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Abstract: Heteroatom-doped peri-acenes (PAs) have
recently attracted considerable attention considering
their fascinating physical properties and chemical stabil-
ity. However, the precise sole addition of boron atoms
along the zigzag edges of PAs remains challenging,
primarily due to the limited synthetic approach. Herein,
we present a novel one-pot modular synthetic strategy
toward unprecedented boron-doped PAs (B-PAs), in-
cluding B-[42]PA (1a-2), B-[43]PA (1b-2) and B-
[7,2]PA (1¢-3) derivatives, through efficient intramolec-
ular electrophilic borylation. Their chemical structures
are unequivocally confirmed with a combination of mass
spectrometry, NMR, and single-crystal X-ray diffraction
analysis. Notably, 1b-2 exhibits an almost planar geom-
etry, whereas 1a-2 displays a distinctive bowl-like
distortion. Furthermore, the optoelectronic properties of
this series of B-PAs are thoroughly investigated by UV/
Vis absorption and fluorescence spectroscopy combined
with DFT calculation. Compared with their parent all-
carbon analogs, the obtained B-PAs exhibit high
stability, wide energy gaps, and high photoluminescence
quantum yields of up to 84 %. This study reveals the
exceptional ability of boron doping to finely tune the
physicochemical properties of PAs, showcasing their
potential applications in optoelectronics. )
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[n,m]peri—Acenes (PAs), which refers to ‘m’ rows of peri-
fused [n]acenes,' have the intriguing characteristic of
exhibiting a localized non-bonding n-state along the zigzag
edges, making them potential candidates for organic spin-
tronics (Figure 1a).”*! Additionally, PAs also serve as ideal
finite model systems to investigate the electronic and
magnetic properties of zigzag-edged graphene nanoribbons
(GNRs)."® However, the solution synthesis of large PAs is
extremely challenging due to their intrinsic instability arising
from the emerging open-shell character.”'! On the one
hand, kinetic protection by introducing bulky groups along
the zigzag edges of PAs has been developed to overcome
this obstacle, affording the fairly stable PAs in solution,>!
such as the recently reported [4,2]PA,1" [43]PA,M and
the hitherto largest [7,2]PA.*"

On the other hand, the introduction of heteroatoms
along the zigzag edges of PAs has emerged as an alternative
strategy to provide stable PA analogs (Figure 1b).”!! This
approach could not only enhance the stability of the
resulting systems but also be able to finely tailor their
optoelectronic properties by varying the heteroatom type,
doping position, and concentration. In 2015, Wagner et. al
reported the synthesis of B-doped bisanthene (namely B-
[3,2]PA, T) via Si/B exchange method.” In contrast to the
unstable parent [3,2]PA toward molecular oxygen, I ex-
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Figure 1. (a) Structure illustration of pristine [n,m]PAs; (b) Representa-
tive examples of heteroatom-doped [4,2]PAs; (c) Structures of bidirec-
tional m-extended B-PAs in this work. The substituents are omitted for
simplicity.
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hibited remarkable stability and intriguing optical proper-
ties, including the obvious blue-shifted maximum longest
wavelength absorption (A, =442 nm) and strong photo-
luminescence with high quantum yield (78 %) compared to
that of parent non-emissive [32]PA (A, =485 nm).l”
Despite the successful synthesis of I, the Si/B exchange
strategy is not applicable for synthesizing large-sized B-PAs
systems due to difficulties in obtaining the corresponding Si-
containing precursors. So far, I stands as the only member of
the B-PA family, and B-PAs larger in size than [3,2]PA
remain elusive. To achieve the synthesis of extended B-PA
analogs, a multi-heteroatom doping strategy has been
developed, which relies on introducing other main group
elements, such as oxygen (O) or nitrogen (N) into the zigzag
edges of PAs alongside boron forming covalent bonds. In
this respect, OBO-doped [42]PA (II) and NBN-doped
[4,2]PA (III) were synthesized recently(Figure 1b).2¥ The
incorporation of OBO or NBN unit led to a largely
increased HOMO-LUMO gap and intense photolumines-
cence compared to its kinetically stabilized analog [4,2]PA.
Nevertheless, both OBO and NBN doping strategies signifi-
cantly diminish the electronic conjugation of resultant
systems. Therefore, the synthesis of diverse B-PAs larger
than B-[3,2]PA (I) remains highly attractive to establish the
fundamental correlation between their structure and opto-
electronic properties.

Herein, we report an efficient one-pot synthetic method
towards a series of B-PA derivatives (Figure 1c), including
B-[42]PA (1a-2), B-[4,3]PA (1b-2), and B-[7,2]PA (1¢-3),
where the B-doped zigzag edges are formed via a sequence
of lithiation, trans-metalation and electrophilic arene bor-
ylation from the iodine-containing precursors. The obtained
B-PAs exhibit high stability under ambient conditions,
enabling their full characterizations with high-resolution
matrix-assisted laser desorption time-of-flight (HR MALDI-
TOF) mass spectrometry and nuclear magnetic resonance
(NMR) spectroscopy. Single-crystal X-ray analysis of 1a-2
and 1b-2 demonstrated that the boron atom locates at the
zigzag edge and adopts trigonal planar geometry. Interest-
ingly, 1a-2 displays a unique bowl-shaped geometry with
bowl chirality, whereas 1b-2 exhibits a relatively planar
structure. Moreover, the optoelectronic properties of resul-
tant B-PAs are investigated by UV/Vis absorption spectro-
scopy and fluorescence spectroscopy together with DFT
calculations. Compared with the kinetically stabilized
PAs,"®" these B-PAs exhibit high stability with tunable
energy gaps (1.79-2.39eV). Notably, B-[42]PA (1a-2)
shows an obvious bathochromic shift compared with its
OBO/NBN-doped analogs (IT and TIT),*?! demonstrating
that the boron doping, where the hydroxy groups are
installed at the boron sites, could not only furnish relatively
stable PA analogs but also efficiently enhance the electronic
conjugation of the resultant system. In contrast to non-
emissive kinetically protected PAs and weak-emissive OBO/
NBN-doped analogs, all the obtained B-PAs show intense
fluorescence in their dichloromethane (DCM) solutions with
high photoluminescence quantum yield of up to 84 % (1b-
2). The developed approach in this work provides a
straightforward strategy for introducing boron atoms into
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the zigzag edges of bidirectional n-extended PAs or even
GNRs, which enables precise modification of their physico-
chemical properties.

The synthesis of 1a-2 was first carried out as shown in
Scheme 1a. The precursor 2a bearing two iodine atoms was
prepared by a four-step reaction strategy according to the
previous work.['! Subsequently, 2a was lithiated with n-
butyllithium in its o-xylene solution at 0°C, followed by
trapping of the resulting aryllithium with boron tribromide
(BBr;), which was then heated to 150°C for 16 hours to
complete the intramolecular electrophilic borylation. At
last, hydrolysis of the crude mixture with H,O at room
temperature successfully furnished partially borylated prod-
uct 1a-1 and fully borylated target 1a-2 in 48 % and 32 %
yield, respectively. Furthermore, the hydroxyl group in 1a-1
could be replaced by mesityl ring, giving 1a-Mes with a yield
of 35%. During our attempts to convert la-2 into its
corresponding mesityl-substituted compound, we success-
fully detected the desired product through mass analysis of
the crude mixture. However, isolating the target compound
has proven to be quite challenging, potentially attributable
to its low stability under ambient conditions resulting from
its low LUMO energy level (—2.46 eV) (Figures S2).! To
further demonstrate the applicability of this one-pot ap-

i (1a-1 (R=0H), 48%
1a-Mes (R= Mes), 35%

Partially
borylated products
(1c-1, 1¢c-2)

'Bu 'Bu
1c-3, 10%

Scheme 1. Synthetic routes towards B-PA derivatives, including (a) B-
[4,2]PA (1a-2), (b) B-[4,3]PA (1b-2) and (c) B-[7,2]PA (1c-3). Regents
and conditions: (i) 1. n-BulLi (4 eq), o-xylene, 0°C; 2. BBr; (10.0 eq),
150°C; 3. hydrolysis. (ii) 1. BBr;, toluene, 110°C; 2. MesMgBr, rt. (iii) 1.
n-BulLi (8.0 eq), 4-tert-butylbenzene, 0°C; 2. BBr; (excess), 165°C; 3.
hydrolysis.
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proach, we aimed to synthesize the larger B-[4,3]PA (1b-2)
and B-[7,2]PA (1¢-3) derivatives, which represent vertical
and lateral extensions of B-[4,2]PA (1a-2), respectively.
Precursors 2b and 2¢ were obtained following the reported
procedures,” 2" respectively. Satisfactorily, the treatment of
2b under the same reaction condition used for synthesizing
1a-2 successfully gave the desired dual-B-[4,3]PA derivative
(1b-2) in 26% yield, along with the formation of the
partially borylated compound 1b-1 in 18 % yield (Sche-
me 1b). Nevertheless, the reaction efficiency was dramati-
cally inhibited when 2¢ was subjected to this standard
condition. The low reaction efficiency together with compli-
cated byproducts made the isolation of the targeted B-
[7,2]PA difficult. After carefully optimizing the reaction
conditions, the reaction efficiency could be smoothly
promoted by elevating the reaction temperature (oil bath:
165°C) and increasing the loading of BBr; (using excess).
These adjustments enabled the successful isolation of B-
[7,2]PA (1¢-3) along with the partially borylated byproducts
dual-B-[7,2]PA (1¢-1) and tri-B-[7,2]PA (1¢-2) (Scheme 1c
and Figures S8-10).

The chemical identities of the obtained B-PAs (1a-2, 1b-
2 and 1¢-3) were first confirmed by HR MALDI-TOF mass
spectrometry. In their respective mass spectrum, only one
dominant mass peak, m/z=742.3216 for 1a-2, 1046.4460 for
1b-2, and 1330.5649 for 1e¢-3, was observed, respectively,
which is in good agreement with its expected molecular
mass and isotopic distribution (Figure 2a—-d). Compound 1a-
2 exhibited limited solubility in dichloromethane (DCM),
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Figure 2. (a) HR MALDI-TOF mass spectra of 1a-2 (red), 1b-2 (blue)
and 1¢-3 (green); (b—d) Comparisons of measured and simulated
isotopic distribution patterns of Ta-2 (b), 1b-2 (c) and 1¢-3 (d); Partial
"H NMR spectra of () 1a-2 (600 MHz, 353 K, C,D,Cl,) and (f) 1b-2
(600 MHz, 298 K, CD,Cl,). For full spectra see Supporting Information.
Peak assignments are according to those of the molecular structures in
Scheme 1.
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tetrahydrofuran (THF), and even in dimethyl sulfoxide
(DMSO). As a result, its "H NMR spectrum could only be
recorded in C,D,Cl, at high temperatures (353 K). Thanks
to the good solubility of 1b-2 in common organic solvents
like DCM, its '"H NMR spectroscopy was readily recorded in
CD,(l, at room temperature. As shown in Figures 2e and 2f,
both 1a-2 and 1b-2 displayed well-resolved proton signals,
which are readily assigned by a combination of different
2D NMR techniques. The proton signals of f and g in 1a-2,
as well as e, f, g, and h in 1b-2 displayed pronounced
downfield chemical shifts due to the deshielding effects
induced by steric hindrance at the bay regions. In addition,
the proton of hydroxide group (peak b) in 1b-2 presented a
downfield chemical shift compared with that (peak c) of 1a-
2, which could be ascribed to the influence of the adjacent
bulky mesityl ring. However, the poor solubility of 1e¢-3
posed a challenge in fully characterizing it by NMR. There-
fore, the validation of the structure of 1e¢-3 was further
carried out using IR and Raman spectroscopy in conjunction
with theoretical simulations (For detailed information, refer
to section 8 in the Supporting Information).

The structures of 1a-1, 1a-2 and 1b-2 were unequiv-
ocally confirmed by X-ray crystallographic analysis, in which
the single crystals were obtained by slow evaporation of
their DCM solution at room temperature, respectively.® It
is shown that partially borylated [4,2]PA (1a-1) exhibits
nonplanar geometry due to the existence of [4]helicene
subunit, and the torsional angle is 25.49° (Figure 3a). For
fully borylated compound 1a-2, it displays bowl-like geome-
try with a bowl depth of 0.696 A that is defined with the
perpendicular distance from the center of the benzene ring
to the parallel planes containing the eight periphery carbon
atoms of armchair edges (Figure 3b and 3e). In contrast to
1a-2, its vertical extended analog (1b-2) shows almost-
perfect planar geometry (Figure 3c). The C—B bonds length
in 1a-1, 1a-2 and 1b-2 are in the range of 1.536(4)-
1.561(5) A, which are comparable with similar reported
cases.””2 In their solid states, the unit cell of 1a-1 contains
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Figure 3. X-ray crystallographic molecular structures of 1a-1 (a), 1a-2
(b) and 1b-2 (c) (C: green, B: red, O: purple. H atoms are omitted for
clarity) as well as the packing arrangements of 1a-1 (d), 1a-2 (e), and
1b-2 (f) (tert-butyl and mesityl group are omitted for clarity).
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two enantiomers with helical chirality (M: green color; P:
orange color) and they pack into an ordered head-to-tail
columnar arrangement along the c-axis, where the distances
between two enantiomers are in the range of 3.41 to 3.67 A
(Figure 3d). Interestingly, 1a-2 displays unique bowl chir-
ality due to its reflection asymmetric feature and the steric
repulsion caused by the substituents along the zigzag
edges.”™ To the best of our knowledge, this is the first
example of tricoordinate B-doped polycyclic aromatic
hydrocarbons (PAHs) with bowl chirality (Figure 3e). In the
crystal packing, two enantiomers (M and P) of 1a-2 form
the face-to-face n-stacked dimer structure in its unit cell with
a distance of 3.24 A, and the unit cell is further arranged
into an ordered columnar superstructure. In contrast to 1a-
2, the packing diagram of 1b-2 is best described by a
herringbone stacked structure, where the average distance
between two parallel planes is 3.32 A (Figure 3f).

To elucidate the relationship between their structures
and optical properties, we recorded the UV/Vis absorption
and fluorescence emission of compounds la-1, 1a-2, 1a-
Mes, 1b-2 and 1¢-3 in anhydrous DCM solution (Figure 4).
The lowest energy absorption maxima (A,,) for this series
of B-PAs fall in the visible region spanning from 497 nm
(1a-2) to 643 nm (1¢-3). Time-dependent density functional
theory (TD-DFT) calculations reveal that the lowest energy
absorption bands of those compounds are assignable to their
S-S, (HOMO-LUMO) transition, with reasonable oscilla-
tor strengths ranging from 0.5 to 1.14 (see details in the
Supporting Information). Compared with the A, of 1a-2 at
497 nm, 1b-2 shows an obvious bathochromic shift (44 nm)
with =541 nm due to its vertically extended n-conjuga-
tion (Figure 4a). In addition, the absorption maximum
reveals a further redshift from 541 to 643 nm when the n-
conjugation is laterally extended from 1b-2 to B-[7,2]PA
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Figure 4. UV/Vis absorption (a) and fluorescence (b) spectra of the
obtained B-PAs from Ta-1to 1¢-3 (107° M in CH,Cl,, 298 K).
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derivative (1¢-3). Compared with OBO/NBN-doped
[4,2]PAs IT (Apy=430nm) and I (A.,=485nm), the
longest wavelength absorption maxima of 1a-2 exhibits a
noticeable redshift, which suggests the enhanced electron
conjugation in 1a-2. Noteworthily, by replacing the hydroxyl
group on the boron atom with the mesityl group, the
maximum longest absorption peak displays an obvious red-
shift from 499 nm (1a-1) to 544 nm (1a-Mes), suggesting the
significant influence of substituent at the boron site on
modifying the optoelectronic properties. The optical energy
gaps of 1a-2, 1b-2 and 1¢-3, deduced from their absorption
onsets, are 2.39, 2.24 and 1.79 eV, respectively. Furthermore,
fluorescence spectra show that the emission band maxima of
those compounds fall in the range between 510 (1a-2) and
653 nm (1¢-3) (Figure 4b). Similarly, the emission wave-
length also shows a redshift upon increasing the conjugation
length from 1a-2 to 1¢-3 or replacing hydroxyl substituent
(1a-1) with the mesityl group (1a-Mes). Besides, 1a-2, 1b-2
and 1¢-3 show a rather small Stokes shift of 13, 3 and 9 nm,
respectively, due to the rigid molecular scaffold. In stark
contrast ~with  non-emissive  kinetically  protected
PAs!"17192) and weak emissive OBO/NBN-doped cases (II
and IHIT) (Figure 1a), all the obtained compounds in this
work exhibit strong fluorescence in its DCM solution upon
excitation. Among them, 1b-2 shows the highest photo-
luminescence (PL) quantum yields (®p;) of 84 % due to the
most stiffness of the backbone in combination with a low
tendency of self-aggregation. These results demonstrated
the superiority of boron doping at the molecular backbone
in modulating the optical properties of PA systems.

To gain insight into the influence of boron doping on the
electronic properties of PAs, DFT calculations are per-
formed at the B3LYP/6-31G(d) level for 1a-2, 1b-2 and 1c-
3. As shown in Figure 5a, although the HOMO and LUMO
are distributed over the entire molecule, the p-orbital of
boron makes a significant contribution to their LUMO.
From 1a-2 to 1¢-3, the energy level of HOMO gradually
increases from —4.93 to —4.62 eV. The LUMO energy level
of 1a-2 (—2.15eV) and 1b-2 (—2.19¢eV) display a slight
change, whereas that of 1e¢-3 significantly decreases to
—2.50eV due to the higher boron doping concentration
(Figure 5a). The calculated energy gap of 1a-2 is 2.78 eV,
which is higher by 1.02 ¢V than that of pristine carbon-based
[4,2]PA (Figure 5b). Compared with OBO- and NBN-
[42]PA (II and IHI), the calculated energy gap of 1a-2
significantly decreased by 0.79 and 0.59 eV, respectively, due
to the enhanced conjugated structure, which in agreement
with the experimental optical energy gap. In addition, the
local aromaticity of 1a-2, 1b-2 and 1¢-3 was also assessed by
using anisotropy of the induced current density (ACID) and
the nucleus-independent chemical shifts (NICS) calculations.
ACID plots of 1a-2, as a representative example, reveal that
the continuous current flow in the whole molecular back-
bone is blocked by the six-membered boracycle (Figure 5Sc,
for 1b-2 and 1¢-3, see Figure S20), indicating that the
boron-embedded six-membered rings display anti-aromatic
character. This result is further supported by the positive
NICS(1) value (+2.89 ppm) of boron-containing ring B in
1a-2, which is in stark contrast with that of pristine [4,2]PA,
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Figure 5. (a) Calculated (B3LYP/6-31G(d)) molecular orbitals and
energy diagrams of 1a-2, 1b-2 and 1c¢-3; (b) Calculated energy level of
compounds [4,2]PA, II, Il and 1a-2; (c) ACID plots of 1a-2 (red circle:
aromatic ring; black circle: anti-aromatic ring); (d) NICS(1) of [4,2]PA,
11, 11l (values in the parentheses) and 1a-2 calculated at the
GIAO-B3LYP/6-311+G(2d,p) level.

II and III with either aromaticity or non-aromaticity feature
(Figure 5d). Notably, rings A and F in 1a-2 (—8.9 and
—12.1 ppm) are more aromatic compared with that of
pristine [4,2]PA (—6.7 and —0.5 ppm). Differently, ring E in
1a-2 exhibits moderate aromaticity, whereas it displays
moderate antiaromatic feature in pristine [4,2]PA. These
results manifest that the significant influence of boron
doping on tuning the electronic properties of PAs.

In conclusion, we have successfully synthesized a novel
class of bench-stable B-PAs, including B-[4,2]PA(1a-2), B-
[4,3]PA (1b-2) and B-[7,2]PA (1¢-3) derivatives by intra-
molecular tandem electrophilic borylation from iodine-
containing precursors. NMR spectroscopy and single-crystal
X-ray diffraction analysis of 1a-1, 1a-2 and 1b-2 unambigu-
ously elucidated their chemical structures. Interestingly, 1a-
2 displayed unique bowl chirality that has never been
observed for tri-coordinate B-PAHs. The significant influ-
ence of sole boron doping at zigzag edges of PAs was
unveiled, establishing a clear correlation between their
structure and physicochemical properties. Specifically, com-
pared with kinetically protected PA analogs, the resultant
B-PAs exhibited intensive fluorescence with high quantum
yield, wider energy gap as well as different frontier orbitals
configuration and local aromaticity. Our study significantly
enriches the scope of the [n,m]PA family and B-doped
PAHSs, rendering them attractive candidates for the future
development of organic electronics applications.
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