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Abstract: Embedding both boron and nitrogen into the backbone of acenes to generate 

their isoelectronic structures has significantly enriched the acene chemistry to offer 

appealing properties. However, only small BN-heteroacenes have been extensively 

investigated, with BN-embedded heptacenes as the hitherto longest BN-acenes. Herein, 

we report the synthesis of three new nonacene BN-isosteres via incorporating 

antiaromatic 1,4-dihydro-1,4-diborinine (B2C4) and 1,4-dihydropyrazine (N2C4) 

heterocycles. These BN-nonacenes represent a new length record in the field of BN-

heteroacenes. The position of the boron- and nitrogen-embedded antiaromatic rings 

manifests substantial influence on the molecular orbital arrangement, and consequently, 

the radiative transition rate of BN-3 is greatly enhanced compared with BN-1 and BN-

2, realizing a high fluorescence quantum yield of 92%. This work provides a novel 

design concept of BN-heteroacenes and reveals the importance of precisely BN-doping. 
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Acenes are a unique class of polycyclic aromatic hydrocarbons (PAHs) with linearly 

fused benzene rings (Figure 1a). They have served as high-efficiency luminescent 

materials (e.g. anthracene) and high-mobility organic semiconductors (e.g. pentacene), 

thus attracting enormous attention from organic chemists and materials scientists.[1] 

However, the synthesis of acenes longer than pentacene (the number of fused benzene 

rings N > 5, referred to as large acenes) has remained a huge challenge owing to their 

high instability under the ambient conditions.[2] Several strategies have been proposed 

to deal with this problem. For example, the on-surface synthesis under ultrahigh 

vacuum and the polymer-matrix-assisted synthesis in the solid state have enabled the 

construction of large acenes up to dodecacene (N = 12),[3] and very recently, polyacene 

has even been achieved by using metal–organic frameworks as the reaction host.[4] In 

sharp contrast, large acenes synthesized via the traditional wet chemistry have still been 

limited to nonacene (N = 9).[5]  

 

On the other hand, constructing the isoelectronic structure of acenes by embedding 

heteroatoms (e.g. B, N, O, and S) into the backbone provides a viable way to develop 

acene-based functional materials.[6] Nevertheless, many of the reported heteroacenes 

have unequal valence electrons to their all-carbon skeletons,[7] and thus the 

reductive/oxidative reactions have to be utilized to achieve the isoelectronic structure 

of acenes in the charged state.[8] Considering the rapid development of BN-doped PAHs 

in recent years,[9] embedding the same number of B and N atoms in acenes can afford 

novel acene BN-isosteres in the neutral form. To date, only short BN-heteroacenes (e.g. 

BN-anthracenes) have been widely studied, showing intriguing optoelectronic 

properties,[10] whereas BN-isosteres of large acenes have been rarely reported, with BN-

heptacene (N = 7) as the hitherto longest backbone.[11]  
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Figure 1. (a) Structural illustration of acenes. (b) Chemical structures of BN-doped nonacenes BN-

1, BN-2, and BN-3 reported in this work. Mes = 2,4,6- trimethylphenyl; R1 = 3,5-

(diisopropyl)phenyl; R2 = 4-tert-butylphenyl. MO: molecular orbital. ΦF: fluorescence quantum 

yield. 

 

Herein, we report the synthesis of three BN-isosteres of nonacene as the new length 

record for BN-doped acenes, including BN-1, BN2, and BN-3 (Figure 1b). In these 

compounds, 4π-antiaromatic 1,4-dihydro-1,4-diborinine (B2C4) and 8π-antiaromatic 

1,4-dihydropyrazine (N2C4) heterocycles are embedded in the nonacene backbone. The 

position of the B2C4 and N2C4 rings shows significant impact on the molecular orbital 

arrangement, endowing BN-3 with a favorable radiative transition and thus a high 

fluorescence quantum yield (ΦF) of 92%. This work provides a new type of large acene 

BN-isosteres and illustrates the important role of precisely doping of acenes with boron- 

and nitrogen-based antiaromatic rings. 
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Scheme 1. Synthetic route to the BN-isosteres of nonacene. Reagents and conditions: (a) Pd(dba)2, 

Pt-Bu3•HBF4, t-BuONa, toluene, 110–120 °C, 18–24 h. Yields: 52% for 3, 30% for 7, and 66% for 

10. (b) i) BBr3, heptane, 120 °C, 48 h; ii) MesMgBr, toluene, 0 °C to rt,18 h. Two-step yields: 6% 

for BN-1, 27% for BN-2, and 35% for BN-3. R1 = 3,5-(diisopropyl)phenyl; R2 = 4-tert-butylphenyl.  

 

Synthetic routes to BN-1, BN-2, and BN-3 are depicted in Scheme 1. First, 

Buchwald–Hartwig coupling reactions were employed to construct bis(trimethylsilyl)-

substituted dihydrodiazaacenes 3, 7, and 10 in 30–66% yields. Then these N-doped 

acenes were treated with bis(trimethylsilyl)-functionalized arenes (4, 8, or 11) in the 

presence of boron tribromide (BBr3) to form BN-doped nonacene backbones via the 

Si/B exchange cross-annelation reaction. Finally, the bulky mesityl (Mes) moieties 

were introduced via a nucleophilic substitution reaction, giving BN-1 in 6%, BN-2 in 

27%, and BN-3 in 35% yields for two steps. A 1 : 3 ratio of the two bis(trimethylsilyl)-

substituted precursors was utilized to suppress the Si/B exchange homo-annelation, and 

thus the dihydrodiboraacenes and the N4B2-doped acenes were not observed. The target 

BN-doped nonacenes were characterized by 1H and 13C NMR spectroscopies as well as 

high-resolution mass spectrometry (HRMS). Moreover, their solids stored under air 

were highly stable for at least six months. The excellent stability of the title compounds 

was also demonstrated by monitoring their 1H NMR spectra in solutions, with no 

obvious changes observed for one week. 
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Figure 2. (a–b) Single-crystal structures of BN-1 and BN-2 showing their top and side views. The 

twisting angle in BN-1 and the bending angle in BN-2 are defined as the dihedral angle between the 

central and the terminal benzene rings. Thermal ellipsoids are shown at 50% probability. Hydrogen 

atoms are omitted for clarity. (c–d) Selected bond lengths of BN-1 and BN-2. 

 

Single crystals of BN-1 and BN-2 suitable for X-ray structural analysis were 

successfully obtained via slowly diffusing n-hexane into their dichloroethane solutions 

(Figure 2).[12] Unfortunately, the growth of high-quality single crystals of BN-3 was 

difficult, and the obtained crystals always contained disordered solvents within the unit 

cells. Therefore, the structural characters of BN-1 and BN-2 were analyzed in detail. 

BN-1 exhibits a twisted backbone with a twisting angle of 20°, while the skeleton of 

BN-2 is slightly bent with a bending angle of 11° (Figure 2a and 2b). In the N2C4 ring, 

the C–N bonds (1.39–1.41 Å) are shorter than the C–N single bonds (1.44 Å) between 

the backbone and the pendant groups, and the C=C bonds (1.41–1.44 Å) are longer than 

the ideal aromatic C=C bonds (1.38 Å),[13] demonstrating the 8π antiaromatic character 

(Figure 2c and 2d). Similarly, the 4π antiaromaticity of the B2C4 ring is supported by 

the shorter C–B bond lengths (1.55 Å) compared with the C–B single bonds (1.58 Å) 

between the backbone and the pendant groups, as well as the longer C=C bond lengths 

(1.43–1.46 Å) than the localized C=C bonds (1.38 Å).  
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Figure 3. (a) DFT-calculated NICS(1)zz values. (b) Comparison of the NICS(1)zz values of the N2C4 

and B2C4 rings in BN-1, BN-2, and BN-3. (c) 2D-ICSS maps of the three compounds at 1 Å above 

the XY plane. 

 

Density functional theory (DFT) calculations were performed to analyze the 

antiaromaticity of the boron- and nitrogen-embedded hexagons. The calculated 

nucleus-independent chemical shift (NICS) values reveal that both the N2C4 and B2C4 

rings are antiaromatic while other benzene rings are aromatic (Figure 3a). As increasing 

the distance between the N2C4 and B2C4 rings from BN-1 to BN-2 and BN-3, the 

antiaromaticity of the N2C4 rings is gradually decreased with NICS values changing 

from 23.0 to 20.0 and 18.8, whereas the B2C4 rings show similar antiaromaticity with 

nearly the same NICS values of 14.3–14.5 (Figure 3b). The decreased antiaromaticity 

of the N2C4 rings is attributed to the enhanced π-delocalization to the neighboring 

benzene rings.[14] Moreover, the de-shielded chemical environment (blue regions) in the 

isotropic chemical shielding surface (ICSS) maps and the anticlockwise current flow in 

the anisotropy of the induced current density (ACID) plots also support the antiaromatic 

character of the N2C4 and B2C4 rings in BN-doped nonacenes (Figure 3c and Figure 

S10).  
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The photophysical properties of these three compounds were then characterized. BN-

1 exhibits a vibronic absorption band with the absorption maximum (λabs) at 450 nm, 

and a blue-shifted absorption is observed for BN-2 with λabs at 441 nm. By contrast, 

BN-3 shows quite a different absorption feature with λabs at 474 and 509 nm (Figure 4a 

and Table S2). The optical gaps of BN-1, BN-2, and BN-3 are 2.16, 2.41, and 2.35 eV, 

respectively, which are comparable to the electrochemical HOMO-LUMO gaps (2.29–

2.39 eV). Time-dependent (TD) DFT calculations reveal that the S0→S1 excitation of 

the three compounds is attributed to the HOMO→LUMO transition, and the oscillator 

strengths (f) are 0.034 for BN-1, 0.023 for BN-2, and 0.145 for BN-3 (Table S3–S5). 

The low f values of BN-1 and BN-2 are responsible for the absorption tails in the long-

wavelength region (Figure S7–S9). On the other hand, BN-1 exhibits red fluorescence 

with the emission maximum (λem) at 621 nm, while BN-2 and BN-3 show blue-shifted 

emission bands peaking at 601 and 553 nm, respectively. The ΦF is determined to be 

51% for BN-1 and 56% for BN-2. Particularly, BN-3 is strongly emissive with a high 

ΦF of 92%. To shed light on the difference, transient photoluminescence spectra of the 

three compounds were recorded. The fluorescence lifetimes (τ) of BN-1, BN-2, and 

BN-3 are measured to be 29.8, 21.2, and 7.3 ns, respectively (Figure 4c). The 

experimentally determined radiative rates (kr) of BN-1 and BN-2 are similar (1.7  107 

s−1 for BN-1; 2.6  107 s−1 for BN-2), whereas the kr of BN-3 is almost one order of 

magnitude higher (1.3  108 s−1). Moreover, the nonradiative rates (knr) are 1.6  107 

s−1 for BN-1, 2.0  107 s−1 for BN-2, and 1.1  107 s−1 for BN-3, which are at the same 

level (Figure 4d). Therefore, the large kr of BN-3 is the determining factor for its high 

ΦF. 
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Figure 4. (a) UV-vis absorption spectra (c = 1.0  10−5), (b) normalized emission spectra (c = 1.0  

10−6), and (c) transient photoluminescence decay curves of BN-doped nonacenes in toluene 

solutions. (d) Comparison of the kr, knr, and ΦF of BN-1, BN-2, and BN-3. Inset: photographs of 

BN-1, BN-2, and BN-3 in toluene solutions under 365 nm UV light.  

 

TDDFT-calculations in the S1 excited state were then performed to give deeper 

insights into the luminescent properties of BN-doped nonacenes. The molecular orbitals 

and the energy diagrams of the monocyclic N2C4 and B2C4 rings and the BN-doped 

nonacenes are illustrated in Figure 5. The HOMO of BN-nonacenes is localized at the 

electron-rich nitrogen side of the backbone, while the LUMO is at the electron-deficient 

boron side. BN-1, BN-2, and BN-3 exhibit similar LUMO distributions, which are 

determined by the LUMO of the monocyclic B2C4 ring. The LUMO levels of the three 

BN-nonacenes are almost the same, which is in accordance with the similar 

antiaromaticity of the B2C4 rings in these three compounds. On the other hand, BN-1 

and BN-2 display similar HOMO distributions, which are dominated by the HOMO of 

the monocyclic N2C4 ring. The HOMO level of BN-2 is lowered compared with that of 

BN-1, which could be explained by the decreased antiaromaticity of the N2C4 ring.[15] 

As the antiaromaticity of the N2C4 ring is further decreased in BN-3, the energy of the 

molecular orbital, which keeps the same pattern as the HOMO of BN-1 and BN-2, is 
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significantly lowered, and an inversion between the HOMO and HOMO-1 patterns of 

BN-1/BN-2 is observed in BN-3. The new molecular orbital arrangement in BN-3 leads 

to a larger HOMO-LUMO overlap, which is also evidenced by the hole/electron 

distribution during the S1→S0 transition (Figure S11). This feature facilities a 

significantly higher f value of 0.240 for BN-3 (0.026 for BN-1 and 0.017 for BN-2) 

(Table S6–S8), which leads to a larger kr and thus a higher ΦF.[16]  

 

 

Figure 5. TDDFT-calculated molecular orbitals and energy diagrams of (a) the monocyclic N2C4 

and B2C4 rings and (b) BN-doped nonacenes BN-1, BN-2, and BN-3 in the S1 excited state at the 

B3LYP/6-31G(d) level. f values represent the oscillator strength. 

 

In summary, we have synthesized the hitherto longest BN-isosteres of nonacene BN-

1, BN-2, and BN-3 embedded with 4π antiaromatic B2C4 and 8π antiaromatic N2C4 

heterocycles. Photophysical characterizations and theoretical calculations reveal that 

varying the doping position of the B2C4 and N2C4 rings remarkably affect the local 
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antiaromaticity and the molecular orbital arrangement, resulting in a favorable radiative 

transition and thus a high ΦF of 92% for BN-3. From the synthetic point of view, the 

nonacene BN-isoseteres reported in this work greatly expand the length limit of BN-

heteroacenes. Furthermore, the antiaromatic BN-doping mode provides a new design 

concept to enrich the chemistry of BN-doped PAHs and to modulate physical properties 

by molecular orbital engineering, thus offering new opportunities in the future 

development of BN-embedded conjugated materials. 
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