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Carbene-stabilized 6,12-Diborananthracenes: Unveiling the 
Multistage Redox Properties of Polycyclic Aromatic Hydrocarbons 
Featuring Electron-Rich Boron Centers 
Yuyi Wang, Tao Shi, Ling Yue, Guijiang Zhou,* and Bochao Su* 

Electronic manipulation of boron centers in polycyclic aromatic hydrocarbon (PAHs) frameworks often leads to unique redox 
and photophysical properties. Herein, we report the first isolation and redox investigation of carbene-stabilized 6,12-
diboraanthanthrenes 3/4 with electron-rich boron centers. Combining experimental and theoretical studies confirms that 
3/4 exhibits a closed-shell singlet ground state and strong global aromaticity. Oxidation of 3/4 with TEMPO led to the 
oxidized product 5. Furthermore, the reversible one or two-electron oxidation process for 3/4 has been confirmed by cyclic 
voltammetry. Sequential oxidation of 3/4 with AgSbF6 results in the isolable radical monocations 6/7, and dications 8/9. The 
radical character of 6/7 is confirmed by multi-line EPR spectra, with the hyperfine coupling splitting mainly attributed to the 
two boron nuclei. As rare diboron-doped dicationic PAHs, 8/9 display bright yellowish fluorescence. Reduction of 3/4 with 2 
equivalents of KC8 leads to the formation of the dianionic species 10/11, where the carbene ligands are initially reduced and 
subsequently reconstructed, confirming the electron-rich nature of boron centers.

Introduction
The design of molecules with multiple redox properties plays a 
crucial role in advancing various fields, such as energy storage,1 
electrochromic devices,2 catalysis,3, and information storage.4 
Among them, boron-doped polycyclic aromatic hydrocarbons 
(PAHs), combined with the unique electronic properties of PAHs 
with the functionality imparted by boron doping, have been 
considered as one promising class of material.5 Typically, the 
most well-studied redox properties of such systems are 
primarily modulated by utilizing the empty pz orbitals of boron 
centers as π-electron acceptors, which likely makes the system 
more prone to reduction and resistant to oxidation.6 
Meanwhile, the integration of a Lewis acidic boron unit (R-B, R 
= anionic substituent) into PAHs leads to an obvious reduction 
in the number of π-electrons compared to their all carbon-
based counterparts and hampers the fine regulation of their 
electronic properties. As a result, obtaining boron-doped PAHs 
that maintain an isoelectronic structure with their all-carbon 
analogues is highly desirable, as it not only expands the 
synthetic scope of boron-doped PAHs with fantastic electronic 
structures but also provides valuable insights into their redox-
active properties and potential applications of these materials. 
To address this situation, the incorporation of boron units 

(LB, L = neutral ligand), which are considered isosteric and 
isoelectronic to carbon units (R-C), has emerged as an effective 
approach for constructing bora-cyclic compounds and 
developing new types of boron-doped PAHs.7 With the distinct 
σ-donating and π-accepting abilities, diamino-N-heterocyclic 
carbenes (NHCs) and cyclic(alkyl)(amino) carbenes (CAACs) 
have proven to be excellent ligands for the stabilization and 
electronic manipulation of such boron-doped organic systems.8 
The Braunschweig group conducted systematic studies on the 
CAAC-stabilized 1,4-diborabenzene I9 and a laterally extended 
linear diboraacenes III,10 with the two boron atoms positioned 
at the para position of the six-membered ring (Figure 1a). These 
studies revealed that the elongation of the acenes, the 
positioning of the boron centers, and the orientation of the 
CAAC ligands collectively influence their electronic properties, 
resulting in either closed-shell or open-shell biradical 
characters. Meanwhile, the Harman group reported the 
isolation of NHC-stabilized 9,10-diboraanthracene II,11 shows a 
completely closed-shell electronic structure. Notably, the 
Gilliard group has made significant contributions to this field, 
and comprehensively investigated the redox properties of the 
boron-doped PAHs.7, 12 Specifically, by incorporating two boron 
units (LB) into a single PAH skeleton, they reported 
NHC/CAAC-stabilized bis(9-boraphenanthrene)13 and fused bis-
borepin IV and V,14 disclosing that their biradical character 
could be finely regulated by tuning the steric and electronic 
features of carbene ligands (Figure 1b). Remarkably, CAAC-
stabilized bis-borepin with multiple redox-states, including the 
dication IVa, neutral biradical IVb, and dianion IVc have been 
isolated, revealing the advantage of this approach in the 

a.School of Chemistry, Engineering Research Center of Energy Storage Materials and 
Devices, Ministry of Education, Xi’an Key Laboratory of Sustainable Energy 
Materials Chemistry, Xi’an Jiaotong University, Xi’an 710049, China.

b.Address here.
c. Address here.
† Footnotes relating to the title and/or authors should appear here. 
Supplementary Information available: [details of any supplementary information 
available should be included here]. See DOI: 10.1039/x0xx00000x

Page 1 of 10 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/7
/2

02
5 

3:
19

:5
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SC02449H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02449h


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

stabilization of multiple charged redox species of the diboron 
doped PAHs. Despite these studies greatly advanced this 
research field,7 the research area is still in its infancy and the 
diversity of the PAHs skeletons, especially with larger π-
electronic systems, is quite limited. Therefore, more specific 
species are required to gain a deeper understanding of the 
relationship between electronic structures, redox properties, 
and the positioning/types of boron units (LB) within PAHs, 
which is essential for the development of new materials with 
tailored properties for various applications.

Anthanthrene VI, a well-known prototypical nonlinear PAHs, 
has demonstrated great potential for use as a semiconductor or 
luminescent material (Figure 1c).15 By incorporating main group 
elements such as N,16 chalcogen elements (O, S, Se)17 into the 
anthanthrene structure, a series of heteroatom-doped 
anthanthrenes have been successfully synthesized, significantly 
expanding the scope of anthanthrene-based PAHs. Significantly, 
the electron-deficient boron atom has also been successfully 
introduced into the anthanthrene framework, leading to the 
formation of VII with excellent electroluminescent properties 
(Figure 1c).18 However, compared to the all-carbon 
anthanthrene VI, VII has two fewer π-electrons in its central 
skeleton, complicating a direct comparison of the boron effect 
in terms of bonding, electronic structure, and physical/chemical 
properties. To address this challenge, neutral 6,12-
diboraanthanthrenes 3 and 4 are proposed as isoelectronic and 
isostructural boron analogues of VI. Meanwhile, 3 and 4 can 

also be considered as the vertical extended 9,10-
diboraanthracenes II and III (Figure 1c). Herein, we report the 
experimental and theoretical studies of 3 and 4, revealing that 
these compounds exhibit a closed-shell ground state and 
considerable aromaticity over the central framework. The 
subsequent oxidation/reduction reactions were investigated 
comprehensively to disclose their unique multistage redox 
behaviors. The successful isolation and detailed 
characterization of the corresponding oxidized products 
monocationic radicals (5, 6) and dications (7, 8), as well as the 
reduced species (9, 10) demonstrate the electron-rich character 
of the boron centers within this unique framework, providing 
deeper insights into the electronic structure and reactivity of 
these novel boron-doped PAHs. 

Results
Initially, we attempted to isolate the bromide-substituted 
boron species 2 directly by following the reported procedure,18a 
but achieving the desired purity of 2 proved challenging and 
impeded the subsequent preparation of 3 and 4. As an 
alternative approach, the air-stable hydroxyl-substituted 
diboron 1 was first isolated and purified by simple hydrolysis of 
the crude 2, and treated with 2 equivalents of BBr3 to yield 2 in 
high purity (Scheme 1). Next, one-pot reactions of 2 with 2 
equivalents of carbene ligands (N-heterocyclic carbene (NHC) or 
cyclic(alkyl)(amino) carbene (CAAC)) and 2 equivalents of 
potassium graphite (KC8) straightforwardly afforded 3 or 4 in 
high yields. 3 and 4 are thermally stable at room temperature, 
both in the solid state and in solution, but rapidly decomposed 
upon exposure to air or moisture. The solubility of 3 and 4 is 
quite poor in common organic solvents, such as benzene, 

Scheme 1. Synthetic routes to 3 and 4 (Photographs of the 
solutions of 3 and 4 in o-difluorobenzene (o-DFB) under 
room light). NHC = 1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene, CAAC = 1-(2,6-diisopropylphenyl)-3,3,5,5-
tetramethylpyrrolidin-2-ylidene.

Figure 1. (a) Neutral 1,4-diborabenzene I and its lateral 
extended acenes II and III. (b) Bis-borepin IV with various 
redox states and dibora-quinone V. (c) all-carbon 
anthanthrene VI, boron-doped anthanthrene VII and 6,12-
diboraanthanthrenes 3 and 4 (this work). 
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toluene, THF, etc. However, after careful selection of the 
deuterated solvents, satisfactory multiple NMR spectra for 3 
were obtained using DMF-d7 as the solvent (Figure S4-6). In 
contrast, the extremely poor solubility of 4 hindered the 
collection of satisfactory solution NMR spectra. Thus, its solid-
state NMR spectrum was collected instead (Figure S13-15). In 
the 1H NMR spectrum of 3, a singlet at 8.33 ppm is observed, 
corresponding to the protons of the -CH=CH- units of NHCs, 
indicating its high symmetric geometry in solution. The 11B NMR 
spectrum displays a broad singlet at 22.88 ppm, comparable to 
these (20.1–24.4 ppm) of reported II and NHC-stabilized bis(9-
boraphenanthrene).11, 13 In the solid-state NMR spectra of 4, the 
11B NMR resonance appears around 19.54 ppm, close to that of 
3 (Figure S12, S15). To further confirm the closed-shell 
character of 4, its solid-state EPR spectrum was collected, and 
no noticeable signal was observed (Figure S44). Single-crystal X-
ray diffraction studies further confirmed the generation of 3 and 
4 (Figure 2). Both molecules bear high symmetry with the 
central hexacyclic rings displaying a perfect planar geometry. 
The bond lengths of B1-C11 for 3 and 4 are 1.590(3) Å and 
1.610(3) Å), respectively, which are compared with those of the 
reported species II (1.5922(19) Å),11 NHC-stabilized bis(9-
boraphenanthrene) (1.604(3) Å)13 and fused bis-borepin 
(1.6058(16) Å),14a but longer than those (1.525(3)-1.545(5) Å) of 
the reported diradical species IVb,14a III,10b and CAAC-stabilized 
bis(9-boraphenanthrene)13, confirming the single bond 
character of B1-C11 bonds. The endocyclic B1-C1 and B1-C8’ 

bonds for 3 (1.485(4) Å, 1.515(4) Å) and 4 (1.491(4) Å, 1.517(4) 
Å) are shorter than those of the typical B-C single bonds,19 but 
comparable with those (1.521(2) Å, 1.5153(19) Å) of II, revealing 
their partial double bond character. In the UV-Vis absorption 
spectra, the lowest-energy absorption peaks are observed 
around 656 nm and 880 nm for 3 and 4, respectively, which are 
significantly red-shift compared with that (432 nm) of all-carbon 
anthanthrene VI (Figure 3). The maximum absorption of 3 
primarily corresponds to the electronic transition from the 

Figure 2. Molecular structures of 3: top view (a) and side view 
(b), and 4: top view (c) and side view (d). Thermal ellipsoids 
are set at the 50% probability. Hydrogen atoms and solvent 
molecules are omitted for clarity. Selected bond lengths (Å) 
and angles (°). 3: B1-C11: 1.590(3), B1-C1: 1.485(4), C1-C10: 
1.456(3), C10-C10’: 1.431(4), C10’-C9’: 1.443(3), C9’-C8’: 
1.444(3), C8’-B1: 1.515(4); C11-B1-C1: 120.6(2), C1-B1-C8’: 
119.4(2), C11-B1-C8’: 120.0(8). 4: B1-C11: 1.610(3), B1-C1: 
1.491(4), C1-C10: 1.460(3), C10-C10’: 1.435(4), C10’-C9’: 
1.442(3), C9’-C8’: 1.440(3), C8’-B1: 1.517(4); C11-B1-C1: 
122.8(2), C1-B1-C8’: 117.8(2), C11-B1-C8’: 118.4(2).

Figure 3. UV-Vis absorption spectra of 3, 4 and all-carbon 
anthanthrene (VI) in o-difluorobenzene. 
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HOMOLUMO (96%), while that of 4 corresponds to the 
HOMOLUMO (85%) and the HOMOLUMO+2 (5.7%) 
transitions, as predicted by Time-dependent density functional 
theory (TD-DFT) calculations (Figure S51, S52, Table S9, S10). 
Note that the well-separated locations of the HOMOs and 
LUMOs in 3 and 4 imply that these transitions likely correspond 
to intramolecular charge transfer (ICT), which is distinct from VI 
(Figure 4). The trend in the absorption shift among the VI, 3 and 
4 is also consistent with the narrowing HOMO-LUMO gaps due 

to the doping of the boron centers.10a

Given their remarkable electronic structures, we performed 
detailed theoretical calculations on three electronic states 
(closed-shell singlet (CS), open-shell singlet (OS), and triplet (T)) 
at the (U)B3LYP/6-311G(d,p) level. However, attempts to 

optimize 3 and 4 as open-shell singlet species (OS) resulted in 
structures that collapsed into closed-shell singlet (3/4-CS) 
electronic configurations. The calculated singlet-triplet energy 
gaps ΔECS–T are -17.6 kcal·mol−1 for 3 and -4.8 kcal·mol−1 or 4, 
respectively. The optimized structure of 3/4-CS matches well 
with the X-ray data, while the triplet structures of 3/4-T deviate 
significantly from the experimental observations (Table S8). 
These findings, supported by both experimental and theoretical 
studies, confirm that 3 and 4 exhibit closed-shell singlet ground 
states. Moreover, for a deeper understanding of the electronic 
effect of the substitution of carbon units (R-C) with boron units 
(LB), the molecular orbitals (MOs) for 3, 4 and their 
hydrocarbon anologue VI were calculated for comparison 
(Figure 5a). Compared to VI, the locations of the HOMOs of 3 
and 4 are very similar, primarily located on the central 
hexacyclic framework, with minimal contribution from the p 
orbitals of the Ccarbene centers, but noticeably the energy of 
HOMOs of 3 and 4 is much higher than that of VI, implying that 
3 and 4 are more prone to oxidation reactions. In contrast to 
that of VI, the LUMOs of 3 and 4 are mostly located on the 
carbene ligands, with slight extension to the central framework. 
Collectively, the HOMO-LUMO (H-L) gaps of 3 (1.93 eV) and 4 
(1.38 eV) are significantly smaller than that of VI, indicating that 
incorporating boron atoms into organic molecules is an 
effective strategy for narrowing their HOMO–LUMO gaps, 
primarily by raising the energy of the HOMO.10a Meanwhile, the 
narrower H-L gap of 4 was confirmed in comparison to that of 
3, showing similar trends observed in II and III with the 
substitution of NHCs by CAACs.10a, 10b, 11 Wiberg bond index 
(WBI) values of the B1−C11 bonds are 0.89 (3) and 0.88 (4), 
indicating the single bond character for the B-C bonds. In 
contrast, WBI values larger than 1 for the B1−C1 (1.17 (3), 1.17 
(4)) and B1−C8’ (1.05(3), 1.04(4)) bonds support the 
delocalization of π-electrons over the central framework. To 
assess their aromaticity, we conducted the nucleus-
independent chemical shift (NICS)20 and anisotropy of the 
induced current density (ACID)21 calculations. All the six-
membered rings in the central framework exhibit moderate to 
strong aromaticity as indicated by the negative NICS(1)zz values 
[3: -9.3 ppm (A), -25.21 ppm (B), -32.55 ppm (C); 4: -7.13 ppm 
(A), -24.21 ppm (B), -31.23 ppm (C)]. The ACID plots show 
diatropic ring currents around the periphery of the central 
frameworks, suggesting their global aromatic character (Figure 
4b, 4c). Meanwhile, the broken paratropic ring currents 
(depicted in blue) of rings A in 3 and 4 imply a diminished 
aromatic character, consistent with their relatively small 
NICS(1)zz value for these rings. Additionally, based on the ACID 
and NICS analysis of anthanthrene VI, a similar aromatic 
character to 3 and 4 is confirmed (Figure S50), demonstrating 
that the π-electrons formally supplied by the two boron centers 
are well delocalized over the entire central framework to 
maintain the considerable aromaticity. Notably, 3 and 4 
represent rare examples of neutral diboron-doped PAHs, where 
the boron centers contribute π-electrons rather than simply 

Figure 4. Plots of the HOMO and LUMO of 3, 4 and all-carbon 
anthanthrene VI (hydrogen atoms are omitted for clarity, 
isovalue = 0.03) (a), and the ACID plots (π-electron only) of 
3 (b) and 4 (c) (the external magnetic field is applied 
orthogonal to the plane, and the red and blue arrows 
indicate the clockwise (diamagnetic) and counter-clockwise 
(paramagnetic) current flow, respectively).
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providing empty p orbitals, as is typical in conjugated 
systems.10a, 11, 14a

In consideration of their unique electronic structures of 3 and 
4, particularly the electron-rich properties of the boron centers, 
we further investigated their redox reactivity. Oxidation of 3 or 
4 with two equivalents of TEMPO (2,2,6,6tetramethylpiperidin-
1-oxyl) led to the formation of the borinic acid ester 5, which 
was fully characterized by multiple NMR spectra and X-ray 
crystallography (Scheme 2). The 1H NMR spectrum confirms the 
loss of the carbene ligands and the formation of the anti and 
syn-atropisomers in a static ratio of 83:17 based on the 
orientation of TMP (2,2,6,6-tetramethylpiperidiyl) substituents. 
22 The 11B NMR spectrum of 5 displays a broad singlet at 39.21 
ppm, indicating its tricoordinate chemical environment. The 
anti-rotamer of 5 was further characterized by single-crystal X-
ray diffraction analysis, where the TMP substituents are 
oriented in trans to each other and the boron centers adopt a 
planar trigonal geometry. The B–O bonds (1.3672(19) Å) are 
shorter than typical single bonds but comparable with those 
(1.3636(16) Å) of the B-O bond in reported borinic acid ester.22 
Moreover, controlled oxidation reactions of 3 and 4 with one or 
two equivalents of silver hexafluoroantimonate (AgSbF6) 
afforded the corresponding air- and moisture-sensitive radical 
monocations 6 and 7 as dark brown solids, or dications 8 and 9 

as red solids, in moderate to high yields (Figure 5a, S46). Note 
that these three redox states could be interconverted upon the 
addition of specific amounts of AgSbF6 or KC8, as confirmed by 
cyclic voltammetry (CV) measurements (Figure 5b). Due to the 
poor solubility of 3 and 4, their dicationic species, 8 and 9 were 
chosen for electrochemical analysis. The electrochemical 
behavior of 8 and 9 reveals two reversible reduction waves with 
half-wave potentials of E1/2 = −1.22 V and −2.01 V for 8, and 
−1.20 V and −1.98 V for 9, relative to the ferrocene/ferrocenium 
(Fc/Fc+) redox couple. The two observed redox processes could 
be assigned to the formation of the corresponding one- and 
two-electron-reduced species. In their solid-state structures, 
the trigonal-planar geometries of the boron centers are 
confirmed, with the sum of the bond angles around each boron 
atom being close to 360°, indicative of sp2 hybridization (Figure 
6). The radicals 6, 7, and dication 8 feature nearly planar 
hexacyclic rings, while dication 9 exhibits a noticeable bent 
geometry with two boron-containing six-membered rings 
adopting boat conformations. The Ccarbene-B bond distances 
(1.588(4) Å (6), 1.598(6) Å (7), 1.600(7) Å (8), and 1.590(6) Å (9)) 
are comparable with those of 3 and 4, suggesting similar bond 
situations as a boron−carbon single bond. The slight elongation 
of the endocyclic C-B lengths from 3/4 to 6/7 to 8/9, supported 

by the decreasing WBI values, is consistent with the gradual 
reduction in π-electron density, leading to weaker bonding 
interactions (Figure S66, Table S19).12c Meanwhile, DFT 
calculations reveal that the frontier molecular orbital for the 
SOMOs of 6/7, LUMOs of 8/9, and the HOMOs of 3/4 are nearly 
identical with negligible contributions from the carbene ligands, 
suggesting that the stepwise oxidations predominantly occur on 
the central hexacyclic frameworks (Figure S53, 54, 57, 58).

The electron paramagnetic resonance (EPR) spectra of 6 and 
7, measured in o-difluorobenzene (o-DFB) at room temperature 
exhibit a multi-line structure centered at g = 2.0035 (6), g = 
2.0034 (7) (Figure 7). These spectra have been successfully 
simulated, revealing that the hyperfine coupling splitting is 
mainly attributed to two boron nuclei (6: a(10B) = 3.28 MHz, 
a(11B) = 6.56 MHz; 7: a(10B) = 3.33 MHz, a(11B) = 6.67MHz) 
(Figure 7), which are comparable with that of radical cation of 

Scheme 2. Oxidation reactions of 3 or 4 with TEMPO, and 
the molecular structure of anti-5.

Figure 5. Reversible oxidation reactions of 3 and 4, and 
cyclic voltammogram of 7 and 8 in DCM/0.1 M Bu4NPF6 
measured at a glass carbon (GC) working electrode with a 
scanning rate of 100 mV s−1.

Figure 6. Molecular structures of radical cations 6 (a), 7 (b), 
and dications 8 (c), 9 (d). Thermal ellipsoids are set at the 
50% probability. Hydrogen atoms, counteranions, and 
solvent molecules are omitted for clarity.
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II,11 confirming the presence of an unpaired electron on the 
central hexacyclic rings. The calculated singly occupied 
molecular orbitals (SOMOs) of 6 and 7 are primarily dominated 
by the π-type orbitals over the central hexacyclic rings (Figure 
S53, 54). The spin density is predominantly delocalized across 
the central hexacyclic framework with significant contributions 
(6: 45.2%, 7: 43.4%) from the two boron atoms, while the spin 
density on the carbene ligands is neglectable (Figure 7 and Table 
S11, 12). Note that 6 and 7 represent the rare isolable cyclic 
diboron-containing radical cations,10b, 11, 23 The UV-Vis 
absorption spectra show the maximum absorption bands 
around 880 nm and 870 nm for 6 and 7 (Figure S45), 
respectively. These bands can primarily be assigned to the 
SOMOαLUMO (91%) electronic transitions, which correspond 
to the D0D1 excitation, as determined from the TD-DFT 
calculations (Figure S55, 56, Table S13, 14).

The 
dication 
species 8 
and 9 
display 
similar UV-
Vis and 

fluorescence spectra, with a slight red-shift observed for 8 
compared to 9 (Figure 8). In o-difluorobenzene solutions, 8 and 
9 exhibit lowest-energy absorption peaks at 577 nm (ɛ = 
1.35×104 M-1•cm-1) and 561 nm (ɛ = 0.97×104 M-1•cm-1), and 
emit yellowish fluorescence at 563 nm and 553 nm (8: Φ = 0.25, 
τ = 19.5 ns; 9: Φ = 0.16, τ = 17.9 ns), respectively, which are red-
shifted compared to the fluorescence peak (515 nm) of R–B unit 
doped diboraanthanthrene.18a TD-DFT calculations reveal that 
the lowest energy absorption bands for 8 and 9 arise from an 
allowed vertical  S0S1 electronic transition, primarily 
corresponding to the HOMOLUMO (95%) electronic 
transition (Table S15, 16). Structural optimizations of the singlet 
excited state (S1) for 8 and 9 were performed to better 
understand their fluorescence properties. The locations of the 
excited-state HOMO (ES-HOMO) and the excited-state LUMO 
(ES-LUMO) over the central frameworks confirm that the 
emission behaviours originate from a local excited-state (LE) 
transition (Figure S63, 65). 

To gain a complete understanding of the redox behaviors of 
3 and 4, their reduction reactions were further investigated in 
detail. A reduction of 3 or 4 with one equivalent of KC8 led to 
the unidentified mixture. However, when 3 and 4 were 
subjected to the two equivalents of KC8, after workup, the 
dianion species 10 and 11 were successfully isolated (Figure 9). 

Figure 8. Normalized UV-Vis absorption (solid lines) and 
fluorescence spectra (λex = 490 nm, dashed lines) of 8 and 9 
in o-difluorobenzene. (Inset: Photographs of cuvettes 
containing 8 and 9 in o-difluorobenzene under room light 
(left) and UV light (right).

Figure 7. Spin density distribution of 6 (a) and 7 (b) at 
UB3LYP/6-311G(d, p) level (isovalue = 0.002, H atoms 
omitted for clarity), and experimental CW X-band (black 
trace) and simulated (red trace) EPR spectra of 6 (c) and 7 
(d) in o-difluorobenzene at room temperature.

Figure 9. Reduction reactions of 3 and 4. Conditions: (a) 
2 equiv. KC8, THF, -78 °C to r.t.; (b) 2 equiv. 
[2.2.2]cryptand; M = [K(cryptand)]. Molecular 
structures of 10 and 11 (Thermal ellipsoids are set at the 
50% probability. Hydrogen atoms, countercations, and 
solvent molecules are omitted for clarity.) 
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The 11B{1H} NMR spectra show a singlet for 10 and 11 at 28.06 
ppm and -8.03 ppm, corresponding to the tri- or tetra-
coordinate boron centers, respectively. The solid-state 
structures of 10 and 11 further confirmed their distinct 
coordination environments for the boron centers (Figure 9). For 
10, the central hexacyclic framework is planar and the boron 
atoms are positioned in a trigonal geometry. The bond lengths 
for B1-C1 and B1-C8’ are 1.489(5) Å and 1.533(5) Å, which are 
comparable to those of 3, suggesting their partial B=C double 
bond character. Thus, 10 can be described as the diboron-
doped dianionic anthanthrene. Similar activation of the NHC 
ligand has also been observed during the reduction process of 
NHC-stabilized borafluorene and bis-borepin.14a, 24 In contrast, 
the much longer bond distances of B1-C1 (1.602(2) Å) and B1-
C8’ (1.619(2) Å) in 11 are observed, indicating their B-C single 
bond character. Each boron center in 11 is coordinated by four 
carbon atoms, forming a spirocyclic structure with five- and six-
remembered rings. Based on those results, the reduction of 3 
and 4 likely proceeds on the carbene ligands, driven by the 
highly electron-rich nature of the boron centers and the 
relatively electron-deficient carbene carbons. Indeed, the 
calculated molecular orbitals (MOs) of 3 and 4 reveal that the 
lowest unoccupied molecular orbitals (LUMOs) are 
predominantly located on the carbene ligands (Figure 4a). 
Accordingly, plausible mechanisms for the generation of 10 and 
11 are proposed (Scheme S1). Initially, one-electron reduction 
occurred on each Ccarbene center and was followed by the 
formation of the Ccarbene=N double bond with the concurrence 
of the homolytic cleavage of the N-Cdipp single bonds of 3 to 
form 10, and the homolytic cleavage of N-C(Me)2 single bonds 
of 4 to result in the generation of C=N(-Dipp) double bonds and 
formation of the tetracoordinate boron species 11. Thus, the 
activation of the carbene ligands during the reduction process 
further supports the electron-rich nature of the boron center in 
3 and 4, which is completely distinct from that of the Lewis 
acidic boron units doped PAHs.

Conclusions
In this work, the first isolated carbene-stabilized 6,12-
diboraanthanthrenes 3 and 4 have been synthesized and fully 
characterized. The closed-shell singlet states of 3 and 4 were 
confirmed as indicated by their NMR-active spectra, the planar 
geometry of the central hexacyclic frameworks, and the 
significant electron delocalization over the frameworks 
supported by DFT calculations. Their aromaticity was evaluated 
by the ACID and NICS calculations, showing an aromaticity 
comparable to that of all-carbon anthanthrene. Reactions of 
3/4 with TEMPO resulted the oxidized product 5. Furthermore, 
their multistage redox behaviours were investigated in detail. 
One- or two-electron oxidation reactions of 3 and 4 with AgSbF6 
lead to radical mono-cations 6 and 7, and dications 8 and 9. A 
joint experimental and theoretical study indicates that the 
unpaired electron in 6 and 7 is delocalized across the central π-
systems and largely distributed over the two boron centers. 8 
and 9 exhibit strong orange-yellowish fluorescence attributed 
to ππ* transitions, representing rare examples of dicationic 

diboron-doped PAHs. Two-electron reduction reactions of 3 and 
4 resulted in C-N bond cleavage of the carbene ligands, leading 
to the dianionic species 10 and 11, These observations during 
the redox processes reveal the electron-rich nature of the boron 
centers in 3 and 4. This work clearly demonstrates that 
substituting carbon with boron, while maintaining the same 
number of π-electrons, significantly alters the electronic 
structure of PAHs, offering new insights into electronic 
manipulation via a boron unit (LB)-doped strategy, as 
opposed to the traditional Lewis-acidic boron-doping method. 
This approach enhances the development of boron-doped PAHs 
with diverse redox behaviours and fascinating optical and 
magnetic properties.
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• The data supporting this article have been included as part of the Supplementary 

Information. Crystallographic data for 3-10 has been deposited at the CCDC 

under [2413197 (3), 2413201 (4), 2413196 (5), 2413203 (6), 2413198 (7), 

2413204 (8), 2413202 (9), 2413200 (10), 2413199 (11).] and can be obtained 

from the following URL: https://www.ccdc.cam.ac.uk/solutions/csd-

core/components/csd/.
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