PLQY (%)° 7 (ns)? A em (am)®  PLQY (%)° 7 (ns)?
1 424 532 84 2.5 550 100 3.5;19.9
2 463 546 85 2.4 586 100 33,72
3 483 636 7 0.87 614 30 2.2;5.3
4 520 642 3 0.21 660 1 0.7;1.9

3 Absorption maximum at the longer wavelength (at 298 K at C = 2.0 x10 = M).
bSpectral position (wavelength) of the photoluminescence maximum (at 298 K at C = 2.0 x10 ~> M or in PMMA (1wt.% of dye)).

¢Absolute photoluminescence quantum yield; ¢ Photoluminescence lifetime.

Compounds 1 and 2 exhibit PLQYs of 72% and 77% in chloroform,
13% and 41% in dichloromethane, 1% and 3% in acetone, and less
than 1% in acetonitrile (Table S6). The CF;-substituted analogues
3 and 4 already show a very weak emission in chloroform
with PLQY < 1% and no detectable emission in more polar
solvents.

Then, we investigated the PL properties of compounds 1, 2, 3,
and 4 in dye films. The neat films of the dyes exhibit broad
emission spectra, with maxima at 614, 644, 691, and 693 nm for
compounds 1, 2, 3, and 4, respectively (Figure S27). The corre-
sponding PLQY values are 17%, 12%, 3.3%, and 0.3%, respectively
(Table S7).

To further assess the influence of a rigid environment on the
photophysical behavior of dyes 1, 2, 3, and 4, we examined their
photoluminescence properties in a polymer matrix. Poly(methyl
methacrylate) (PMMA) was selected due to its excellent film-
forming properties and high optical transparency. PMMA films
containing 1 wt.% of each dye exhibit broad PL bands with max-
ima at 550, 586, 614, and 660 nm for dyes 1, 2, 3, and 4, respectively
(Figure 5c and Table 2). Compared with the behavior observed
in toluene solution, rigidification of the environment (despite
its slightly higher polarity) leads to a substantial enhancement
of the PLQY, reaching values of 100%, 100%, 30%, and 11% for
compounds 1, 2, 3, and 4, respectively. Consequently, dyes bearing
methyl substituents on the naphthyridine units (1 and 2) become
highly emissive in a rigid matrix of moderate polarity such as
PMMA. The CF;-substituted analogues 3 and 4 also show a con-

siderable improvement in PL efficiency, which can be attributed
to the suppression of nonradiative decay pathways arising from
restricted molecular rotation and vibrational motions within the
PMMA matrix. The PL decay curves of these samples are best
fitted by biexponential functions, with the shorter nanosecond-
range lifetime component being dominant (Table 2 and Table
S8). Furthermore, the PL properties of the films were examined
as a function of temperature. Although compound 1 exhibits an
increase in PL intensity upon heating from 77 to 300 K, and
compounds 2 and 4 display similar behavior in the range of
77 to 180-200 K (Figure S28), their PL lifetimes remain nearly
unchanged or even decrease slightly with increasing temperature
(Figure S29 and Table S8). These observations indicate the
absence of thermally activated delayed fluorescence (TADF) for
dyes 1-4 in the polymeric environment.

To assess the potential of emitters 1-4 for optoelectronic applica-
tions, we investigated their PL properties in the semiconducting
host material 1,3-bis(N-carbazolyl)benzene (mCP). The photo-
luminescence spectra exhibit bathochromic shifts relative to
those recorded in toluene solution and in PMMA films, with
emission maxima at 563, 592, 647, and 677 nm for dyes 1, 2, 3,
and 4, respectively (Figure S30). This red shift is accompanied
by a near-unity PLQY for emitters 1 and 2, whereas the CF;-
substituted derivatives 3 and 4 reveal substantially lower PL
efficiencies, with PLQY values of 7% and 3%, respectively. Anal-
ogously to PMMA films, the PL decay profiles of the dyes in the
semiconducting matrix show two nanosecond-scale components
(Table S9).
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2.8 | Electroluminescent Properties

To assess the suitability of dyes 1-4 as OLED emitters, four
distinct OLED architectures were systematically investigated:
doping-free (DF), host-containing (HC), interface exciplex-
forming (EF) devices, and devices featuring multiple ultrathin
emissive layer configurations (ML). Each device type was fab-
ricated using all dyes to enable a comprehensive comparison of
their electroluminescent performance across different emission
strategies.

The ionization energies (5.16-5.20 eV) and electron affinities
(3.09-3.59 eV) of the emitters, determined by cyclic voltammetry
measurements (Figures S11-S14, Table S4), were used to guide
the rational design of the device architectures, ensuring efficient
hole and electron injection into the emissive layers. The key
electroluminescent characteristics of the DF, HC, EF, and ML
devices are summarized in Table S10.

Notably, the explored device concepts enabled both a significant
enhancement of the maximum external quantum efficiency of
up to 12.76% for dye 1 and a pronounced bathochromic shift
of the electroluminescence spectra to 688 nm for dye 4. The
performance characteristics of the DF, HC, EF, and ML devices
are discussed in detail in the following subsections.

2.8.1 | Non-Doped OLEDs

In view of the bipolar charge-transport characteristics of com-
plexes 1-4 (Table 1), a series of doping-free OLEDs (DF-1, DF-2,
DF-3, and DF-4) incorporating neat light-emitting layers (EMLs)
composed of materials 1, 2, 3, and 4, respectively, were fabricated
and evaluated. The electroluminescence (EL) spectra of devices
DF-1-DF-4 exhibit broad emission bands with maxima at 596,
623, 635, and 668 nm for emitters 1, 2, 3, and 4, respectively (Figure
S37 and Table S10). Notably, the EL spectra remain invariant over
a wide range of operating voltages, indicating efficient exciton
confinement within the EMLs and the absence of exciton leakage.

The progressive bathochromic shift observed in the EL spectra
closely mirrors the corresponding trend in the PL spectra of
emitters 1-4, as discussed above. Furthermore, the evolution
of the EQE - 2.80% for DF-1, 1.13% for DF-2, 0.58% for DF-
3, and 0.05% for DF-4 — correlates well with the PLQY trend
of the respective emitters (Figure S38). Among the doping-free
devices, DF-1 exhibits the lowest turn-on voltage (4 V; Table S10),
which is consistent with the superior hole and electron mobilities
of compound 1 (Figure 3). Consequently, DF-1 delivers the
highest current and power efficiencies within the DF device series
(Table S10).

2.8.2 | Host-Containing OLEDs

Considering the pronounced enhancement of the PLQYs of
complexes 1-4 upon dispersion in the host mCP - reaching unity
in the cases of emitters 1 and 2 — OLEDs with host-containing
emitting layers (HC-1, HC-2, HC-3, and HC-4) were fabricated
and investigated. These devices employed emissive layers com-

posed of co-deposited mCP and emitters 1, 2, 3, or 4, respectively.
Relative to the corresponding doping-free devices, the EL spectra
of HC-1 and HC-2 exhibit pronounced hypsochromic shifts to 530
and 580 nm, respectively (Figures 6a and Figure S39 and Table
S10). Such blue shifts are characteristic of CT-operated emitters
dispersed in low-polarity environments [31].

In contrast, devices HC-3 and HC-4 show negligible spectral
shifts upon host incorporation. This behaviour can be rational-
ized by the mechanochromic luminescence of emitters 3 and 4,
which leads to relaxation from different excited states in neat
versus host-dispersed films. While the introduction of the host did
not reduce the turn-on voltages compared with the DF devices
(Figure 6b and Figure S40), it substantially improved device
efficiencies. Specifically, maximum EQEs of 3.85%, 4.32%, 2.37%,
and 1.14% were achieved for devices HC-1, HC-2, HC-3, and
HC-4, respectively (Figure 6¢ and Figure S40b).

The observed efficiency enhancement can be partially attributed
to effective triplet harvesting via TADF, as suggested by analyses
of the PL decay dynamics (Figure S41). Notably, HC-1 and HC-
2 display pronounced long-lived electroluminescence after the
applied voltage is switched off (Figure 6d), which is indicative of
delayed fluorescence. The minimal influence of reverse bias on
the EL decay profiles suggests that charge transport does not play
a significant role in delayed electroluminescence, supporting the
conclusion that TADF under electrical excitation originates from
triplet-singlet intersystem crossing.

Importantly, the maximum EQE values were achieved at rel-
atively high luminance levels (Figure 6¢c and Figure S40), in
agreement with time-of-flight (TOF) charge-transport measure-
ments (Figure 3). These measurements reveal more balanced
hole and electron mobilities at high electric fields compared with
low-field conditions, thereby favoring efficient recombination at
elevated luminance.

2.8.3 | Exciplex-Forming OLEDs

In the light of the relatively high turn-on voltages observed for
the DF and HC devices, an exciplex-forming interface strategy
was adopted to fabricate OLEDs EF-1, EF-2, EF-3, and EF-4
incorporating compounds 1-4 and the host mCP, respectively.
This approach has recently proven highly effective, enabling
the realization of white OLEDs with exceptionally low turn-
on voltages (as low as 2.51 V), high power efficiencies (up to
85.8 Im W), and even high-speed visible-light communication
with data rates reaching 14 Mbps [32]. More broadly, many
state-of-the-art OLEDs exploit exciplex-forming systems to facil-
itate efficient host-guest energy transfer and effective triplet
harvesting through the TADF of the exciplex [33-36].

To ensure efficient energy transfer to the emitter, a sky-blue
exciplex-forming donor-acceptor pair composed of mCP and
PO-T2T [37-39] was selected. This choice was guided by the
substantial spectral overlap between the exciplex emission of
the solid-state mCP/PO-T2T mixture and the absorption spectra
of compounds 1-4 (Figure S42). In the EF device architecture,
the exciplex is formed at the interface between the light-
emitting layer comprising dye 1-4 (10 wt.%):mCP and the
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electron-transporting layer PO-T2T (Figure S35). Notably, the
characteristic sky-blue exciplex emission is absent from the EL
spectra of the EF devices (Figure S41), which are instead domi-
nated by emission from the dyes, confirming efficient exciton and
energy transfer from the exciplex to the emitters.

This interfacial exciplex functions as an “active heterostruc-
ture,” [40] effectively reducing the energy barriers for charge
injection and thereby lowering the turn-on voltages of the EF
devices (Figure S43). For instance, device EF-1 exhibits a turn-
on voltage of 2.8 V, significantly lower than the 4.0 V observed
for the corresponding DF-1 and HC-1 devices employing the
same emitter (Figure 6b and Table S10). Moreover, exciplex-
based devices containing emitters 1 and 2 achieve pronounced
enhancements in external quantum efficiency, reaching 12.76%
and 6.16%, respectively, compared with 3.85% and 4.32% for
devices HC-1 and HC-2 (Figure S43 and Table S10).

The superior performance of devices EF-1 and EF-2 can be
attributed to the synergistic combination of several factors: (i)
high and well-balanced hole and electron mobilities of com-
pounds 1 and 2; (ii) the intrinsic TADF characteristics of emitters
1 and 2, as evidenced by their photoluminescence decay profiles
in a PMMA host; (iii) efficient TADF of the mCP/PO-T2T exci-
plex, as reported previously; and (iv) enhanced charge injection
facilitated by the active interfacial heterostructure formed at the
1-4 (10 wt.%):mCP/PO-T2T junction.

In contrast, this strategy is less effective for compounds 3 and 4,
primarily due to their comparatively low charge-carrier mobil-
ities (Figure 3). Consequently, devices EF-3 and EF-4 exhibit
maximum EQEs of 2.37% and 1.14%, respectively, which are
comparable to those of HC-3 (2.30%) and HC-4 (0.57%) and do not
represent a significant improvement. These results underscore
the need for alternative device-design strategies tailored to red
emitters, as discussed in the following subsection.

2.8.4 | OLEDs With Multiple Ultrathin Emissive Layer
Configurations

Based on the PL spectra of the neat films (Figure S27), compounds
3 and 4 emerge as promising emitters for far-red OLED applica-
tions. However, when dispersed in PMMA or mCP hosts, both
compounds exhibit pronounced blue-shifted PL spectra relative
to their neat films (Figure 5c and Figure S30). This behavior is
characteristic of many emitters used to enhance the efficiency of
host-containing deep-red OLEDs, but it inevitably compromises
emission wavelengths by shifting the emission towards shorter
wavelengths in the host environment [41, 42].

To overcome this limitation, an alternative device-design strategy
was employed, based on ultrathin emitter layers incorporated
into multiple ultrathin emissive layer configurations for the
fabrication of deep-red and NIR OLEDs. These configurations

Advanced Optical Materials, 2026

9 of 16

85UBD 7 SUOLILLIOD BAIER1D 3]qedljdde auy Aq pausenob a1e saoie WO ‘88N JO 3N 104 A%eiqiT8uluO /8|1 UO (SUORIPUOD-pUB-SWRI W00 A8 1M ARIq1BUIUO//SdNY) SUORIPUOD PUe SWB L 8U3 89S *[920¢/.0/20] uo AriqITauIuO AB1IM “JO AIsiAlun seurey Aq ySET. WOPe/Z00T OT/I0p/WoD A8 1M Aiq1jpuljuo-peoUeApe//SANY WO} pepeo|umod ‘Gz ‘9202 ‘TLOTS6TE



—
[
~

1.0 ——DF-4
2 —HC-4
% 0.8 — EF-4
£ —— ML-4
—1 0.6
L
©
204
T
£
5 0.2-

Z
0.0 :

500 600 700 800 900
Wavelength (nm)

-

Q
=)
L

External Quantum Efficiency (%) @
\‘:
j }

: o %0,

AL, A
A
A Ady,

1071 4

—
o
[
L
-
[

_
o
&

0.1 1 10 100 1000
Luminance (cd/m?)

(b)

Current Density (mA/cm?)

d) =

1000 - [ 103
800{ NE
_102 %
o
600 -
_101 §
400 4 £
3
|

200

0 dexzs sy . . ot
0 2 4 6 8 10 12 14

Voltage (V)

0.2 1

— T T T T g T
00 01 02 03 04 05 06 0.7 0.8
X

FIGURE 7 | Electroluminescence characteristics of devices containing emitter 4. Normalized EL spectra (a) recorded at 10 V (the inset shows a
photo of device EF-4 under applied voltage); corresponding current density and luminance versus voltage plots (b); plots of EQE versus luminance (c);

Commission Internationale de I'Eclairage (CTE) 1931 chromaticity coordinates (d).

resemble the structure of devices with multi-quantum-well archi-
tectures [43-45]; however, quantum confinement effects were not
observed in this study. It should be noted that OLEDs employing
doping-free, multilayered emissive structures with TADF in the
far-red/NIR region have been reported [46] to exhibit enhanced
external quantum efficiencies compared to their reference, i.e.,
conventional doping-free TADF OLEDs [47].

In line with these reports, similar performance trends were
observed for the performance of devices ML-3 and ML-4 incor-
porating emitters 3 and 4, respectively (Figures 7 and Figure S44
and Table S10).

Amongst the investigated devices, ML-4, based on dye 4, dis-
plays the most pronounced bathochromic electroluminescence
(Figure 7a). Its CIE 1931 color coordinates are shifted further
into the deep-red region compared with those of devices DF-4,
HC-4, and EF-4 using the same emitter (Figure 7b). Specifically,
device ML-4 exhibits an EL peak at 688 nm and CIE 1931
coordinates of (0.645, 0.311), satisfying the criteria for far-red
emitters (emission wavelength > 650 nm, x > 0.60, y < 0.40)
[48, 49]. As expected, devices based on dye 4 exhibit relatively
low maximum luminance, reflecting the reduced sensitivity of
the human eye in the far-red spectral region (Figure 7c and
Table S10).

Although device ML-4 exhibits a lower maximum EQE than the
corresponding HC-4 and EF-4 devices, its efficiency surpasses
that of the doping-free DF-4 device. These results highlight the
utility of the ML approach for the development of far-red and NIR
OLEDs when emitters display a high emissive efficiency in neat
films. Importantly, this strategy preserves far-red electrolumines-
cence by suppressing the host-induced blue shift that commonly
accompanies conventional hosting approaches.

3 | Conclusion and Outlook

We report the synthesis and comprehensive spectroscopic
investigation of four donor-acceptor boron difluoride com-
plexes 1-4 incorporating a triphenylamine electron donor and
a naphthyridine-fused [1, 3, 5, 2]oxadiazaborinine acceptor.
Charge-transport studies reveal balanced hole and electron
mobilities, highlighting the potential of these materials as a ver-
satile platform for the development of efficient emissive systems
and electron-transporting materials. Photophysical investigations
in aprotic solvents of varying polarity show a pronounced red
shift of the emission spectra, accompanied by a decrease in
fluorescence intensity with increasing solvent polarity, indica-
tive of a strong intramolecular charge transfer (ICT) character.
Compounds 1 and 2 exhibit near-unity photoluminescence
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quantum yields when embedded in PMMA and mCP matrices,
demonstrating excellent solid-state emissive performance. In
contrast, the CF;-substituted analogues 3 and 4 display signif-
icant bathochromic shifts accompanied by a reduced emission
intensity.

The presence of trifluoromethyl groups in compounds 3 and 4
significantly enhances ICT character by stabilizing the LUMO
and promoting a dominant HOMO—LUMO transition, as con-
firmed by TD-DFT calculations. This leads to a strongly polarized
excited state with a reduced S,-S, energy gap and increased
geometric relaxation. Under these conditions, nonradiative decay
is effectively governed by the energy gap law, resulting in
enhanced internal conversion and reduced photoluminescence
efficiency. In contrast, the CH;-substituted analogues 1 and 2
exhibit weaker ICT character with mixed excited-state config-
urations, larger energy gaps, and reduced structural relaxation,
which suppress nonradiative decay and enable higher radiative
efficiency, consistent with their high PLQY values.

All four dyes were successfully implemented as emitters in
various OLED architectures, including doping-free (DF), host-
containing (HC), and interface exciplex-forming (EF), and
devices with multiple ultrathin emissive layer (ML) configura-
tions, and were systematically evaluated. EF-OLEDs demonstrate
external quantum efficiency of up to 12.76%. Notably, compounds
3 and 4 were further employed in ML devices to fabricate
far-red OLEDs, achieving electroluminescence maxima at 650
and 688 nm, respectively. These results demonstrate the strong
potential of this class of boron difluoride complexes for tunable
emission and diverse optoelectronic applications.

4 | Experimental Section
4.1 | General
4.1.1 | Materials

All reagents and chemicals (at least analytical grade) were
purchased from commercial sources (TCI, Aldrich, or
Acros Organics) and used without further purification.
For OLED fabrication, commercially available materials
delivered by Ossila Ltd. were employed, including
hole-injecting  layers based on  dipyrazino[2,3-f:2,3’-
h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAT-CN) or
copper(I) iodide (Cul); hole-transporting materials 4,4'-
cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC) and tris(4-carbazoyl-9-ylphenyl)amine  (TCTA);
the host material mCP; the hole/exciton-blocking material
diphenyl[4-(triphenylsilyl)phenyl|phosphine  oxide (TSPO1)
and 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine
(PO-T2T); the electron-transporting material 2,2’,2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1H-benzimidazole) (TPBi) (Figure
S32); and lithium fluoride (LiF) as the electron-injecting layer.

4.1.2 | Instrumental Methods

4.1.2.1 | Structural Characterization. NMR spectra were
recorded on a Varian Mercury 400 MHz (at 400 and 101 MHz for

'H and C NMR spectra, respectively), Varian V NMRS 500 MHz
(at 500, 125, and 470 MHz for 'H, B3C, and YF NMR spectra,
respectively), or Varian V NMRS 600 MHz (at 600 and 151 MHz
for 'H and ¥C NMR spectra, respectively) spectrometers at room
temperature using CDCl; or DMSO-d, as a solvent, and refer-
enced externally to SiMe,. The multiplicities of the signals are
indicated as “s,” “d,” “t,” or “m”, which stand for singlet, doublet,
triplet, and multiplet, respectively. High-resolution mass spectra
(HRMS) were collected on a Synapt G2-S HDMS (Waters Inc.)
mass spectrometer equipped with an electrospray ion source and
a q-TOF-tupe mass analyser. The instrument was controlled, and
the recorded data were processed using MassLynx 4.1 software
package (Waters Inc., USA).

4.1.2.2 | Single Crystal X-Ray Diffraction Analysis. Single
crystals of boron complexes were grown by slow evaporation of
their solution in toluene (structure 1) or dichloromethane (struc-
tures 2 and 4) under ambient conditions. The X-ray measure-
ments were performed on a SuperNova Agilent diffractometer
using CuKa (1 = 1.54184 A) radiation at 100 K. Data reduction
was done with CrysAlisPro [50]. The obtained structures were
solved by direct methods and refined using SHELXL [51] under
WinGX [52]. Crystallographic data of compounds 1, 2, and 4 have
been deposited with the Cambridge Crystallographic Data Centre
(CCDC) and can be obtained, free of charge, from CCDC via
https://www.ccdc.cam.ac.uk/structures/.

4.1.23 | Thermal Analysis. The thermogravimetric mea-
surements were performed on TGA/DSC 3+, Mettler Toledo
apparatus at a heating rate of 5°C/min under nitrogen atmo-
sphere. DSC measurements were done on DSC 3, Mettler Toledo
equipment at a heating rate of 5°C/min under a nitrogen
atmosphere.

4.1.2.4 | Cyclic voltammetry. Cyclic voltammetry was per-
formed in a three-electrode cell with Ag/AgCl as the reference
electrode, a glassy carbon working electrode, and a platinum
wire as the counter electrode. The measurements were carried
out in dry dichloromethane with tetrabutylammonium hex-
afluorophosphate as the supporting electrolyte, and the onset
oxidation and reduction potentials obtained from the voltammo-
grams were used to calculate the ionization potential and electron
affinity.

4.1.2.5 | Charge-Transporting Measurements. The drift
charge transport characteristics of the investigated dyes were
studied using the TOF and CELIV techniques. The EKSPLA
NL300 laser (excitation wavelength of 355 nm), the 6517B elec-
trometer (Keithley), function generator AFG3011C (Tektronix),
and the TDS 3032C oscilloscope (Tektronix) were used to test
films made through thermal vacuum deposition, with positive or
negative voltages (U) applied.

4.1.2.6 | Theoretical Calculations. The ground-state
geometries of molecules 1-4 were fully optimized by the M06
method and def2svp basic sets with the inclusion of toluene
solvent effect through the conductor-like polarizable continuum
model (CPCM) using the Gaussian 16 software package [53].
Molecular orbitals were visualized with Gaussview 6.0 [54].
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4.1.2.7 | Photophysics. UV-vis spectra in solutions were
recorded on a Shimadzu UV2700 spectrophotometer at room
temperature. Steady-state fluorescence emission spectra for both
ca. 10~ M solutions and thin solid films were performed at room
temperature on an Edinburgh Instruments Spectrophotometer
(FS5, Edinburgh, UK) with a xenon lamp as the light source.
The absolute photoluminescence quantum yields were measured
with a calibrated SC-30 Integrating Sphere and were excited
at the appropriate absorption wavelength in each case. Thin
film samples were fabricated on the precleaned quartz plates
by using the spin-coating technique utilizing SPSEurope Spin150
Spin processor using 2.5 mg/mL solutions of the complexes in
DCM. Fluorescence decays of the solutions and of the solid-state
samples were recorded with a 374 nm PicoQuant LDH-D-C-375
laser as an excitation source using the time-correlated single
photon counting technique for detection.

4.1.2.8 | Device Fabrications. All OLEDs shared a com-
mon multilayer device architecture consisting of an anode
(100 nm)/hole-injecting layer (5 nm)/hole-transporting layer
(40 nm)/exciton-blocking layer (10 nm)/light-emitting layer
(25 nm)/exciton-blocking layer (10 nm)/electron-transporting
layer (30 nm)/electron-injecting layer (0.7 nm)/cathode (120 nm).
The detailed layer compositions and corresponding energy level
diagrams for DF, HC, EF, and QW devices are schematically
illustrated in Figures S33-S35. OLED devices were fabricated
on glass substrates coated with indium tin oxide (ITO) and
100 nm thick. Before evaporation, the substrates were washed
with distilled water, then with acetone, followed by sonication
in acetone. The layers were thermally deposited using a vacuum
chamber at a pressure of 10~ Torr. The fabricated devices had a
pixel area of 2 X 2 mm. The devices were characterized using a
Hewlett-Packard Semiconductor parameter analyzer 4145A and a
calibrated photodiode. The spectra were measured on an Ocean
Optics USB2000 spectrometer.

4.2 | Synthesis
4.2.1 | 5-Bromothiophene-2-Carboxylic Acid (9)

Thiophene-2-carboxylic acid (8, 5.00 g, 39.02 mmol, 1.0 equiv)
was dissolved in acetic acid (90 mL), and a solution of bromine
(6.24 g, 39.02 mmol, 1.0 equiv) in acetic acid (10 mL) was
added dropwise over 15 min. The reaction mixture was stirred
at room temperature for 24 h. The solvent was then removed
under reduced pressure, and water (50 mL) was added to the
residue. The resulting precipitate was filtered, washed with water,
and dried to afford the desired compound in 64% yield (5.18 g,
25.02 mmol). The product was further used without additional
purification. 'H NMR (400 MHz, DMSO-d,): § = 13.40 (1H, s,
OH), 7.55 (1H, d, J = 4.0 Hz, thiophene-H), 7.32 (1H, d, J = 3.9 Hz,
thiophene-H) ppm. *C{H} NMR (101 MHz, DMSO-d,): § = 161.77,
136.15, 133.89, 131.89, 118.86 ppm.

4.2.2 | General Procedure A: Synthesis of Amides 12-15
Thionyl chloride (132-187 pL, 1.82-2.57 mmol, 1.5 equiv) was

added to a suspension of 4-bromobenzoic acid (7, 262-302 mg,
1.30-1.50 mmol, 1.0 equiv) or 5-bromothiophene-2-carboxylic

acid (9, 251-355 mg, 1.21-1.71 mmol, 1.0 equiv) in dry toluene
(10 mL). The reaction mixture was heated at 100°C for 1 h. After
cooling, the solvent and the rest of the thionyl chloride were
evaporated in a vacuum. Such obtained 4-bromobenzoyl chloride
(10) or 5-bromothiophene-2-carbonyl chloride (11) was dissolved
in dry 1,4-dioxane (10 mL). Then 5,7-dimethyl-1,8-naphthyridin-
2-amine (5, 210-226 mg, 1.21-1.31 mmol, 1.0 equiv) or 5,7
bis(trifluoromethyl)-1,8-naphthyridin-2-amine (6, 422-482 mg,
1.50-1.71 mmol, 1.0 equiv), dry triethylamine (507-717 pL, 3.64—
5.14 mmol, 3.0 equiv), and DMAP (7-10 mg, 0.06-0.09 mmol,
0.05 equiv) were added. Next, the reaction mixture was refluxed
for 24 h. After cooling, water (20 mL) and the saturated aqueous
solution of NaHCO; (20 mL) were added, and the mixture was
extracted with DCM (3 x 40 mL). The combined organic layers
were dried over anhydrous Na,SO,, filtered, and concentrated.
The crude product was purified by flash column chromatogra-
phy on silica gel (DCM/methanol from 100:0 to 97:3, v/v, for
compounds 12 and 13; or hexanes/DCM from 4:1 to 1:2, v/v, for
compounds 14 and 15).

4-Bromo-N-(5,7-dimethyl-1,8-naphthyridin-2-yl)benz-
amide (12) was obtained as a white crystalline solid in 82%
yield (381 mg) using general procedure A from acid 7 (262 mg,
1.30 mmol) and amine 5 (226 mg, 1.30 mmol). 'H NMR
(400 MHz, DMSO-d,): 6§ = 11.40 (1H, s, NH), 8.54 (1H, d, J =
9.0 Hz, naphthyridine-H), 8.39 (1H, d, J = 9.0 Hz, naphthyridine-
H), 8.03 (2H, d, J = 8.6 Hz, Ar-H), 7.74 (2H, d, J = 8.6 Hz, Ar-H),
7.27 (1H, s, naphthyridine-H), 2.64 (3H, s, CHj;), 2.61 (3H, s, CH,).
BC{H} NMR (101 MHz, DMSO-d,): § = 165.78, 162.08, 154.53,
153.78,145.48,135.81, 133.04, 131.41 (2C), 130.35 (2C), 126.08, 122.01,
118.14, 114.32, 25.16, 17.57 ppm. HRMS (ESI-TOF) calculated for
C,;H,,BrN;ONa [M + Na]*: 378.0218, found: 378.0219.

5-Bromo-N-(5,7-dimethyl-1,8-naphthyridin-2-yl)thiophene-
2-carboxamide (13) was obtained as a white crystalline solid
in 78% yield (343 mg) using general procedure A from acid 9
(251 mg, 1.21 mmol) and amine 5 (210 mg, 1.21 mmol). 'H NMR
(400 MHz, DMSO-d,): § =11.51 (1H, s, NH), 8.52 (1H, d, J= 9.0 Hz,
naphthyridine-H), 8.32 (1H, d, J = 9.0 Hz, naphthyridine-H),
817 (1H, d, J = 4.1 Hz, thiophene-H), 7.38 (1H, d, J = 4.1 Hz,
thiophene-H), 7.26 (1H, s, naphthyridine-H), 2.63 (3H, s, CHj;),
2.60 (3H, s, CH;) ppm. *C{H} NMR (101 MHz, DMSO-d,): § =
162.17, 159.88, 154.51, 153.39, 145.52, 141.14, 135.95, 132.11, 131.46,
122.04, 119.23, 118.13, 114.13, 25.20, 17.56 ppm. HRMS (ESI-TOF)
calculated for C;sH;;BrN;0S [M + H]*: 361.9963, found: 361.9965.

N-[5,7-Bis(trifluoromethyl)-1,8-naphthyridin-2-yl]-4-
bromobenzamide (14) was obtained as a white crystalline
solid in 71% yield (496 mg) using general procedure A from acid
7 (302 mg, 1.50 mmol) and amine 6 (422 mg, 1.50 mmol). 'H
NMR (400 MHz, CDCL,): § = 9.20 (1H, s, NH), 8.96 (1H, d, J =
9.3 Hz, naphthyridine-H), 8.63 (1H, dd, J = 9.3 Hz, J = 1.8 Hz,
naphthyridine-H), 8.02 (1H, s, naphthyridine-H), 7.84 (2H, d,
J = 8.5 Hz, Ar-H), 7.69 (2H, d, J = 8.5 Hz, Ar-H) ppm. BC{H}
NMR (101 MHz, CDCL,): § = 165.34, 155.61, 154.65, 151.27 (1C,
q, Jor = 36.6 Hz, C-CF;), 138.10 (1C, q, Jor = 33.3 Hz, C-CF;),
136.09, 132.61 (2C), 132.01, 129.09 (2C), 128.45, 122.01 (1C, q, Jc.p
= 275.4 Hz, CF,), 120.62 (1C, q, Jor = 275.8 Hz, CF,), 118.77,
117.45, 113.83 ppm. °F NMR (376 MHz, CDCL,): § = -60.82 (3F, s,
CF;), -68.07 (3F, s, CF;) ppm. HRMS (ESI-TOF) calculated for
C,;HgN;OF BrNa [M + Na]*: 485.9653, found: 485.9641.
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N-(5,7-Bis(trifluoromethyl)-1,8-naphthyridin-2-yl)-5-
bromothiophene-2-carboxamide (15) was obtained as a white
crystalline solid in 64% yield (518 mg) from acid 9 (355 mg,
1.71 mmol) and amine 6 (482 mg, 1.71 mmol) using general
procedure A. 'H NMR (400 MHz, CDCl,): § = 8.86-8.91 (2H, m,
NH, naphthyridine-H), 8.61 (1H, d, J = 9.3 Hz, naphthyridine-H),
8.02 (1H, s, naphthyridine-H), 7.47 (1H, d, J = 4.0 Hz, thiophene-
H), 717 (1H, d, J = 4.0 Hz, thiophene-H) ppm. ¥C{H} NMR
(101 MHz, CDCL,): § = 159.31, 155.26, 154.64, 151.31 (1C, q, Joy
= 36.2 Hz, C-CF,), 139.24, 138.11 (1C, q, Jo.r = 32.9 Hz, C-CF,),
136.11, 131.59, 130.06, 122.37 (1C, q, Jo.p = 275.3 Hz, CF;), 121.80,
120.61 (1C, q, Jor = 276 Hz, CFy), 118.71, 117.42, 113.83 ppm. °F
NMR (376 MHz, CDCL,): § = -60.82 (3F, s, CF;), -68.09 (3F, s, CFs)
ppm. HRMS (ESI-TOF) calculated for C;;H,BrF,N;OSNa [M +
Na]*: 491.9217, found: 491.9213.

4.23 | General Procedure B: Synthesis of Ligands 17-20

A mixture of bromo derivatives 12-15 (0.72-1.03 mmol, 1.0
eqiuv), [4-(diphenylamino)phenyl]boronic acid (16, 314-447 mg,
1.08-1.55 mmol, 1.5 equiv), triphenylphosphine (19-27 mg, 0.07-
0.10 mmol, 0.1 equiv), and potassium carbonate (297-424 mg,
2.17-3.09 mmol, 3.0 equiv) were suspended in 1,4-dioxanewater
mixture (40:16 mL) and degassed with a stream of argon passing
through the solution for 15 min. Then, Pd(Ph;P),Cl, (25-36 mg,
0.04-0.05 mmol, 0.05 equiv) was added, and the reaction mixture
was stirred under an argon atmosphere for 3 h at 105°C. After
cooling, water (30 mL) was added, and the mixture was extracted
with DCM (4 x 50 mL). The collected organic phases were dried
over Na,SO,, filtered, and concentrated under reduced pressure.
The residue was purified by flash chromatography on silica gel
(DCM/methanol = 100:0 to 99:1, v/v for compounds 17 and 18;
and hexanes/DCM = 2:1 to 1:4, v/v for compounds 19 and 20) to
give products 17-20.

N-(5,7-Dimethyl-1,8-naphthyridin-2-yl)-4’-(diphenyl-
amino)-[1,1’-biphenyl]-4-carboxamide (17) was obtained as
a yellow crystalline solid in 91% yield (352 mg) using general
procedure B from bromo-derivative 12 (264 mg, 0.74 mmol).
'H NMR (600 MHz, DMSO-d,): § = 11.29 (1H, s, NH), 8.55
(1H, d, J = 9.0 Hz, naphthyridine-H), 8.44 (1H, d, J = 9.0 Hz,
naphthyridine-H), 8.17 (2H, d, J = 8.1 Hz, Ar-H), 7.80 (2H, d, J =
8.3 Hz, Ar-H), 7.71 (2H, d, J = 8.7 Hz, Ar-H), 7.33-7.36 (4H, m,
Ar-H), 7.27 (1H, s, naphthyridine-H), 7.08-7.11 (6H, m, Ar-H),
7.05 (2H, d, J = 8.7 Hz, Ar-H), 2.65 (3H, s, CH,), 2.61 (3H, s, CH,)
ppm. BC{H} NMR (151 MHz, DMSO-d,): § = 166.18, 161.99, 154.57,
153.98, 147.50, 146.85 (2C), 145.46, 143.04, 135.70, 132.30, 131.92,
129.67 (4C), 128.95 (2C), 127.88 (2C), 125.81 (2C), 124.48 (4C), 123.55
(2C), 122.71 (2C), 121.92, 118.07, 114.42, 25.15, 17.57 ppm. HRMS
(ESI-TOF) calculated for C;5H,0N,O [M + HJ*: 521.2341, found:
521.2346.

N-(5,7-Dimethyl-1,8-naphthyridin-2-yl)-5-(4-(diphenyl-

amino)phenyl)thiophene-2-carboxamide (18) was obtained
as a yellow crystalline solid in 89% yield (340 mg) using general
procedure B from bromo-derivative 14 (262 mg, 0.72 mmol). 'H
NMR (600 MHz, DMSO-d,): § = 11.39 (1H, s, NH), 8.53 (1H, d, J =
9.1 Hz, naphthyridine-H), 8.38 (1H, d, J = 9.0 Hz, naphthyridine-
H), 8.31 (1H, d, J = 4.0 Hz, thiophene-H), 7.65 (2H, d, J = 8.7 Hz,
Ar-H), 7.50 (1H, d, J = 4.0 Hz, thiophene-H), 7.33-7.36 (4H, m,

Ar-H), 7.26 (1H, s, naphthyridine-H), 7.07-7.12(6H, m, Ar-H),
6.98 (2H, d, J = 8.7 Hz, Ar-H), 2.64 (3H, s, CH,), 2.61 (3H, s,
CH,) ppm. 3C{H} NMR (151 MHz, DMSO-d,): § = 162.07, 160.80,
154.60, 153.67, 149.75, 147.90, 146.62 (2C), 145.49, 136.95, 135.84,
131.98, 129.73 (4C), 127.03 (2C), 126.40, 124.70 (4C), 123.83 (2C),
123.70, 122.28 (2C), 121.92, 118.03, 114.20, 25.19, 17.51 ppm. HRMS
(ESI-TOF) calculated for C;H,,N,OS [M + H]": 527.1906, found:
527.1910.

N-(5,7-Bis(trifluoromethyl)-1,8-naphthyridin-2-yl)-4’-
(diphenylamino)-[1,1’-biphenyl]-4-carboxamide (19) was
obtained as an orange crystalline solid in 54% yield (307 mg)
using general procedure B from bromo-derivative 13 (418 mg,
0.90 mmol). 'H NMR (500 MHz, CDCL,): & = 9.20 (1H, s, NH),
9.03 (1H, d, J = 9.3 Hz, naphthyridine-H), 8.63 (1H, dd, J =
1.79 Hz, J = 9.37 Hz, naphthyridine-H), 8.01-8.03 (3H, m, Ar-H,
naphthyridine-H), 7.72-7.74 (2H, m, Ar-H), 7.52-7.55 (2H, m,
Ar-H), 7.28-7.31 (4H, m, Ar-H), 7.15-7.17 (6H, m, Ar-H), 7.06-7.09
(2H, m, Ar-H) ppm. BC{H} NMR (125 MHz, CDCl,): § = 165.90,
155.87, 154.79, 151.17 (1C, q, Jor = 36.3 Hz, C-CF;), 148.56, 147.49
(2C), 145.65, 138.03 (1C, q, Jo.r = 33.0 Hz, C-CF;), 135.92, 132.66,
130.93, 129.54 (4C), 128.16 (2C), 128.06 (2C), 127.12 (2C), 125.00
(4C), 123.60 (2C), 123.33 (2C), 122.44 (1C, q, Jo.g = 275.7 Hz, CF5),
120.67 (1C, q, Jor = 275.9 Hz, CF;), 118.87, 117.38, 113.65 ppm. °F
NMR (470 MHz, CDCL): § = -60.79 (3F, s, CF;), -68.03 (3F, s,
CF;) ppm. HRMS (ESI-TOF) calculated for C;sH,,FsN,ONa [M
+ Na]*: 651.1596, found: 651.1591.

N-(5,7-Bis(trifluoromethyl)-1,8-naphthyridin-2-yl)-5-(4-
(diphenylamino)phenyl)thiophene-2-carboxamide  (20)
was obtained as an orange crystalline solid in 51% yield (337 mg)
using general procedure B from bromo-derivative 15 (485 mg,
1.03 mmol). 'H NMR (500 MHz, CDCL): & = 9.00 (1H, s, NH),
8.95 (1H, d, J = 9.3 Hz, naphthyridine-H), 8.60 (1H, d, J = 9.5 Hz,
naphthyridine-H), 8.01 (1H, s, naphthyridine-H), 7.69 (1H, d, J =
4.0 Hz, thiophene-H), 7.49-7.52 (2H, m, Ar-H), 7.27-7.32 (5H, m,
Ar-H, thiophene-H), 7.14-7.16 (4H, m, Ar-H), 7.07-7.11 (4H, m,
Ar-H) ppm. BC{H} NMR (125 MHz, CDCl,): § = 160.41, 155.63,
154.78, 152.78, 151.16 (1C, q, Jor = 36.4 Hz, C-CF;), 149.13, 147.17
(2C), 138.04 (1C, q, Jer = 33.2 Hz, C-CF;), 135.89,134.66, 131.39,
129.63 (4C), 127.24 (2C), 126.24, 125.29 (4C), 123.98 (2C), 123.08,
122.67 (2C), 122.44 (1C, q, Jo.r = 275.3 Hz, CF;), 120.67 (1C, q, Jo.p
= 275.9 Hz, CF,), 118.84, 117.33, 113.61 ppm. *F NMR (470 MHz,
CDCL,): & = -60.83 (3F, s, CF;), -68.08 (3F, s, CF;) ppm. HRMS
(ESI-TOF) calculated for Cy;H,,F,N,OSNa [M + Na]*: 657.1160,
found: 657.1164.

4.2.4 | General Procedure C: Synthesis of Boron
Complexes 1-4

N, N-Diisopropylethylamine (1.57-1.99 mL, 9.00-11.43 mmol, 20
equiv) and BF;-Et,0 (0.56-0.71 mL, 4.50-5.72 mmol, 10 equiv)
were added to a solution of amide 17-20 (0.45-0.57 mmol, 1
equiv) in dry DCM (20 mL) under an argon atmosphere. The
reaction mixture was stirred at room temperature for 24 h, then
saturated aqueous NaHCO; (40 mL) was added. The mixture was
extracted with DCM (3 x 20 mL). The collected organic layers
were dried over anhydrous Na,SO,, filtered, and concentrated
under reduced pressure. The crude product was purified by flash
column chromatography (hexanes/DCM, 4:1 — 1:2, v/v).
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4’-(1,1-Difluoro-7,9-dimethyl-1H-114,111%-
[1,3,5,2]oxadiazaborinino[3,4-a][1,8]naphthyridin-3-yl)-
N,N-diphenyl-[1,1’-biphenyl]-4-amine (1) was obtained as
an orange crystalline solid in 67% yield (214 mg) using general
procedure C from amide 17 (292 mg, 0.56 mmol). 'H NMR
(500 MHz, CDCL,): 6 = 8.46-8.51 (3H, m, Ar-H, naphthyridine-
H), 7.71 (2H, d, J = 8.4 Hz, Ar-H), 7.56 (2H, d, J = 8.4 Hz, Ar-H),
7.47 (1H, d, J = 9.0 Hz, naphthyridine-H), 7.29 (4H, dd, J =
8.4 Hz,J = 7.4 Hz, Ar-H), 7.26 (1H, s, naphthyridine-H), 7.16 (6H,
m, Ar-H), 7.07 (2H, t, J = 7.4 Hz, Ar-H), 2.81 (3H, s, CH,), 2.68
(3H, s, CH;) ppm; *C{H} NMR (125 MHz, CDCL,): & = 167.69,
164.18, 158.28, 148.82, 148.22, 147.40 (2C), 145.75, 145.37, 139.19,
133.20, 130.72 (2C), 130.18, 129.36 (4C), 127.97 (2C), 126.30 (2C),
124.77 (4C), 123.98, 123.34 (2C), 123.28 (2C), 121.77, 118.71, 25.91,
18.15 ppm; °F NMR (470 MHz, CDCl,): § = -130.40 (2F, m, BF,)
ppm. HRMS (ESI-TOF) calculated for C;sH,,BN,OF,Na [M +
Na]*: 591.2144, found: 591.2160.

4-(5-(1,1-Difluoro-7,9-dimethyl-1H-14%,114*-
[1,3,5,2]oxadiazaborinino[3,4-a][1,8]naphthyridin-3-
yDthiophen-2-yl)-N,N-diphenylaniline (2) was obtained
as an orange crystalline solid in 71% yield (234 mg) using general
procedure C from amide 18 (301 mg, 0.57 mmol). 'H NMR
(500 MHz, CDCl,): § = 8.45 (1H, d, J = 9.0 Hz, naphthyridine-H),
8.08 (1H, d, J = 4.0 Hz, thiophene-H), 7.55 (2H, d, J = 8.8 Hz,
Ar-H), 7.39 (1H, d, J = 9.0 Hz, naphthyridine-H), 7.28-7.32 (5H,
m, thiophene-H, Ar-H), 7.24 (1H, d, J = 0.3 Hz, naphthyridine-H),
7.14-7.16 (4H, m, Ar-H), 7.07-7.10 (4H, m, Ar-H), 2.80 (3H, s,
CH,;), 2.67 (3H, d, J = 0.6 Hz, CH;) ppm; BC{H} NMR (125 MHz,
CDCl,): 163.79, 163.50, 157.90, 153.72, 148.73, 148.60, 146.84 (2C),
145.07, 138.69, 135.91, 133.66, 129.21 (4C), 126.85 (2C), 126.49, 124.85
(4C), 123.58, 123.49 (2C), 123.23, 122.37 (2C), 121.27, 118.20, 25.65,
17.92 ppm. °F NMR (470 MHz, CDCl;): § = -131.05 (2F, m, BF,)
ppm. HRMS (ESI-TOF) calculated for C;;H,,BN,OF,S [M + H]*:
575.1888, found: 575.1902.

4’-(1,1-Difluoro-7,9-bis(trifluoromethyl)-1H-114,111*-
[1,3,5,2]oxadiazaborinino[3,4-a][1,8]naphthyridin-3-yl)-
N,N-diphenyl-[1,1’-biphenyl]-4-amine (3) was obtained as a
dark red crystalline solid in 70% yield (212 mg) using general
procedure C from amide 19 (283 mg, 0.45 mmol). 'H NMR
(500 MHz, CDCl,): 6 = 8.62 (1H, d, J = 9.0 Hz, naphthyridine-H),
8.50 (2H, d, J = 8.5 Hz, Ar-H), 8.11 (1H, s, naphthyridine-H),
7.71-7.76 (3H, m, Ar-H, naphthyridine-H), 7.56 (2H, d, J = 8.7 Hz,
Ar-H), 7.29-7.31 (4H, m, Ar-H), 7.15-7.17 (6H, m, Ar-H), 7.07-7.10
(2H, m, Ar-H); 3C{H} NMR (125 MHz, CDCL,): & = 170.75, 160.16,
150.70 (1C, q, Jor = 37.6 Hz, C-CF;), 148.98, 148.64, 147.26 (2C),
147.14, 137.91 (1C, q, Jo.¢ = 33.9 Hz, C-CF;), 137.50, 132.48, 131.54
(2C), 129.42 (4C), 129.12, 128.03 (2C), 128.00, 126.45 (2C), 124.96
(4C), 123.57 (2C), 122.96 (2C), 121.91 (IC, q, Jop = 275.3 Hz,
CF,), 120.07 (1C, q, Jo» = 275.8 Hz, CF,), 117.53, 114.99 ppm. °F
NMR (470 MHz, CDCL): 6 = -60.36 (3F, s, CF;), -67.90 (3F, s,
CF,), -130.46 (2F, m, BF,) ppm. HRMS (ESI-TOF) calculated for
C;sH,, BN,OFgNa [M + Na]*: 699.1578, found: 699.1575.

4-(5-(1,1-Difluoro-7,9-bis(trifluoromethyl)-1H-14%,114*-
[1,3,5,2]oxadiazaborinino[3,4-a][1,8]naphthyridin-3-
ylthiophen-2-yl)-N,N-diphenylaniline (4) was obtained
as a black crystalline solid in 73% yield (252 mg) using general
procedure C from amide 20 (320 mg, 0.50 mmol). 'H NMR
(500 MHz, CDCl,): § = 8.53 (1H, d, J = 8.1 Hz, naphthyridine-H),

8.17 (1H, d, J = 4.1 Hz, thiophene-H), 8.07 (1H, s, naphthyridine-
H), 7.62 (1H, d, J = 9.4 Hz, naphthyridine-H), 7.56 (2H, d, J =
8.6 Hz, Ar-H), 7.30-7.35 (5SH, m, Ar-H, thiophene-H), 7.14-7.18
(4H, m, Ar-H), 7.06-7.13 (4H, m, Ar-H) ppm; 3C{H} NMR
(125 MHz, CDCL,): & = 166.30, 159.94, 157.18, 150.66 (1C, q, Jo.p =
33.7 Hz, C-CF;), 149.60, 149.38, 147.02 (2C), 138.43, 137.91 (1C, q,
Jer = 37.6 Hz, C-CF;), 137.12, 132.94, 129.69 (4C), 127.92, 127.44
(20), 126.12, 125.49 (4C), 124.22 (2C), 124.12, 122.28 (2C), 122.10
(1C, q, Joy = 275.6 Hz, CF;), 120.26 (1C, q, Jor = 275.8 Hz, CF,),
117.45, 114.80 ppm. “F NMR (470 MHz, CDCL,): & = -60.39 (3F,
s, CF,), -67.93 (3F, s, CF,), -131.49 (2F, m, BF,) ppm. HRMS
(ESI-TOF) calculated for C;;H;iBN,OF;SNa [M + Na]*: 705.1143,
found: 705.1144.
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