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annulation enabling p-extension
of boron-doped polycyclic aromatic
hydrocarbons†

Mandala Anitha,a To-Jen Chin,a Guan-Cheng Liu,a Chi-Tien Hsieh,b

Kuan-Hua Wang,b Shu-Li Li,a Mu-Jeng Cheng b and Jeffrey M. Farrell *ac

A C–H functionalizing annulation reaction of boron-doped polycyclic aromatic hydrocarbons (PAHs) with

alkynes is described. This metal-free p-extension provides a new synthetic route to fusion atom B-doped

polycyclic aromatic hydrocarbons (PAHs) that is demonstrated with the synthesis of a family of new,

functionalized, structurally constrained 6a,15a-diborabenzo[tuv]naphtho[2,1-b]picenes. These annulation

products exhibit deep LUMO energy levels, strong visible-range absorptions, and sterically accessible p-

systems that can adopt herringbone or p-stacked solid-state structures based on choice of substituents.

From regioselectivity and DFT calculations, we propose an annulation mechanism involving

intramolecular electrophilic aromatic substitution of a zwitterionic intermediate.
Introduction

Molecular polycyclic aromatic hydrocarbon (PAH) substructures
of graphene exhibit remarkable opto(electronic) properties and
supramolecular behaviors that have led to their pivotal roles in
modern functional organic materials.1 The replacement of PAH
carbon atoms with one or more heteroatoms, or “heteroatom-
doping,” has become an indispensable tool to modify optical
and electronic properties while retaining PAH geometries.2

Substitution of PAH carbon atoms with neutral, three-
coordinate boron renders them electron-decient. Accord-
ingly, B-doped PAHs are positioned to satisfy growing demands
for electron-poor p-systems in applications including n-type
semiconductor materials.3 Encouragingly, B-doped PAHs have
been demonstrated in organic transistors,4 as non-fullerene
acceptors in organic solar cells,5 as thermally activated
delayed uorescence emitters in organic light-emitting diodes,6

and for small molecule activations.7

Synthetic challenges remain for B-doped PAHs. For example,
“structurally constrained”8 B-doped PAHs with boron substitu-
tions at fusion positions (shared by two or more of the fused
rings) are rare, despite attractive characteristics (Fig. 1).9 These
fusion B-doped PAHs are kinetically stabilized by structural
University, No. 1, Sec. 4, Roosevelt Rd.,

edu.tw

Kung University, Tainan 701, Taiwan

ed Devices, National Taiwan University,

aiwan

ESI) available. CCDC 2341631 2341632
SI and crystallographic data in CIF or
oi.org/10.1039/d4sc03781b

6215
constraint, so sterically bulky substituents are not needed to
protect boron from nucleophilic attack.8 Consequently,
ambient stability can be achieved while retaining unobstructed
p-surfaces that could form p-stacked structures suited for
charge-carrier transport. In addition, few existing syntheses
produce B-doped PAHs bearing desirable “deep” LUMO energy
levels, dened by Ingleson, Zysman-Colman, and co-workers as
less than−3.0 eV.10 This property is highly dependent on p-core
shape, size, and boron substitution pattern.5,11 Moreover,
common co-dopants (e.g. N) can contribute electron pairs to the
p-conjugated system, offsetting LUMO-lowering contributions
of boron's empty p orbital.12 Finally, functionalized periphery
substituents are oen difficult to install due to chemical
sensitivities typical of organoboranes and their syntheses.

Strategies towards fusion B-doped PAHs include oxidative
cyclodehydrogenation9a,11,13 or Ni-mediated ring–closing reac-
tions9b,9d of properly substituted aryl boranes. Additionally,
electrophilic borylation9c (sometimes followed by rear-
rangement)9e has proven useful in recent syntheses.9f,9h Never-
theless, the eld lacks the extensive synthetic tools available for
Fig. 1 Examples of structurally constrained polybenzenoid fusion
atom B-doped PAHs.9a,9d–f

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 A schematic example of annulative p-extension14 (left)
compared to the alkyne annulation of B-doped PAHs described herein
(right).

Scheme 1 Formation of 3a by bromination of 1 followed by alkyne
annulation. Compound 3a is illustrated by its solid-state structure. C:
black, B: yellow-green, H atoms omitted for clarity.
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other classes of PAHs. Elsewhere, intermolecular annulative p-
extension (or “APEX”)14 has become a valuable strategy for p-
scaffold construction (Fig. 2), where the modular annulation of
p-fragments allows elaboration of many products from a single
polyaromatic precursor. Analogous p-extensions of B-doped p-
scaffolds could alleviate the shortage of fusion B-doped PAHs,
as annulations with different partners would sharply increase
available structures. This could also allow B-doped PAHs
bearing unprecedented shapes, sizes, substitution patterns, and
functional groups to be realized, opening new avenues for the
discovery and use of B-doped p-conjugated structures.

Herein we report an unanticipated metal-free, regioselective
annulation reaction of a boron-doped PAH with a terminal
alkyne. DFT calculations suggest this reactivity proceeds via
intramolecular electrophilic aromatic substitution of a zwitter-
ionic intermediate. The reaction was applied to the synthesis of
a family of functionalized, fusion atom B-doped PAHs. Annu-
lated products exhibited red-shied absorption and emission
spectra as well as substantially more positive reduction poten-
tials compared to their precursors. DFT calculations corrobo-
rated low LUMO energy levels of the annulated products, and
implied antiaromatic character of their boron-containing six-
membered rings. Fusion B-doped PAHs synthesized herein are
amongst the lowest-LUMO B-doped PAHs yet reported and
exhibit solid-state packing arrangements that can be tailored by
choice of alkyne annulation partner.
Results and discussion

We began our study by probing the reactivity of polycyclic bor-
inic acid 1-hydroxy-2-phenyl-1-boraphenalene, 1.5 Excess BBr3
was reacted with 1 in CH2Cl2 at room temperature for ve hours
to effect –OH for –Br exchange. Aer removal of volatiles in
vacuo, the residue was dissolved in CD2Cl2 and reacted with p-
tolylacetylene at 70 °C in a sealed J Young NMR tube (Scheme 1).
As the reactants were gradually consumed over 8 days, the
formation of two major products could be observed by 1H NMR
spectroscopy (Fig. S1 and S2†). One product was identied as
the Markovnikov addition product of HBr to p-tolylacetylene, 1-
(1-bromoethenyl)-4-methylbenzene. To our surprise, the other
major reaction product could be identied as 3a, an annulation
product with a bond formed between B and the alkyne terminal
C, as well as a new C–C bond from an apparent C–H function-
alization of the boraphenalene phenyl substituent (Scheme 1).
Compound 3a crystalized from CD2Cl2 solution and its
© 2024 The Author(s). Published by the Royal Society of Chemistry
planarized structure could be conrmed by single-crystal X-ray
crystallography. Further 1H NMR spectroscopy studies were
conducted to optimize this reactivity (Table S1†). Rate of 3a
formation could be increased by undertaking the reaction at
120 °C in C6D5Br. Noting that the overall transformation
requires two equivalents of alkyne per annulation, 2 : 1 stoi-
chiometry of alkyne : borane also improved conversion to 3a.
Under these improved conditions, 3a could be isolated in 33%
yield aer recrystallization from 1 : 1 CH2Cl2 : hexane. When
BCl3 was employed in the –OH for halogen exchange step, the
annulation was comparatively sluggish. As well, no formation of
3a was observed in the direct reaction between borinic acid 1
and p-tolylacetylene under the same conditions. We speculate
that Lewis acid strength of the boron center is critical to the
reaction. At 120 °C in C6D5Br for 180 h, diphenylacetylene and
1-phenyl-1-propyne each fail to react with 1 (aer –OH for –Br
exchange), indicating possible steric limitations of annulation
reactivity. In attempts to sequester generated HBr with exoge-
nous bases, reactions were undertaken using one equivalent
each of alkyne and base (2,6-di-tert-butyl-4-methylpyridine, 2,6-
dichloropyridine, 2,6-lutidine, or 2,2,6,6-tetramethylpiperidine)
under otherwise optimized conditions (Table S1†). While
inhibited formation of 1-(1-bromoethenyl)-4-methylbenzene
was observed by 1H NMR spectroscopy for the latter two
stronger bases, none of the basic additives improved conver-
sions to 3a.

This annulation is markedly different to the reactions of
alkynes with 5-membered boracyclic 9-halo-9-borouorenes, for
which alkyne insertion via 1,2-carboboration has been shown by
Fukushima and co-workers.15 Other possible outcomes, such as
1,1-carboboration16 or haloboration,17 are apparently not
favored under the given reaction conditions. The regiose-
lectivity of the annulation of 1 aer –OH for –Br exchange might
suggest the involvement of a vinyl cation generated by attack of
the boron center by the alkyne triple bond. Prerequisite reso-
nance stabilization of such an intermediate18 (enroute to elec-
trophilic aromatic substitution) would explain the observed
positioning of the tolyl group in the major annulation product.
Moreover, related intermediates, generated by the combination
of alkynes and boranes, are implicated in the B(C6F5)3-mediated
cascade syntheses of dibenzopentalenes of Yamaguchi, Erker,
and co-workers,19 and in boron trihalide-mediated borylative
cyclizations of Ingleson and co-workers.20 Indeed, Ingleson and
co-workers have utilized the latter strategy to construct edge B-
doped PAHs using combinations of well-designed alkynes and
Chem. Sci., 2024, 15, 16210–16215 | 16211
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boron trihalides.21 However, unlike these examples which react
alkynes with strong external Lewis acids, the present reaction
between a brominated edge-B-doped PAH and an external
alkyne must presumably rely on a much weaker Lewis acidic
center for generation of a vinyl cation intermediate. The feasi-
bility of this mechanistic proposal was not obvious to us, so we
examined it using DFT calculations at the B3LYP-D3(BJ)/def2-
TZVP//B3LYP-D3(BJ)/def2-SVP level (see ESI† for details).
Indeed, an enthalpic local minimum was found for a vinyl
cation-containing intermediate, generated from attack on
boron by the alkyne triple bond (Fig. 3, 3a-2). The charge
assignment on 3a-2 is supported by our Natural Population
Analysis calculation; specically, from reactants to 3a-2, the
charge on the vinyl cation (C highlighted in red) increased by
0.38 e−, while the charge on boron decreased by 0.19 e−. The
calculated pathway to form 3a via the ring closing from inter-
mediate 3a-2 involves an intramolecular electrophilic aromatic
substitution reaction, and its highest enthalpic barrier
(7.0 kcal mol−1) is calculated for the C–C bond forming step of
the annulation (Fig. 3, 3a-2 / 3a-3). In contrast, the enthalpy
prole of the formation of an alternative regioisomer of 3a
(wherein the positions of the alkyne substituents are reversed)
possessed a higher enthalpic barrier (23.6 kcal mol−1) for
product formation, and no enthalpic local minimum for a vinyl
cation-containing intermediate (Fig. S71†).

We sought to apply this unusual intermolecular annulation
to the synthesis of extended B-doped PAHs. As a target, we
identied 6a,15a-diborabenzo[tuv]naphtho[2,1-b]picene as a B-
doped core structure for which a potential precursor borinic
acid, 4, has already been reported.5 Furthermore, DFT calcula-
tions suggest that 6a,15a-diborabenzo[tuv]naphtho[2,1-b]
picenes should possess desirable low-LUMO energy levels and
visible range absorptions (Table S4 and Fig. S62†). Thus, we
conducted a series of experiments where 4 was reacted with
BBr3 in CH2Cl2 at room temperature for 22 h and, aer removal
of volatiles in vacuo, further reacted with four equivalents of
alkyne in C6H5Cl at 120 °C for 60 h. The resulting B-doped PAHs
5a–j were isolated in 3–24% yield as ambient-stable purple-to-
Fig. 3 DFT-calculated enthalpy and Gibbs free energy profile of the
formation of 3a. The structures were optimized in CPCM solvation
model in CH2Cl2.

16212 | Chem. Sci., 2024, 15, 16210–16215
black solids aer solvent washing steps, ltration through cel-
ite in CHCl3 solution, and solvent removal in vacuo (Scheme 2).
Aryl-, alkyl-, and alkenyl-substituted alkynes of varying electron-
demand could be successfully employed in annulation reac-
tions. Notably, thiophene, alkene, and ester functional groups
are tolerated. No annulation products could be isolated from
reactions with p-(triuoromethyl)phenylacetylene or p-methox-
yphenylacetylene, the former of which we speculate may be
complicated by B-mediated uoride abstraction.22 Assigned
structures of poorly soluble 5a–j were conrmed using 1H NMR
spectroscopy at elevated temperatures, solid-state 13C NMR
spectroscopy, and high-resolution mass spectrometry. Solid
samples of 6a,15a-diborabenzo[tuv]naphtho[2,1-b]picenes
stored in ambient conditions for one week showed no indica-
tion of decomposition by 1H NMR spectroscopy.

Crystals of 5a, 5c, 5d, 5f, and 5g suitable for X-ray crystal-
lography could be obtained via sublimation (<10−6 torr, 390–
420 °C). Solid-state structures conrmed anticipated poly-
aromatic structures with planar cove-free p-cores. Planarities
about B centers are indicated by sums of C–B–C bond angles of
360° for each (e.g. Fig. 4a). The periphery C–B–C bond angles
(e.g. Fig. 4a, C2–B–C3) are slightly enlarged from an ideal 120°,
measuring 125°–126°. The B–C bonds of 5a, 5c, 5d, 5f, and 5g
are 1.52–1.56 Å, slightly shorter than typical-B–C(sp2) single
bonds (e.g. BPh3 B–C = 1.57–1.59 Å),23 but in line with B–C
single bonds in other fusion atom B-doped systems.9a,9f In
addition, C2–C4 and C1–C5 double bonds are slightly elongated
Scheme 2 Annulative syntheses of extended fusion atom B-doped
PAHs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Solid-state structure of 5a determined by X-ray crystallog-
raphy. C: black, B: yellow-green, H atoms omitted for clarity. (b)
Frontier molecular orbitals of 5a from DFT calculations (isosurfaces =
0.07 Å−3). (c) NICS(1) values calculated for rings of 5a (B3LYP-D3(BJ)/
def2-TZVP//B3LYP-D3(BJ)/def2-SVP).
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compared to typical C–C double bonds, while C5–C6 bonds are
slightly short for single bonds. Analogous bonding trends are
observed for 3a (Scheme 1). These data suggest effective delo-
calization over B-doped p-surfaces, consistent with our DFT
calculations that indicate highly delocalized frontier molecular
orbitals (Fig. 4b, Table S4†). The delocalization of the LUMOs in
combination with the structurally constrained environments of
boron might temper the Lewis acidities of boron centers,
contributing to the ambient stabilities of 5a–j. To understand
the aromaticity of these p-systems, representative NICS24 anal-
yses of 3a and 5awere performed (Fig. 4c and S74†). NICS(0) and
NICS(1) calculations indicate that six-membered rings con-
taining boron and a vinylic double bond are signicantly less
Fig. 5 (a) Side-on views of solid-state packing structures of 5d, 5c, 5f, 5a,
illustrating close contacts of thienyl groups of 5g and highlighting a repre
thienyl orientations (labelled with diamonds or squares). C: black, B: ye
clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
aromatic than carbon-only six-membered rings. These data are
consistent with previous aromaticity assessments reported for
B-doped PAHs.9f,9h

Solid-state packing structures of 5a, 5c, 5d, 5f, and 5g were
dramatically inuenced by substituent variations in the 5 and
14 position (Fig. 5a). The p-cores of mesityl-substituted 5d
arrange into a herringbone structure with several close inter-
molecular C–H/p distances (2.6–3.1 Å) between B-doped p-
cores. Conversely, p-cores of 3-thienyl-substituted 5g form
continuous columnar p-stacks with signicant overlap between
p-systems and ∼3.4 Å interplanar distances (Fig. 5b). Interest-
ingly, these stacks are composed of distinct trimeric sub-stacks
of molecules of 5g in two different thienyl orientations, wherein
the roll angle between molecules within each trimer is slightly
reduced compared to the roll angle between trimers (Fig. 5c and
S70).25 We note that C–H/p interactions between thienyl
substituents of 5g are indicated by close proximities of ∼2.8 Å
(Fig. 5c, dotted lines). The packings of 5c, 5f, and 5a show
a continuum between the herringbone packing of 5d and the p-
stacked packing of 5g (Fig. 5a).

UV-Vis spectra of 5a–j in o-C6H4Cl2 (10−6–10−5 M, 298 K)
show strong visible absorptions with lowest energy labs between
546–563 nm and 3 ranging 1.9–3.6 × 104 L mol−1 cm−1. For 3a
the lowest energy labs is 445 nmwith 3= 8.3× 103 Lmol−1 cm−1

(Fig. 6a and Table 1). These lowest energy absorption maxima
are all considerably red-shied compared to respective precur-
sors 4 (labs = 425 nm) and 1 (labs = 374 nm) in CHCl3,5

reecting the extended conjugation of the annulated products
and correlating well with TD-DFT predicted spectra (Fig. S72
and S73†). Fluorescence emission maxima of annulated
compounds in o-C6H4Cl2 (10−6–10−5 M, 298 K) are also red-
shied compared to those of precursors 4 (lem = 561 nm) and
1 (lem = 489 nm) in CHCl3.5 Compounds 5a–j show emissions
with lem ranging 601–616 nm and low quantum yields (F #

0.03, Table S2 and Fig. S63†). These emissions correspond to
apparent Stokes shis between 1220–1760 cm−1. Compound 3a
and 5g. (b) Alternate view of the p-stacked structure of 5g. (c) Diagram
sentative trimeric sub-stack (red) of 5gmolecules with two different 3-
llow-green, F: green S: yellow, H: grey, selected H atoms omitted for

Chem. Sci., 2024, 15, 16210–16215 | 16213
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Table 1 Summary of optical and electronic properties of 3a and 5a–j.a

labs [nm], (3 [M−1 cm−1])
lem
[nm]

E1/2 red 1

[V]
E1/2 red 2

[V]

3a 365 (4500), 445 (8300) 587 −1.62 —
5a 429 (5700), 525 (17 500), 561 (21 800) 608 −1.01 −1.33
5b 431 (2600), 521 (14 400), 559 (19 400) 603 −0.98 −1.29
5c 432 (3600), 519 (16 300), 556 (21 900) 607 −0.97 −1.29
5d 430 (3900), 515 (21 100), 553 (29 000) 610 −1.00 −1.49
5e 433 (8500), 521 (23 600), 558 (28 800) 607 −0.95 −1.24
5f 431 (5500), 520 (19 400), 559 (25 000) 616 −0.97 −1.26
5g 430 (8700), 527 (28 700), 563 (36 200) 616 −0.99 −1.30
5h 425 (4700), 510 (19 400), 546 (25 400) 604 −1.05 −1.36
5i 426 (6500), 509 (23 700), 546 (29 400) 601 −1.08 −1.39
5j 427 (6400), 516 (16 600), 551 (20 300) 607 −1.02 −1.33

a Optical measurements were performed at 10−6–10−5 M concentrations
in o-C6H4Cl2 at 298 K. Cyclic voltammetry experiments were performed
at 10−4–10−3 M concentrations in 0.1 M n-Bu4NPF6 o-C6H4Cl2 at 298 K
and referenced vs. Fc+/0 using ferrocene as an internal standard. All
other experimental details are described in the ESI.

Fig. 6 (a) UV-Vis spectra of 3a and 5a–j (10−6–10−5 M in o-C6H4Cl2,
298 K). (b) Cyclic voltammogram of 5e (9.0 × 10−4 M in 0.1 M n-
Bu4NPF6 o-C6H4Cl2, 298 K).
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(8.5× 10−6 M in o-C6H4Cl2, 298 K) exhibits broad emission (lem,

= 587 nm) and a quantum yield of 0.14.
Cyclic voltammetry was used to probe the electrochemical

properties of 3a and 5a–j, (10−4–10−3 M in 0.1 M n-Bu4NPF6 o-
C6H4Cl2, 298 K, Table 1). A single reversible one-electron
reduction was observed for 3a, and two reversible one-electron
reductions were observed for each compound 5a–j (e.g. Fig. 6b
and S52–S61†). The compounds studied exhibited
+0.36–+0.52 V more positive rst reduction potentials (E1/2 red 1)
than their non-annulated precursors 1 and 4 (reported in
CH2Cl2).5 Strikingly, rst reduction potentials of 5a-j
(−0.95–−1.08 V vs. Fc+/0) are amongst the most positive yet re-
ported for boron-doped PAHs, and are all more positive (by
+0.09–+0.22 V) than E1/2 red 1 reported for PC61BM in the same
solvent.26 These E1/2 red 1 values correspond to very low esti-
mated LUMO energy levels of −4.20–−4.07 eV.27 We note that
5a, 5c, 5d, 5f, and 5g each bear “deep LUMO”10 energy levels and
exhibit similar strong visible range absorptions. However, they
adopt solid-state packing motifs ranging from herringbone to
continuous p-stacks. This embodies “heteroatom-doping” as
a means to modify optical and electronic properties largely
independently of molecular geometries and substituents,
allowing the latter to be used for the control of solid-state
packing.
16214 | Chem. Sci., 2024, 15, 16210–16215
Conclusions

We report a C–H-functionalizing annulation reaction of B-
doped PAHs with alkynes. This reactivity complements exist-
ing B-doped PAH syntheses with a facile p-extension method-
ology for the synthesis of structurally constrained, fusion atom
B-doped PAHs. We applied this synthetic strategy to ambient-
stable, deep LUMO energy 6a,15a-diborabenzo[tuv]naphtho
[2,1-b]picenes, whose solid-state packing can be directed via
substituent effects. Annulation leads to red-shied absorption
and emission spectra, as well as signicantly more positive
reduction potentials, compared to corresponding B-doped PAH
precursors. We anticipate that this new synthetic tool will aid
the development and use of B-doped p-conjugated structures.
Studies to this end are underway in our laboratory.
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