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Since the development of the chemistry and applications of
boron dipyrromethene dyes (BODIPYs), numerous other plat-
forms based on boron complexes of N-donor ligands have
emerged as molecular optoelectronic materials. By tailoring the
structure of the ligand bound to boron, the optical and
electronic properties of a compound can be precisely tuned for
unique properties, such as aggregation-induced emission (AIE)
in the case of boron difluoride hydrazones (BODIHYs). We
examine the impact of modifying the typical bidentate
hydrazone ligand structure used to prepare BODIHYs to enable

a tridentate coordination mode to produce boron complexes of
tridentate acyl pyridylhydrazones. This change allows for the
use of arylboronic acids as sources of boron and facilitates the
inclusion of complex organic components at the boron centre,
including the formation of dye-dye conjugates. The synthesized
compounds exhibit distinct optical and electronic properties
when compared to BODIHYs, such as reversible electrochemical
reduction and up to a >300 nm pseudo-Stokes shift in the solid
state, all of which were supported by density functional theory
calculations.

Introduction

The development of new π-conjugated materials is vital to
addressing their myriad of applications. From sensing[1] to
bioimaging[2] or use in photovoltaics[3] and organic light-
emitting diodes (OLEDs),[4] each application demands a different
set of properties from a given material. Following the extensive
application of boron dipyrromethene dyes (BODIPY, I)[5,6] the
incorporation of boron into conjugated N-donor ligands has
emerged as a common strategy in the design of molecular
optoelectronic materials.[7–9]

By changing the structure of ligands, the photophysical
properties of the resultant complexes with boron can be finely
manipulated. For example, appending large π-conjugated
substituents to a ligand is a common strategy to access near-IR
photoluminescence.[10] Another common strategy is to employ
electron donating and withdrawing groups in tandem to create
“push-pull” fluorophores with large Stokes shifts.[11] The inclu-
sion of large, freely rotating substituents often induces a
phenomenon known as aggregation-induced emission (AIE),
where a compound is emissive in the aggregate or solid state
due to the restriction of intramolecular rotation (RIM).[12] This is
the principle on which boron difluoride hydrazones (BODIHYs,
II) distinguish themselves from most conventional organic
fluorophores, which often see their emission quenched in the

solid state. BODIHY chemistry was pioneered by the Apraha-
mian group[13–19] and has also been studied by the Gilroy group
and others.[20–28] In search of novel structures and properties,
further iterations of BODIHY syntheses have involved modifica-
tions to the peripheral structure.[16] This includes variants
functionalized with electron-withdrawing and donating
groups,[13] dimerization through different sites on the
ligand,[22–24] and the incorporation of a benzothiazole group in
place of pyridine.[25,26,29] BODIHYs have also been incorporated
into polymers, resulting in unique AIE and viscosity sensing
compared to their molecular analogues.[21] All of these deriva-
tives focus on bidentate ligands. The effect of increasing the
denticity of the ligand has not been explored.

Increasing ligand denticity has been reported to have a
variety of effects on the properties and structure of the
resultant boron adducts.[30] Chen and coworkers designed a
tridentate dipyrromethene ligand that extended π-conjugation
and resulted in a boron complex (III) with near-infrared
emission.[31] A tridentate hydroxyphenylpyridine compound (IV)
exhibits white electroluminescence, with modified variants
being used in TADF-based organic light-emitting diodes
(OLEDs).[32,33] Tridentate or tetradentate ligands are also capable
of introducing chirality to the molecule, enabling circularly-
polarized luminescence (CPL), such as the helically chiral boron
complex of a tetradentate dipyrrin ligand (V) designed by
Alnoman and co-workers, based on earlier work by Burgess
et al.[34,35] Increasing ligand denticity has also been demon-
strated to enable the facile support of low valent or reactive
main group species, such as a borenium cation supported by a
tridentate formazanate (VI).[36]
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Acyl hydrazones are easily prepared through the condensa-
tion of a hydrazide and a ketone or aldehyde. This robust
linkage has featured in molecular photoswitches and
rotaxanes,[37,38] as well as in several related boron adducts.[39–42]

This work involves the synthesis of boron complexes of acyl
pyridylhydrazones and an examination of their optical and
electronic properties. The synthesis of these compounds
represents an accessible route to increase the denticity of a
typical hydrazone ligand and subsequently realize new optical
and electronic properties.

Results and Discussion

The preparation of ligands 1a and 1b involved the condensa-
tion of salicylhydrazide with the requisite 2-pyridylketone
(Scheme 1). The presence of two downfield, broad singlets in
the 1H NMR spectra (1a: 15.57, 12.34 ppm; 1b: 11.80,
11.47 ppm) confirmed the successful synthesis of these ligands
(Figure S1–S4). Similar tridentate pyridylhydrazone ligands are
known in transition metal chemistry, though they typically
coordinate to transition metals in an N,O,O’ fashion through the
azine tautomer of the ligand.[43–46]

The incorporation of boron to afford compounds 2a–e was
achieved by heating the hydrazone ligand with an arylboronic
acid (Scheme 1). These syntheses did not require an inert
atmosphere or the use of any oxygen and moisture-sensitive
reagents, such as the haloboranes typical to the synthesis of
many similar boron adducts. The preparation of compounds

2c–e also tolerated substitution of the arylboronic acid to
include a hydroxyl group, diphenylamine, and carbazole at the
para position. Upon boron coordination, the downfield 1H NMR
resonances corresponding to the OH and NH groups were no
longer observed, and a singlet at approximately 3 ppm appears
in the 11B NMR spectra (Figures S5–S19). Both observations were
consistent with the incorporation of a tetracoordinate boron
centre. Compound 2f had a more elaborate preparation, which
involved heating with excess BF3

*OEt2 and NEt3 under an inert
atmosphere. The lone B� F bond in compound 2f was
associated with a characteristic doublet in the 11B NMR
spectrum (0.6 ppm, 1JBF=42.1 Hz) and quartet in the 19F NMR
spectrum (� 139.8 ppm, 1JBF=43.5 Hz) (Figures S20–S23). All of
compounds 2a–f were produced as racemates, as they were
found to be optically inactive.

Single crystals of compounds 2a, 2d, and 2f were grown
and analyzed via X-ray diffraction (Figure 1, Table S1).[47] The
solid-state structures of all three compounds featured a
tetracoordinate boron atom chelated in an N,N’,O fashion to
the hydrazone tautomer of the ligand. Electronic delocalization
was evident throughout the hydrazone backbone by the bond
lengths having intermediate values between their respective
single and double bonds. The planarity of the complexes, as
quantified by the angle between the pyridyl and salicyloyl aryl
rings, varied depending on the boron substituent (Table 1).
Compound 2a was the most planar, with a smaller angle
(7.93(5)°) between the planes defined by the salicyloyl and
pyridyl rings than 2d (14.73(7)°), and 2f was the least planar
(30.30(6)°). Increased planarity coincided with a smaller dis-
placement of the boron atom from the plane of the pyridylhy-
drazone ligand (N(1) � N(2) � C(1) � C(2) � N(3)). The more pla-
nar 2a had the smallest boron displacement (0.4692(12) Å),

Scheme 1. Synthesis of ligands 1a and 1b, and boron complexes 2a–f.

Table 1. Select metrics of the solid-state structures of compounds 2a, 2d,
and 2f.

Compound Salicyloyl-
pyridine
angle (°)

B(1)� O(2)
bond
length (Å)

B(1)� N(1)
bond
length (Å)

B(1)� N(3)
bond
length (Å)

2a 7.93(5) 0.4692(12) 1.4600(11) 1.5851(12)

2d 14.73(7) 0.5609(14) 1.4577(13) 1.5865(14)

2f 30.30(6) 0.6161(16) 1.4345(15) 1.5767(17)
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followed by 2d (0.5609(14) Å) and then 2f (0.6161(16) Å). The
bond lengths at boron differed between all three solid-state
structures. The compounds containing boron bound to an aryl
ring had shorter bonds to their anionic oxygen and nitrogen
donor atoms (2a: B(1) � O(2) 1.4600(11) Å, B(1) � N(1) 1.5440(12)
Å; 2d: B(1) � O(2) 1.4577(13) Å, B(1) � N(1) 1.5417(13) Å) than
the boron centre bound to the electron-withdrawing fluorine
substituent (2f: B(1) � O(2) 1.4345(15) Å, B(1) � N(1) 1.5207(16)
Å). The solid-state packing of compound 2d exhibited several
close intermolecular interactions, such as C� H···π interactions
ranging from 2.780 to 2.872 Å and a close C� H···O interaction of
2.701 Å (Figure S24).

To rationalize the experimental findings concerning the
electronic structure of these compounds, density functional
theory (DFT) calculations were performed using the LC-ωhPBE
functional (ω=0.14), DGDZVP2 basis set, and CPCM method of
implicit solvation (CH2Cl2).

[48,49] The predicted λmax values for
boron complexes 2a–f were over-estimated by approximately
40 nm, but closely followed the trend of the experimental
values (Table 2 and Table S2). These lowest energy transitions
were generally associated with HOMO!LUMO transitions with
compound 2e being the exception. In this case, the lowest
energy excitation was dominated by the HOMO–1 and LUMO
orbitals.

Molecular orbitals of 2a–f were modelled (Figure 2) and
showed that the HOMOs of 2a–2c and 2f are delocalized
across the entire molecule in a manner typical of BODIHYs.[20]

Dye-dye conjugates 2d and 2e exhibited HOMOs entirely
localized to the triphenylamine or 9-phenylcarbazole substitu-
ents, and LUMOs localized to the boron hydrazone component.
This suggested that these compounds may exhibit intra-
molecular charge transfer and rationalized the single low
energy maxima observed in the solid and aggregate-state
photoluminescence data (vide infra). While the LUMO energies
were all within a small range (� 1.69 to � 1.83 eV), the HOMO
energies varied to a greater extent. Compounds 2d and 2e had
the highest energy HOMOs at � 6.39 and � 6.84 eV, respectively,
and compound 2f the lowest energy HOMO at � 7.56 eV. The
LUMOs of the same compounds were primarily localized to the
annulated C2N3B and pyridine ring system, along with some
electron density on the C=O bond.

The electronic properties of compounds 2a–f were analyzed
using UV-vis absorption and photoluminescence spectroscopy
in both CH2Cl2 solution and as thin films (Table 2, Figures 3a
and 3b). The λmax of compounds 2a–c remained similar at
approximately 398 to 414 nm in both the solution and solid
states. Dye-dye conjugates 2d and 2e exhibited a separate
absorption feature corresponding to the triphenylamine and
carbazole functional groups, respectively (2d: λmax=302 nm;
2e: λmax=293). Compound 2f had a hypsochromically shifted
λmax of 380 nm compared to compounds 2a–e, given the
electron-withdrawing fluorine substituent at boron.

The photoluminescence exhibited by this series of com-
pounds in CH2Cl2 solution is weak, with ΦPL values no greater
than 0.01. Compounds 2a–c all displayed λPL at 495 nm.
Compound 2f had a hypsochromically shifted λPL at 454 nm in
solution, in accordance with its lower λmax than 2a–e. Also of
note was the dual state emission featured in the dye-dye
conjugates 2d and 2e, where in addition to the typical
emission peak at ~500 nm there were discrete emission maxima
associated with the triphenylamine or phenylcarbazole moiety,
respectively (2d: 401 nm; 2e: 345 and 360 nm).[50,51] BODIHYs
usually exhibit weak photoluminescence in solution due to
non-radiative decay resulting from the presence of appended
aryl rotors. It was thought that by eliminating some or all of the
ligand-appended aryl rotors (i. e., 2b) efficient solution emission
could be realized, but this was not the case.

Compounds 2a–f exhibited higher ΦPL as thin films, and the
λPL remained similar. The exception to this trend was the

Figure 1. Top (left) and side (right) views of the solid-state structures of
boron complexes 2a, 2d, and 2 f. Hydrogen atoms are omitted for clarity.
Select phenyl substituents are shown in wireframe for clarity. Anisotropic
displacement ellipsoids are displayed at a 50% probability level.

Wiley VCH Freitag, 24.05.2024

2419 / 344605 [S. 104/109] 1

Eur. J. Org. Chem. 2024, 27, e202400132 (3 of 8) © 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejoc.202400132

 10990690, 2024, 19, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202400132 by W
estern U

niversity, W
iley O

nline L
ibrary on [09/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



changes in λPL for the triphenylamine-containing dye 2d.
Instead of two independent maxima, as was observed in
solution, there was a single bathochromically shifted λPL at
607 nm, yielding a large pseudo-Stokes shift of 16 500 cm � 1

(304 nm). Compound 2e exhibited a similar phenomenon with
a λPL at 549 nm, resulting in a pseudo-Stokes shift of 15
700 cm� 1 (254 nm).

Dye-dye conjugates 2d and 2e possessed significant bath-
ochromic shifts in their photoluminescence spectra, especially
in the solid state, when compared to compounds 2a–2c and

2f. In the DFT calculations, the localization of the LUMO to the
triphenylamine or phenylcarbazole donor and the HOMO to the
boron heterocycle core (Figure 2) suggested a degree of intra-
molecular charge transfer may have been operative for these
compounds, which is known to result in bathochromically-
shifted λPL.[52] The solid-state packing of 2d exhibited C� H···π
and C� H···O interactions ranginging from 2.701 to 2.806 Å
(Figure S24). Short intermolecular interactions such as these are
known to lead to intermolecular charge transfer and bath-
ochromically-shifted λPL.[53,54]

Table 2. Summary of the photophysical properties of compounds 2a–f.

Compound State λmax (nm) ɛ (M� 1 cm� 1) λPL (nm) ΦPL (%)

2a CH2Cl2
thin film

414
413

9200
–

495
498

<1
1

2b CH2Cl2
thin film

403
398

8300
–

495
492

<1
3

2c[a] CH2Cl2 414 9500 495 <1

2d CH2Cl2

thin film

302
414
303
415

31000
9500
–
–

401, 507
507
415, 607
607

–
<1
–
1

2e CH2Cl2

thin film

293
412
295
414

30800
9500
–
–

360, 505
606
549
541

–
<1
–
2

2f CH2Cl2
thin film

380
378

13100
–

454
448

1
2

[a] Due to the limited solubility of 2c, thin films of an appropriate quality could not be made.

Figure 2. Computed molecular orbitals of 2a–f (ground state, LC-ωhPBE (ω=0.14)/DGDZVP2 SCRF= (CPCM, solvent=CH2Cl2) method).
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Figure 3. a) UV-vis absorption spectra of 2a–f as 15 μM CH2Cl2 solutions (left) and 2a, 2b, and 2d–f as thin films on a quartz glass substrate (right). b) UV-vis
photoluminescence spectra of 2a–f as 15 μM CH2Cl2 solutions (left) and 2a, 2b, and 2d–f as thin films on a quartz glass substrate (right). Second-order
scattering peaks are denoted by *. Due to the limited solubility of 2c, thin films of an appropriate quality could not be made. c–e) UV-vis photoluminescence
spectra of THF-water mixtures of c) compound 2d excited at the triphenylamine-based λmax, d) compound 2e excited at the carbazole-based λmax, and e)
compound 2e excited at the boron heterocycle-based λmax, all alongside a plot of maximum photoluminescence intensity at different water fractions (fw).
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As BODIHYs are well-known for their AIE, dilute solutions of
compounds 2a–f in THF were made, and varying amounts of
water were added to induce aggregation. When analyzed via
UV-vis absorption and emission spectroscopy, it was observed
that as the amount of water in the mixture increased, emission
intensity decreased for 2a–c and 2f (Figure S25–S28). This was
consistent with an aggregation-caused quenching mechanism
experienced by many organic fluorophores.[55]

Dye-dye conjugates 2d and 2e experienced aggregation-
induced emission enhancement (AIEE) to differing extents
depending on which local maxima was excited (Figures 3c-e,
S29 and S30, Table 3). In triphenylamine-appended 2d there
was an absorption maximum at approximately 300 nm, asso-
ciated with the triphenylamine moiety, and a second lower
energy maxima at ~410 nm associated with the boron hetero-
cycle core. Excitation at the high energy absorption maxima
(associated with the triphenylamine moiety) resulted in two
photoluminescence peaks at 426 and 609 nm, and maximum
photoluminescence intensities were observed at water volume
fractions (fw) of 80 and 90%. This represented enhancement
factors of 4.9 and 7.4, respectively, when compared to the
photoluminescence intensities of the pure THF solutions.
Exciting at the lower energy boron heterocycle-based absorp-
tion maxima (~410 nm) did not result in appreciable photo-
luminescence. The AIEE behaviour of carbazole-appended 2e
was also dependent on whether the molecule was excited at
the carbazole-based maxima (~293 nm) or boron heterocycle-
based maxima (~410 nm). Exciting at the higher energy maxima
resulted in two photoluminescence maxima at 359 and 538 nm
which exhibited their highest emission intensities at 80 and
90% fw, respectively. Smaller enhancement factors of 2 to 3
were observed because of its significant photoluminescence in
solution. The observation of low energy photoluminescence
peaks at 609 nm (2d) and 538 nm (2e) were consistent with the
thin film photoluminescence data.

The redox behaviour of boron complexes 2a–2f were
probed using cyclic voltammetry (Figure 4, Table 4). Com-
pounds 2a–2d exhibited reversible reduction waves at similar
voltages ranging from –1.60 to � 1.73 V. These similar reduction
potentials were rationalized by the similar LUMO energies
computed in the DFT calculations. Compounds 2e and 2f
featured irreversible reduction events in a similar range. Only
compounds 2d and 2e exhibited oxidation events within the
solvent stability window, which were associated with the
appended redox-active diphenylamine (2d) and carbazole (2e)

moieties.[56,57] This electrochemical redox behaviour differed
substantially from the redox behaviour of bidentate BODIHYs,

Table 3. UV-vis emission spectroscopy of THF/water mixtures of 2d and 2e with the greatest photoluminescence intensities.

Compound Component
excited

λex (nm)[a] λPL (nm) fw (%) Enhancement factor

2d triphenylamine
triphenylamine
boron heterocycle[b]

301
305
–

426
609
–

80
90
–

4.9
7.4
–

2e carbazole
carbazole
boron heterocycle

293
294
409

359
538
540

80
90
90

2.0
3.5
3.3

[a] Mixtures were excited at the highest energy λmax associated with each component. [b] No appreciable photoluminescence was observed.

Figure 4. Cyclic voltammograms recorded for 0.1 mM solutions of 2a–f in
dry, degassed CH3CN with 0.1 M [nBu4N][PF6] as supporting electrolyte. The
scan rate was 250 mVs� 1 and the arrows denote initial scan directions.

Table 4. Reduction and oxidation potentials of compounds 2a–f.[a]

Compound Ered (V) Eox (V)

2a � 1.62 –

2b � 1.73 –

2c � 1.69 –

2d � 1.60 0.62[b]

2e � 1.71[b] 0.87[b]

2f � 1.57[b] –

[a] Cyclic voltammetry experiments were performed at scan rates of
250 mVs–1 in dry, degassed solutions of CH3CN, containing ~1 mM analyte,
and 0.1 M [nBu4N][PF6] as the supporting electrolyte and were internally
referenced against the ferrocene/ferrocenium redox couple. [b] Redox
event was irreversible, and the potential at maximum anodic or cathodic
current is reported.
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which featured irreversible reductions at approximately � 1.80 V
and oxidations ranging from 0.62 to 1.02 V.[20] This demon-
strated that increased denticity was a compelling tool for tuning
the electronic structure of π-conjugated molecules.

Conclusions

Boron complexes of tridentate acyl pyridylhydrazones, a new
platform of boron-containing π-conjugated materials, were
investigated. These compounds were easily prepared through
condensation with arylboronic acids or treatment with BF3*OEt2,
with the former enabling facile functionalization at boron.
Compared to BODIHYs, the ability to incorporate boron using
arylboronic acids enabled a host of unique architectures that
are not possible with BF2-containing dyes. Instead, boron
became a point of further functionalization, such as the donor-
acceptor architecture exhibited by dye-dye conjugates 2d and
2e. When comparing the optoelectronic properties of com-
pound 2f to an archetypical BODIHY (II, R1=R3=Ph), the differ-
ences of using a tridentate ligand become evident. In CH2Cl2
solution both the λmax and λem of compound 2f (λmax=380 nm,
λem=454 nm) were hypsochromically shifted relative to BODIHY
(II, R1=R3=Ph; λmax=437 nm, λem=540 nm), and the same trend
was followed in the solid state.[15] Compound 2f was emissive in
solution, in the solid-state and aggregate-state, while BODIHY
(II, R1=R3=Ph) was only emissive in the solid or aggregate-states.
BODIHYs are natively AIE-active, while the tridentate variants
require specific functionalization (i. e., 2d, 2e). The majority of
the synthesized compounds in this study exhibited reversible
reductions, while BODIHYs only exhibited reversible oxidations
when the para position of their R1 phenyl substituent was
blocked. Further exploration of these tridentate boron com-
plexes as new heterocyclic motifs will work toward tuning their
emission maxima and quantum yields. These conclusions will
be used to inform further iterations of this ligand system by
leveraging the synthetic diversity afforded by using arylboronic
acids.
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