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a b s t r a c t

An array of pyridine-ester enolate based organoboron complexes has been designed and synthesized via a

one-pot cascade of Pd-catalyzed α-arylation and BF2 complexation. The rapid structure-activity relation-

ship (SAR) studies indicated that unsymmetrical N,O-chelated BF2 complexes were highly fluorescent in

solid state, and exhibited large Stokes shifts, excellent photostability, along with insensitivity to pH. The

α-aryl group could not only modulate the electronic effect but also inhibit the intermolecular π-π stack-

ing to promote the aggregation-induced emission (AIE) effect. DFT calculations and experiments identi-

fied that the intramolecular charge transfer properties of these N,O-chelates could be switched by the

modification of substituents, resulting tunable fluorescence wavelengths. Furthermore, post-complexation

modification was accomplished, including Suzuki-Miyaura cross-coupling, Buchwald-Hartwig amination,

oxidative cleavage, along with a unique triple substitution reaction involving propargyl Grignard reagents.

The exemplificative application of dimethylamine substituted boron complex as a reversible acidic vapor

sensor was also demonstrated.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The emerging demand for luminescent materials, capable of

functioning in diverse optoelectronic devices such as organic light-

emitting diodes (OLEDs) or light-emitting electrochemical cells

(OLECs), as well as for utility in optical sensing applications in

biological and supramolecular systems, continue to drive signifi-

cant efforts toward discovering novel fluorescent compounds and

developing their practical synthetic methods [1–4]. In particu-

lar, organoboron complexes have been extensively investigated

as fluorescent dyes in recent years [5]. Among them, boron

dipyrromethene (BODIPY) stand out for their favorable character-

istics, including high quantum yield, narrow emission bands, and

excellent photo-stability. These features make them ideal candi-

dates for a myriad of applications, ranging from fluorescence imag-

ing reagents, sensitizers for solar cells, and photodynamic therapy

[6–10]. However, the inherent symmetric and planar configuration

of BODIPY type compounds often led to small Stokes shifts and

aggregation-caused quenching (ACQ), limiting their utility in cer-
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tain scenarios whereas necessitating the structural engineering to

enhance their functions [11,12].

The development of efficient solid-state luminescent materi-

als is also crucial for advancements in optoelectronic materials,

devices as well as chemical and biological sensors [13–17]. First

identified by Tang and colleagues in 2001, the phenomenon of

Aggregation-Induced Emission (AIE) has been extensively observed

in molecules possessing highly twisted conformations [18]. These

AIE-active luminophores, or ‘AIEgens’, display subdued lumines-

cence in solution but enhanced emission upon aggregation or tran-

sition to the solid-state, primarily due to restricted intramolecu-

lar motion (RIM) [19,20]. Accordingly, the applications of AIEgens

have been witnessed across various sectors, including bioimaging

[21,22], sensing [23], OLEDs [24], and other optically-active tech-

nologies [25]. In contrast, BODIPY-derived fluorescent complexes

often suffered from ACQ owing to their planar geometries and

propensity for intermolecular π-π stacking interactions, signifi-

cantly curtailing their utilities. Despite substantial advancements

in recent years [26–31], the rational design and optimization of

structural variations of BODIPYs for better performance remain a

challenging yet pivotal endeavor.

Compared to N,N-bidentate BODIPY counterpart, N,O-bidentate

complexes that share structural similarities often possess distinct
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Scheme 1. Working hypothesis.

properties but remained relatively unexplored (Scheme 1a) [32–

40]. For instance, research groups led by Wang, Ziessel, and oth-

ers have respectively demonstrated that phenol-based N,O-chelated

boron complexes could display significant fluorescence and thus

show promise in applications such as organic light-emitting diodes

or fluorescent labeling reagents [41–46]. Chujo et al. reported a se-

ries of organoboron dyes with ketoiminate and diiminate as lig-

ands, which exhibited mechanochromic properties [47–50]. Mo-

tivated to fill the apparent gap, we recognized that our long-

term research on fluorescent materials, as well as recent serendip-

ity finding on N,O-chelated palladium complex might be trans-

ferred to boron complexation, eliciting the design and develop-

ment of new type of fluorescent compounds [51–54]. Specifically,

we envisioned the enolizable character of ester group might em-

power it as a bidentate N,O-ligand to chelate the boron atom, lead-

ing to unsymmetrical N,O-BF2 scaffold that might offer improved

Stokes shift and mitigate self-absorption issues (Scheme 1b). Be-

sides, the pyridine ring could act as a strong electron acceptor

upon coordination with BF2, facilitating the design and construct

the D-π-A units [55]. Furthermore, introducing aryl groups to α-

position of esters could not only alter the push-pull effect within

the complex, but also inhibit intermolecular π-π stacking by in-

ducing twisted propeller-shaped conformations [56]. Nevertheless,

we herein would like to report the proof-of-concept execution of

the aforementioned ideas, and present a series of readily accessible

unsymmetrical BF2 fluorophores that incorporate N-heteroarene

derivatives. The streamlined one-pot-two-step synthesis and post-

complexation modification enabled the variation of N-heterocyclic

framework and α-aryl groups in high efficiency. In addition to of-

fering the carbonyl moiety for coordination, the ester group within

the substrate scaffold could serve as an additional reactive site for

further modifications. Overall, these new complexes demonstrated

excellent photo/pH stability, unique photophysical properties, and

showed promise in applications as reversible acidic vapor sensors.

We first telescoped the synthesis cascade comprising Pd-

catalyzed α-arylation of α-(2-pyridinyl)acetates and fluorine-boron

complexation with BF3·Et2O in the presence of hexamethyldisi-

lazane (HMDS). After extensive investigations, we established a

one-pot, two-step protocol, providing the BF2 complex 3a in 86%

yields, which displayed strong fluorescence and thus prompted us

to further explore their SAR (Scheme 2). Indeed, our method was

amenable to both pyridine, quinoline and quinoxaline scaffolds,

tolerating both electron-donating groups (EDGs) and electron-

withdrawing groups (EWGs). The obtained complexes were stable

to and successfully isolated using silica column chromatography,

affording solid products with satisfactory yields. Comprehensive

structural analyses were performed using 1H NMR, 13C NMR, 19F

NMR, HRMS, and X-ray crystal analysis.

These dyes exhibit excellent optical properties with a strong

broad absorption and intense emission in visible regions in

dichloromethane (DCM) (Table 1). Compounds 3a-3j displayed two

obvious absorption bands in solvents: the one in 310–330nm range

is assigned as π-π ∗ transition, while the other one in the low-

energy region corresponds to the intramolecular charge transfer

(ICT) transition [57,58]. Compared to the meso–phenyl substituted

BODIPY [59], 3a-3j showed similar level of quantum yields in solu-

tion, but much larger Stokes shifts (84–121nm), which was critical

for avoiding the detrimental effects of self-absorption. The instal-

lation of dimethylamine, diphenylamine, or carbazole group to the

para position of aryl ring led to a gradual red shift in the absorp-

tion and emission bands (Fig. 1 and Fig. S1 in Supporting infor-

mation), whereas the electron-withdrawing trifluoromethyl group

shifted the emission to blue. In addition, the quinoline or quinox-

aline based fluorescent molecules (3f-3j) display longer emission

wavelengths than the pyridine-based counterparts (3a-3e). Com-

pared with data in solution, the molecular aggregation effects in

solid states restrict the free rotation of the α-aryl groups, empow-

ering more red-shifted emission and significantly improved quan-

tum yields. Moreover, the emission of our fluorophores can be

tuned on purpose by modulating the substitution group or ligand

scaffold.

The optical properties of 3a were measured in different sol-

vents. As the solvent polarity increased from toluene to glycol, a

tiny shift in the maximum absorption band was observed, indicat-

ing a stable ground state [60]. The fluorescence emission maximum

of 3a varied with changes in solvent polarity. As the solvent po-

larity increased from hexane to acetonitrile, a gradual decrease in

the emission intensity of 3a was observed (Figs. 2a and b). This

Scheme 2. One-pot syntheses of complexes 3 from 1 to 2. Cz=Carbazole.
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Table 1

Photophysical properties of compounds 3a-3i in dichloromethane and solid powder.

Compound Dichloromethanea Powder

λabs (nm)/ε b λem (nm) Stokes shift (nm) c Φ f (%)
d τ (ns) λem (nm) Φ f (%)

d τ (ns)

3a 375 (59400) 483 108 3.6 1.5 478 33 3.8

3b 384 (32500) 490 106 0.6 <1 494 32 4.9

3c 372 (30600) 461 89 12 2.6 456 23 3.2

3d 380 (39600) 496 116 1 <1 521 8 7

3e 381 (20800) 496 88 21 3.4 503 36 5.4

3f 408 (63100) 492 84 0.5 <1 494 13 2.2

3g 412 (33400) 517 105 0.3 4.9 507 35 1.7

3h 404 (46800) 487 83 1.5 <1 482 14 <1

3i 409 (22300) 530 121 1.1 3.6 541 13 1.9

3j 441 (33200) 540 99 2.3 1.8 563 28 2.6

a Molar absorption coefficients of the absorption maxima at longer wavelength region.
b The spectra were recorded in DCM (c=1.0×10−5 mol/L) at room temperature.
c Energy gap between the absorption and emission maxima in DCM solution.
d Absolute quantum yield determined by calibrated integrating sphere system.

Fig. 1. (a, b) Absorption (dotted line) and emission (solid line) spectra of 3a-3e and 3f-3i in dichloromethane. (c, d) Emission spectra of 3a-3e and 3f-3i in solid powder

state; (e) Insert picture: 3a-3j under the 365nm UV light.

decrease could be attributed to the ICT process from the phenyl

ring to the boron coordinated pyridine moiety. In high-viscosity

solvents such as glycol, 3a exhibited significantly enhanced lu-

minescence intensity (Fig. 2b). In a THF-H2O solvent system, the

emission intensity of 3a also increased with increasing water frac-

tion (fw). When the fw exceeded 70%, visible aggregates were

formed with a particle diameter of 412nm (Figs. 2c and d). This

observed AIE effect arises from the conformational locking of

phenyl rotors in the assembled state, leading to suppressed non-

radiative relaxation.

Next, X-ray crystallographic analysis was performed to bet-

ter understand the relationship between structure and solid-state

emission properties (Fig. 3, Tables S1 and S2 in Supporting in-

formation). Single crystal analysis reveals that the molecules are

stacked in opposite directions, allowing for greater slippage that

reduces stacking (slip angel ranges from 37.10° to 60.11°, Figs. S7-
S12 in Supporting information). As depicted in Fig. 3a, the C5–C6

and C6–C7 bond distances are 1.435 and 1.372 Å, respectively. These

values suggest that the ester enolization enable the formation of

C=C bond between C6 and C7 [61]. The central boron atom has a

slightly distorted tetrahedral geometry with B-F, B-N and B-O dis-

tances of 1.370, 1.568 and 1.456 Å, respectively (Table S3 in Sup-

porting information). In these dyes, the substituted benzene rings

maintain an almost vertical orientation relative to the NBO core,

with dihedral angles ranging from 56° to 78°, as indicated in Table

S3. Notably, no face-to-face π-π stacking was observed but mul-

tiple short interatomic contacts (C9–H9�F1 (2.695 Å), (C9–H9�O1

(2.621 Å) instead in 3a. These weak interactions can restrict the

molecular conformations by locking the molecules into aggregated

structures as well as attenuating intermolecular vibrational and
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Fig. 2. (a) Absorption and (b)emission spectra of 3a (λex, 375nm) in various solvents such as toluene, DCM, acetonitrile (ACN), tetrahydrofuran (THF), ethanol and ethy-

lene glycol (glycol), respectively. (c) Emission spectra of compound 3a in THF/water mixtures (50 μmol/L) with varied volumetric fractions of water (fw). (d) Grain size of

compound 3a in fw =90%.

Fig. 3. Crystal-packing pattern of 3a between the adjacent interlayered crystals from front and side view. H, light gray; C, gray; N, blue; O, red; F, green; B, yellow.

Fig. 4. Relative energies of the frontier orbitals, and DFT-predicted frontier orbitals

for compounds 3a, 3f-3h.

rotational modes to mitigate nonradiative energy dissipation path-

ways, thereby enabling the enhanced radiative in the solid-state

fluorescence [56].

Density functional theory (DFT) calculations on 3a, 3f-3h were

performed using the Gaussian 09 software package. All geometrical

structures were optimized and molecular orbitals calculated at the

B3LYP/6–31G∗ level. The HOMO and LUMO plots are given in Fig. 4

and Fig. S14 (Supporting information). The LUMO of each molecule

is mainly localized on the pyridine and the six-membered boron-

containing heterocycles. The HOMOs of 3a, 3f and 3g delocalize

over the whole molecules, whereas the electron cloud distribution

of the HOMO in 3g mainly localize on the dimethylaniline moiety.

Compared to 3a, the LUMO of 3f is lowered due to the expanded

π-conjugation of the quinoline versus pyridine. Substitution with

the dimethylaniline group is predicted to increase the HOMO and

LUMO energy levels of 3g by 0.376 eV and 0.168 eV, respectively,

thereby decreasing the net HOMO-LUMO gap and redshifts the ab-

sorption when compared to 3f (Table S4 in Supporting informa-

tion) [62]. Overall, the computational results are consistent with

the experimental spectroscopic observations.

The post-complexation modification was explored to further

demonstrate the application value [63,64]. 3f-Cl readily underwent

both the Pd-catalyzed C–C and C–N coupling reaction to give com-

plex 4 and 5 in 68% and 53% yield, respectively (Scheme 3a, Fig.

S2 in Supporting information). In addition to conjugated skele-

ton, boron atom and ester group could also be divergently func-

tionalized. We first conducted the nucleophilic substitution reac-

tion between 4-methylphenylmagnesium bromide and 3f, obtain-

ing the tetra-substituted boron complex 6. Due to the steric hin-

drance and electron-donating effect of the phenyl group [65], it

exhibited strong emission in the solid-state and displayed red-

shifted emission spectra when compared to 3f. Interestingly, when
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Scheme 3. Synthetic applications.

Fig. 5. (a) Reversible fluorescence switch of 3g under conditions of TFA and TEA fumigation. (Insert picture: “BUCT” scribbled on filter paper with 3g under 365nm). (b, c)

Spectra of 3g before and after fumigation by TFA and TEA.

3f was reacted with excess amount of propynylmagnesium bro-

mides [66] the ethoxy group, in addition to the fluorine atom, was

also propargylated to give the unexpected triple-modified complex

7 (Scheme 3b, Fig. S3 in Supporting information). The exemplifica-

tive downstream modifications further indicated the synthetic ver-

satility of our boron fluorophore, empowering fast acceleration for

the SAR studies and resulting application-oriented research.

Stability testing was conducted on compound 3a, revealing that

it possesses good photostability and thermostability (Fig. S4 in

Supporting information). Furthermore, 3a exhibited a broad range

of chemo-stability with pH ranging from 3 to 11. Nonetheless, in

congruence with typical BODIPYs, 3a decomposed to 3a′ at pH 1

conditions, resulting no fluorescence. Simultaneously, the absorp-

tion and emission spectra of solution exhibited a blue shift, in-

dicating a decrease in molecular conjugation in 3a′ (Scheme 3c,

Fig. S5 in Supporting information). Interestingly, the C=C bond in

the molecule coordinated with BF2 can undergo oxidative cleav-

age upon treatment with m-CPBA, leading to the formation of ke-

tone 8, whereas 3a′ remains unchanged under the same conditions

(Schemes 3c and d). Again, the coordination of boron promotes

the ester enolization, leading to the formation of a more reactive

double bond that can be oxidized [67], and this unique pathway

could potentially serve as a model for cleavage-based detection

assays.

In view of its exceptional stability, we then conducted an ex-

emplificative fluorescence-monitoring experiment employing 3g, in

the presence of acids and bases (Fig. 5, Fig. S6 in Supporting in-

formation). When subjected to UV irradiation, 3g exhibited a yel-

low fluorescence. After exposing to trifluoroacetic acid (TFA) vapor,

the fluorescence emission undergoes a fast shift to cyan. The mass

spectrometry result (m/z=383.1739) indicated that 3g was proto-

nated in acidic vapors (Fig. S13 in Supporting information). Despite

a slight decrease in emission intensity, the cyclic protonation and

deprotonation process enabled by alternating acid and base treat-

ments allows for reversible modulation of fluorescence colors.

In summary, we have successfully designed and synthesized

a series of N-heteroarene-ester enolate based organoboron com-

plexes endowed with AIE characteristics. These novel scaffolds

exhibited robust fluorescence, substantial Stokes shift, and out-

standing photo/pH stability. X-ray crystallographic analysis re-

vealed that the weak intermolecular interactions, namely C–H�F

and C–H�O, stabilized the molecular conformations of these BF2
chelates, thereby accounting for their pronounced fluorescence

in the solid state. DFT calculations demonstrated that the both
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substituents and π-conjugation have a significant impact on the

emission properties. The unique structural attributes of these com-

plexes further allowed for versatile downstream derivatization re-

actions, thereby opening avenues for rapid exploration of the struc-

tural diversity. Furthermore, the emission of the complex showed

reversible changes when exposed to acidic gas, paving the way for

future research on fluorescent sensors.
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