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ABSTRACT: Boraphenalenes, compounds in which the one carbon atom in the phenalenyl skeleton is replaced with a boron atom,
have attracted attention for their solid-state and electronic structures; however, the construction of boraphenalene skeletons remains
challenging because of the lack of suitable methods. Through this study, we showed that the tandem borylative cyclization of Cs-
symmetric dehydrobenzo[12]annulenes produces a new class of fully fused boron-atom-embedded polycyclic hydrocarbons pos-
sessing a 9b-boraphenalene skeleton. The obtained compounds exhibited high electron-accepting characteristics, and their two-step
redox process was reversible in the reductive region, involving interconversion of 9b-boraphenalene between Hiickel aromaticity and
antiaromaticity. Notably, the benzo[b]fluorene-fused derivative exhibited a stepwise single-crystal-to-single-crystal (SCSC) phase
transition triggered by thermal annealing. Intermolecular electron coupling calculation of the crystal structures suggested significant
improvement of charge transporting ability associated with the SCSC phase transition. Moreover, adequate photoconductivity was
observed for the single crystals before and after the SCSC phase transition through flash-photolysis time-resolved microwave con-

ductivity.

INTRODUCTION

The incorporation of heteroatoms into polycyclic aromatic hy-
drocarbons (PAHs) represents a promising strategy for tuning
their physical properties without significant alterations to the
pristine molecular skeleton. Building upon this robust strategy,
numerous molecules have been synthesized, not only to accu-
mulate fundamental findings but also to facilitate the develop-
ment of various functional materials, ranging from optoelec-
tronics to bio-imaging.! Among heteroatom-doped PAHs, bo-
ron-doped PAHs (B-PAHs) have garnered great attention ow-
ing to their intriguing photophysical and electronic properties
attributed to the vacant p, orbital.> When a three-coordinated
boron atom is doped into n-electron systems, the p,—n" interac-
tion between the vacant p, orbital of the boron atom and the "
orbitals of m-conjugated systems stabilizes the lowest unoccu-
pied molecular orbital (LUMO) level. Additionally, the high
Lewis acidity of boron atoms, resulting from the vacant p, or-
bital, enables the coordination of Lewis bases to B-PAHs. Con-
sequently, B-PAHs find considerable applications as electron-
transporting,® light-emitting,* and stimuli-responsive materi-
als.> Another crucial aspect of B-PAHs is that the tri-coordi-
nated boron atom is an isostere of a carbocation. While carbon-
only systems possess a positive charge, isoelectronic boron-
doped systems are charge neutral, facilitating the development
of intriguing neutral and closed-shell n-conjugated frameworks,

such as boron-doped polycyclic odd-alternant hydrocarbons
and boron-doped nanographene fragments, which serve as de-
fect nanographene models.® In this context, boraphenalene
stands as a representative example of boron-doped polycyclic
odd-alternant hydrocarbons, displaying an isoelectronic struc-
ture with a phenalenyl cation.” Despite theoretical calculations
predicting its electronic structure,® including aromaticity/anti-
aromaticity,” pancake n- bonding,'® and singlet-triplet gap,''
the construction of boraphenalene skeletons remains challeng-
ing except for nitrogen incorporating boraphenalenes.'> Among
the boraphenalenes, categorized into four types (A—D) based on
the doping position of boron, type-B compounds (1-boraphena-
lene) have been independently reported by several research
groups (Figure 1a)."* Additionally, n-extended 1-boraphenalene
shows potential as an acceptor material for organic solar cells.
However, 9b-boraphenalene, a type-A compound in which the
boron atom is doped at the central carbon atom of the
phenalenyl motif, has not been well explored because of the
lack of suitable methods for constructing its Cs-symmetric 7t-
conjugated structure.'

Herein, we report the one-shot construction of C3-symmetric 7t-
extended 9b-boraphenalenes. Our synthetic strategy was in-
spired by borylative cyclization, a method reported by Ingleson
and coworkers in 2015 (Figure 1b)."> The reaction involves the
electrophilic borylation of alkyne-incorporated arenes with BX3,



followed by intramolecular cyclization to form a boracycle. The
remaining reactive haloborane moiety after one borylative cy-
clization facilitates continuous borylation.!® Accordingly, we
envisioned that 9b-boraphenalene analogues can be synthesized
from C;-symmetric compounds through C-B bond formation
via triple intramolecular borylative cyclization. Specifically,
dehydrobenzo[12]annulene derivatives are suitable for con-
structing 9b-boraphenalene skeletons. Therefore, we designed
Cs-symmetric ~ borylative  precursors, 1-phenyldehy-
drotribenzo[ 12]annulene (TBC-Ph) and 1-(naphthalen-2-yl)de-
hydrotribenzo[12]annulene (TBC-Nap), and explored their
borylative cyclization. After extensively screening the reaction
conditions, we discovered that the combined use of boron triio-
dide (BI3) and 2,6-di-tert-butylpyridine (dtbpy) enabled triple
borylative cyclization. Additionally, we unveiled the photo-
physical and electrochemical properties of the thus-synthesized
9b-boraphenalene analogues. Moreover, we investigated the
characteristic crystal-to-crystal transition behavior and charge
transport properties of the fluorene-fused derivative, BP-BnFl

(Figure 1lc).
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Figure 1. (a) Four isomers of boraphenalene (A—D) and examples
of boraphenalene derivatives. (b) Previously reported borylative
cyclization. (c) Synthetic strategy for Cs-symmetric 9b-boraphena-
lene derivatives with a fully fused boron center.

RESULTS AND DISCUSSION

Synthesis of C; Symmetric Boraphenalene Analogues. The
borylative precursors, TBC-Ph and TBC-Nap, were synthe-
sized in four steps from 1,3-dibromo-2-trimethylsi-
lylethynylbenzene (1) (Scheme 1). Pd-catalyzed Suzuki—
Miyaura coupling of 1 with the corresponding arylboronic acid
proceeded at 120 °C in a mixed solvent (toluene/EtOH/H,0O =
4/1/1) to yield mono-aryl-substituted 2-Ph and 2-Nap in 70%

and 61% yields, respectively. The remaining bromine was con-
verted to iodine for the subsequent reaction by bromine-lithium
exchange and subsequent iodination, resulting in 3-Ph and 3-
Nap in quantitative yields. After desilylation of 3-Ph and 3-
Nap by K,COs, the resulting 4-Ph and 4-Nap were subjected to
trimerization by Castro—Stephens coupling to afford TBC-Ph
and TBC-Nap in 34% and 79% yields, respectively
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Scheme 1. Synthesis of TBC-Ph and TBC-Nap.
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4-Nap: 89% yield

Finally, borylative cyclization of TBC-Ph and TBC-Nap was
carried out using Bl; as a borylative reagent (Scheme 2). The
triple borylative cyclization of TBC-Ph proceeded at 150 °C in
the presence of 1.0 equiv of Bl; and 4.0 equiv of dtbpy to yield
two Cs-symmetric compounds. Notably, other borylative rea-
gents did not yield the products. After careful purification and
identification, the two compounds were determined to be phe-
nanthrene-fused boraphenalene BP-Phen and fluorene-fused
boraphenalene BP-FI1 with isolated yields of 14% and 10%, re-
spectively. In contrast, the borylative cyclization of TBC-Nap
afforded only one Cs;-symmetric compound. In the presence of
3.0 equiv of dtbpy, borylative cyclization of TBC-Nap pro-
ceeded using 2.0 equiv of BI; under a gradually increasing re-
action temperature to afford the benzofluorene-fused-type com-
pound BP-BnFl in 15% yield based on '"H NMR analysis. Alt-
hough this reaction was messy compared to that of the Ph-sub-
stituted substrate, BP-BnF1 was isolated in 5% yield through
meticulous purification. It is noteworthy that BP-BnFI was ob-
tained in comparable yield (12% yield based on '"H NMR anal-
ysis) by using 2.4,6-tri-fert-butylpyridine instead of dtbpy
(Scheme S1). These obtained compounds were benchtop-stable
under ambient conditions and could be handled without precau-
tions. Therefore, single crystals suitable for X-ray analysis were
readily grown using the solution diffusion method.
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Scheme 2. Borylative cyclization of TBC-Ph and TBC-Nap.
The values in parentheses indicate NMR yields.

A plausible overall reaction mechanism specific to TBC-Ph is
shown in Figure 2. This reaction consists of three successive
borylative cyclizations that proceed by a similar mechanism, in
particular, the details of the first borylative cyclisation are
shown in Figure 2b. The first borylative cyclization commences
with the coordination of electrophile Bl to the alkyne moiety
(INT1-1 or INT2-1). Subsequent 5-exo-dig or 6-endo-dig cy-
clization, depending on the coordination position, proceeds to
give INT1-2 and INT2-2, which contain a 5-membered or 6-
membered ring, respectively. Further deprotonation proceeds to
produce a metastable intermediate with a fused fluorene (INT1)
or phenanthrene structure (INT2). The transition state at the cy-
clization step may be stabilized by the coordination of Bl; on I
in a realistic system. Subsequent iterative borylative cycliza-
tions follow a similar mechanism to afford desired products BP-
Fl from the 5-exo-dig intermediate (INT1) and BP-Phen from
the 6-endo-dig intermediate (INT2).

borylative
cyclization

borylative
cyclization

INT2-1 INT2-2 INT2

Figure 2. (a) A plausible overall reaction mechanism. (b) De-
tailed reaction mechanism of the first borylative cyclization.

X-ray Crystallography and Solid-state Phase Transition Be-
havior. The molecular structures of BP-Phen, BP-FI, and BP-
BnF1 were unequivocally confirmed by X-ray crystallography
(Figure 3). All compounds adopted windmill-like structures
with peripheral aromatic rings deviating from the boraphena-
lene-like plane because of the steric repulsion of adjacent hy-
drogen atoms. Consequently, the dihedral angles of the periph-
eral helical moieties were 33.4/36.2/38.3° (BP-Phen),
26.2/34.2/36.7° (BP-Fl), and 36.9/45.3/51.5° (BP-BnFl). In ad-
dition, all the molecules showed a Ci-symmetric structure in the
crystal owing to packing forces and formed a racemic structure
containing two enantiomeric isomers—(P, P, P) and (M, M, M).
Based on DFT studies, the isomerization barrier of BP-Phen
and BP-Fl was 11.4 kcal mol™! and 10.2 kcal mol™!, respectively,
which indicates that they readily undergo racemization at room
temperature (Figure S14, and Tables S3, S4). Whereas, that of
BP-BnFl was 31.5 kcal mol™', which was larger than BP-Phen
and BP-FI owing to extended n-electron systems (Figure S14c
and Table S5). The boraphenalene-like tricyclic skeleton exhib-
ited almost planar, with a 360° sum of the three C—-B—C angles
(BP-Phen: 359.6°, BP-FI: 359.3°, BP-BnFl: 359.6°), but
slightly contorted geometries owing to the peripheral helical
moieties. The C—B bond length was comparable to those of
other B-PAHs (1.50-1.56 A).2 The average C-B bond lengths
of BP-BnF1 (1.56 A) and BP-FI (1.56 A) were slightly longer
than that of BP-Phen (1.51 A) because of the neighboring fused
five-membered rings. BP-Phen and BP-FI exhibited similar
packing structures (Figure 3b and d). The molecules formed
face-to-face dimers, rotated by 180°, and these dimers were
stacked in a herringbone motif through CH—n interactions. BP-
BnFl also formed face-to-face dimers, but its packing structure
differed significantly (Figure 3f). The face-to-face dimer of BP-
BnFl adopted a layer-like packing motif along the b and c axes,



with each layer separated by a strongly disordered cocrystal-
lized solvent (chlorobenzene).
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Figure 3. X-ray crystal structures of (a, b) BP-Phen, (c, d) BP-Fl,
and (e, f) BP-BnFl1 (C: gray, B: red, H: silver). (a, ¢, ) Thermal
ellipsoid plots (50% probability). (b, d, f) Packing structures. Co-
crystallized solvent molecules of toluene (for BP-Phen) are omit-
ted for clarity, and chlorobenzene (for BP-BnFl) is removed by the
SQUEEZE program'’ due to high disorder.

Notably, the stepwise single-crystal-to-single-crystal (SCSC)
phase transition behavior'® of BP-BnFl was observed, which
resulted in two pseudopolymorphs upon heating. For simplicity,
the first crystal obtained by the solvent diffusion method was
labeled as BP-BnFl-0 (monoclinic, /2/a) and the two pseudo-
polymorphs obtained by annealing as BP-BnFI-f and -y. An-
nealing BP-BnFl-a at 70 °C for 3 h produced BP-BnFI-§ (tri-
clinic, P-1, Figures S2b and S3a), while annealing at 90 °C for
3 h produced BP-BnFl-y (triclinic, P-1, Figures S2¢ and S3b).
Further investigation revealed that annealing at 50 °C for 12 h
also resulted in BP-BnFl-y, and this transition was irreversible.
Therefore, BP-BnFI-f was suggested as an intermediate phase,
and this SCSC transition behavior inferred an irreversible tran-
sition from BP-BnFl-a to BP-BnFl-y. In the SCSC transfor-
mation of BP-BnFl, desorption of the cocrystallized solvent
and a significant change in the face-to-face dimeric structure
were observed. Notably, the cocrystallized solvent was absent
in BP-BnFI-§ and -y, and the B-B distance between the two
molecules forming a dimer increased significantly through
heating, expanding from 3.69 A in BP-BnFl-o, to 6.22 A in BP-
BnFl-y. These two phenomena led us to infer the SCSC

mechanism from BP-BnFl-a to BP-BnFl-y (Figure 4). The
driving force of SCSC is presumed to form the most thermody-
namically stable crystal structure by external heating. In BP-
BnFl-a formed by the solvent method, the co-crystallized sol-
vent occupies the intermolecular voids. In the initial transition
from BP-BnFl-a to BP-BnFI-B, the desorption of chloroben-
zene, whose positions are indicated by dashed red circles in Fig-
ure 4, in the BP-BnFl-a crystal upon heating produced large
voids, causing the molecules to readily fluctuate and move. To
achieve a denser packing and fill in the void, face-to-face di-
mers shifted and stacked in almost the same orientation. Addi-
tionally, half of the face-to-face dimers disengaged and adopted
the slipped structure shown in violet in Figure 4. In the subse-
quent transformation from BP-BnFI-p to BP-BnFl-y, the re-
maining dimers (depicted in sky blue in Figure 4) shifted to slip
by each molecule in the reverse direction. Finally, all dimers
disengaged and adopted a dense columnar-like slipped n-stack-
ing to form the most thermodynamically stable and densely
packed BP-BnFl-y crystals. The crystal density of BP-BnFl
gradually increased from BP-BnFl-a to BP-BnFl-y (a: 1.068 g
cm!, B: 1.348 g cm™!, and y: 1.395 g cm™!, respectively). The
rearrangement into a denser structure upon heating supports the
validity of this mechanism. It's noteworthy that BP-BnFI-f and
-y crystals did not form through the solvent method, indicating
that a represents the most kinetically favored crystal in the pres-
ence of a solvent.
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Figure 4. Estimated transformation mechanism from BP-BnFl-o
to BP-BnFl-y (B: red, C and H: shown in the same color (blue or
violet)). Cocrystallized solvent molecules (chlorobenzene) in BP-



BnFl-a are removed by the SQUEEZE program'’ due to high dis-
order. The positions of the solvent molecules are indicated by
dashed red circles.

Photophysical Properties. The ultraviolet—visible (UV—vis)
absorption spectra of BP-Phen, BP-FI, and BP-BnFl in CH,Cl,
are shown in Figure 5. The absorption maximum of BP-BnFl
(533 nm) was red-shifted compared to those of BP-Phen (488
nm) and BP-FI (483 nm) owing to the extended mn-conjugated
skeleton. According to time-dependent density functional the-
ory (TD-DFT) calculations at the B3LYP/6-31G(d) level of the-
ory, the absorption maximum bands were assigned to sym-
metry-allowed transitions with a large oscillator strength (f'>
0.2, BP-Phen: Sp—S,/S; at 483 nm, BP-FI: S¢— Ss/Se at 498 nm,
BP-BnFl: Si—Ss/Se at 552 nm, Table S2 and Figures S10-S13).
While BP-Phen exhibited a distinct vibronic structure, BP-FI
and BP-BnFI showed a structureless broad absorption, which is
in good agreement with the relatively broad absorption band of
PAHs comprising fluorene units.'® The long-wavelength region
of the BP-F1 and BP-BnFI spectra reached 750 nm and was as-
signed to the S¢—S,/S; transition with small f values of 0.0316
and 0.0371, respectively (Table S2 and Figures S10-S13). Be-
cause the S¢—S; transition was symmetry-forbidden, the three
compounds did not show any luminescence.

5o |BP-Phen g8 nm 0.30
A se—Suss 025

4.0 1 f=0.2291 0.20

30 | 0.15
20 So—S; 0.10
=0.0000
10 | f=0.00 0.05
0.0 — ‘ : : : : } 0.00
= 400 450 500 550 600 650 700 750 800
()
S~ 20 483 nm 030 <
£ BP-FI 483 £
85 N\ TaSse sems, 025 2
°E 1.5 4 =2 f = 0.0004 020 &
%g 1.0 4 0.15 cg
54 Sp—So/S3  Sg—S;4 010 &
?> 05 f=0.0316 f=0.0000 =
% S 0.05 8
5 % 00 o — — : — 000 O
2 400 450 500 550 600 650 700 750 800
€ 25 BPanR 533 nm 0.30
2.0 N So—Ss/S 0.25
f 2 0.2%616 S0=8y 505,/ 0.20
15 | f=0.0006 f=0.0371 :
0.15
1.0 4 So—S; | 0.10
05 f=0.0000| (05
0.0 } 0.00

400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure 5. UV-vis absorption spectra of BP-Phen (blue), BP-FI
(red), and BP-BnFl (green) in CH>Cl, (2.0 x 1075 M) with the cor-
responding oscillator strengths (f, pale green) were obtained by TD-
DEFT calculations at the B3LYP/6-31G(d) level of theory.

Lewis Acidity of the Boraphenalene Analogues. One pivotal
characteristic of B-PAHs is the Lewis acidity of the boron atom,
allowing for the complexation with weak Lewis bases, such as
pyridine. To evaluate the Lewis acidity of boraphenalene ana-
logs, titration experiments were conducted using UV-vis spec-
troscopy. Upon adding pyridine to BP-Phen in CH,Cl,, the ab-
sorbance at 488 nm, corresponding to the absorption maximum,
gradually decreased (Figure S4a). By fitting the titration curve
using a nonlinear regression model,”’ the binding constant of
BP-Phen against pyridine was determined to be K,y = 30 M
(Figure S4b). In the same manner, binding constants of BP-Fl

and BP-BnFI against pyridine were determined to be K,y = 2.9
x 10* M and 1.1 x 10* M, respectively (Figures S5 and S6).
The binding constants of BP-FI and BP-BnFl, containing a 5-
membered ring as a substructure, were approximately 100 times
higher than that of BP-Phen, comprising only of a 6-membered
ring. Furthermore, these values of BP-F1 and BP-BnFI were
highest among the fully fused B-PAHs (K, = 0.35-0.66 M™" in
toluene),’**" and comparable to that of partially fused B-PAH
(Kpy = 5.1 x 10° M in toluene) containing a 5-membered ring
substructure.

Electrochemical Properties. To elucidate the electron affini-
ties of BP-Phen, BP-Fl, and BP-BnFl, cyclic voltammetry
(CV) measurements were conducted in o-dichlorobenzene at
room temperature (Figure 6 and Table 1). The cyclic voltam-
mograms of all compounds exhibited two reversible redox pro-
cesses in the reductive region and irreversible redox processes
in the oxidative region (Figure S7). This is in contrast to the fact
that typical PAHs possessing one boron atom show only one
redox process in the reductive region.**?! In addition, two re-
versible redox voltammograms of boraphenalene analogues
were identical for at least 10 cycles under CV measurement
conditions (Figure S9). Notably, the half-wave potential (£,"¢)
of the first redox wave of the fluorene-fused derivatives BP-FI1
and BP-BnFI was positive (E1, =-1.05 and -1.01 V vs. fer-
rocene/ferrocenium (Fc/Fc®), respectively) compared to that of
the phenanthrene-fused derivative BP-Phen (£, = —1.46 vs.
Fc/Fc™), reflecting the lower LUMO energy levels due to the
effective expansion of n* orbitals via the five-membered rings
(Figures S10 and S11). Furthermore, the E1,™ of the first redox
wave of BP-FI and BP-BnFl is comparable to that of fullerene
Cso (-0.98 V vs. Fc/Fc', in CH3;CN/toluene).? This result
demonstrates the potential utility of the 9b-boraphenalene ana-
logues as stable electron-accepting materials.
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BP-BnFI -1.01V,
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Figure 6. Cyclic voltammograms of BP-Phen, BP-FI, and BP-
BnFl measured at a scan rate of 0.1 V s! in o-dichlorobenzene (1.0
mM) at room temperature using "BusNPF¢ (0.1 M) as the support-
ing electrolyte. All potentials are referenced against the ferro-
cene/ferrocenium (Fe/Fc™) couple.

Table 1. Physical properties of boraphenalene analogues



Cmpd. Aabs e/M™! Epd Erumo
/nmé-b cmlac /e JeVaf

Erumo,
cale / eVe

BP- 488 49 x -1.46 -3.72 -2.64

Phen 10*

BP-Fl1 483 19 x -1.05 —4.15 -3.07
10*

BP- 533 24 x  -1.01 —4.20 -3.08

BnF1 10*

“In dichloromethane solution. ?Absorption maximum wave-
length. “Molar extinction coefficient at the absorption maximum
wavelength. “The redox potential was determined by cyclic volt-
ammetry; the potential was calibrated relative to the Fc/Fc* couple.
°The half-wave potential of the first redox wave. /Energy level
based on the Fermi scale estimated using the values of the onset
potentials of the cyclic voltammograms using the following equa-
tion, Erumo /eV = —(Eonset™® +5.1), described in ref. 23. 8Energy
level calculated based on the B3LYP/6-31G(d) level of theory.

Effect of the Antiaromaticity on the Electronic Structure.
To assess the influence of (anti)aromaticity on redox character-
istics of boraphenalene analogues, we conducted nucleus-inde-
pendent chemical shit (NICS(1).:) and anisotropy of the induced
current density (ACID) calculations. The NICS(1).. values at
the centroids of each ring in boraphenalene analogs revealed the
contribution of the strong aromaticity of the peripheral annula-
tion ring and the weak 12zn-antiaromaticity (e.g., NICS(1).. =
11.6 for BP-Phen) of the tricyclic boraphenalene-like skeleton
(Figures 7a and S15). The ACID plots exhibited similar trends.
In particular, the ACID plot of BP-Phen clearly depicted the
contribution of dominant diamagnetic ring currents in the pe-
ripheral aromatic rings and weak paramagnetic ring currents in
the boraphenalene moiety (Figure 7b and S16). Notably, the
boraphenalene moiety exhibited clear 14z Hiikel aromaticity in
the two-electron reduced dianionic species (Figure 7¢,d). In BP-
Fl and BP-BnFl, the acquisition of aromaticity upon two-elec-
tron reduction was more evident in the larger 24n-electron sys-
tem comprising the boraphenalene moiety and three benzene
rings (Figure S15 and S16). These results strongly suggest that
the reversible two-electron reduction process of the boraphena-
lene analogues is driven by the acquisition of the Hiikel aroma-
ticity of the boraphenalene moiety, which originally exhibits
Hiikel antiaromaticity.

Figure 7. (a,c) NICS(1).: values and (b,d) ACID plots (isosurface
value = 0.02) for the optimized geometries of (a,b) BP-Phen and
(c,d) BP-Phen dianion. NICS and ACID calculations were con-
ducted at the B3LYP/6-31G(d) level of theory, respectively. In the
ACID calculations, only the m-electron contribution was used and
the magnetic field was chosen to be parallel to the z-axis, which is
oriented in a perpendicular direction to the paper plane and pointing
towards the reader.

Evaluation of Charge Transporting Ability. To gain insights
into the intermolecular coupling of the boraphenalene ana-
logues in the solid state, we assessed the electronic coupling (V)
between neighboring molecules, a factor significantly corre-
lated with carrier mobility and determined using the Amsterdam
Density Functional (ADF) program (Figures 8 and S17-S22).
Note that because of the degeneracy of the HOMO and HOMO—
1 of BP-BnFl in the DFT calculations, the HOMO-HOMO in-
teraction values taken to be the square root of the sum of the
squares of the HOMO-HOMO, HOMO-HOMO-1, HOMO-
1-HOMO, and HOMO-1-HOMO-1 values. Among the pre-
pared compounds, we focused on BP-BnFl, which exhibited
phase transition behavior after annealing. The V' values between
neighboring molecules in the crystal structure were the highest
between face-to-face dimers (38.5 meV for HOMO-HOMO in-
teractions and 30.8 meV for LUMO-LUMO interactions in BP-
BnFl-o, Figures 8a, S21, and S23). The overall V values were
relatively isotropic in the two-dimensional direction (3.3-38.5
meV for HOMO-HOMO interactions in BP-BnFl-a (a-phase),
Figure 8a), reflecting the overlap of the n-conjugated systems.
Furthermore, the HOMO-HOMO electronic coupling of BP-
BnFl-y (y-phase) between neighboring molecules obtained by
the SCSC transition was larger than 10 meV (10.3-41.3 meV,
Figures 8b, S22, and S23). These V values are comparable to
those of Cs-BTBT (43.3 and 13.6 meV along the a- and b-axis,
respectively).”* The LUMO-LUMO electronic coupling also
showed improved values compared to that of the a phase before
the SCSC transition (Figures S21 and S22). These results sug-
gest that BP-BnFI shows adequate charge transport properties,
and annealing of the a phase improves charge mobility. This
trend was also observed in the effective mass (m*) estimated by
first-principles band structure calculations (Table S6 and Fig-
ures S24 and S25). Based on these calculations, we expected



that the y phase, obtained by thermal annealing of the a phase,
would exhibit a higher charge carrier mobility. Therefore, we
evaluated the photoconductivity of the a- and y-phase single
crystals using flash-photolysis time-resolved microwave con-
ductivity (FP-TRMC)* measurements. Several a-phase single
crystals prepared by the solution method were affixed to a
quartz substrate (Figure S27) and loaded into a microwave cav-
ity. The samples were exposed to 355 nm nanosecond pulses to
generate photocarriers. The resulting photoconductivity transi-
ents were monitored by measuring the microwave power re-
flected from the cavity, which enabled us to evaluate the photo-
conductivity of the compounds without electrodes (Figure
S26a). Because of its relatively large intermolecular coupling,
the a-phase showed a photoconductivity maxima (@Xu)max of
4.1 x107° cm? V' 57!, which is comparable to that of PCs;BM*®
(2.6 x 107 ecm® V' 57!, ¢: photocarrier generation efficiency,
>u: sum of the electron and hole mobilities). The transient con-
ductivity of the y-phase, obtained by annealing the a-phase
crystals, was measured similarly; however, its transient photo-
conductivity was (¢Zi)max = 0.6 x 10° cm? V' 57!, smaller than
that of the a-phase (Figure S26b). This contradiction with the
theoretical predictions was due to the presence of cosolvent
molecules in a-phase may facilitate the exciton dissociation
giving free charge carrier pairs via the higher reorganization en-
ergy for the charged species, which leads the higher ¢ values in
a-phase, alternatively, the presence of multiple trap sites in the
low-quality crystals and the low SCSC transition efficiency of
the a-phase. Indeed, only some of solids obtained by annealing
single crystals of the a-phase showed X-ray diffraction patterns.
Since most of the crystals did not exhibit clear X-ray diffraction
patterns, the powder X-ray diffraction pattern of the TRMC
sample did not closely match the ideal y-phase pattern as simu-
lated in the single crystal (Figure S28). Although the enhance-
ment of charge mobility by the SCSC transition could not be
demonstrated, further optimization of the transition process or
direct assembly of the y-phase will improve its charge transport
properties and promote its application in organic electronics.

(a) top veiw

side veiw

Figure 8. Electron couplings (meV) of neighboring molecules in
the X-ray crystal structures of (a) BP-BnFl-a and (b) BP-BnFl-y
at the PW91/TZP level on the ADF2020 program. The LUMO-
LUMO interaction values are shown in parenthesis below the
HOMO-HOMO interaction values. Hydrogen atoms are omitted
for clarity.

CONCLUSION

The reaction of Cs-symmetric dehydro[12]annulenes contain-
ing three alkyne moieties with the highly reactive BI; through
tandem borylative cyclization resulted in the 9b-boraphenalene
skeleton. Electrochemical measurements revealed that the ob-
tained boraphenalene analogues exhibited two reversible redox
processes in the reduction region, a distinctive feature com-
pared to that of conventional mono-boron embedded B-PAHs.
According to theoretical calculations, the driving force for these
two-electron reduction processes is the acquisition of Hiikel ar-
omaticity by the two-electron reduction of the 127 antiaromatic
boraphenalene moiety. Notably, the five-membered ring-fused
derivatives, BP-FI and BP-BnFl, displayed a high electron-ac-
cepting characteristics comparable to that of fullerene Cey due
to the effective expansion of n* orbitals. Single-crystal X-ray
diffraction analyses of the resulting compounds unequivocally
confirmed the tricyclic boraphenalene skeleton. Furthermore, a
significant change in the packing structure was observed in the
BP-BnFl crystal due to the stepwise single-crystal-to-single-
crystal (SCSC) transition behavior. Compared to BP-BnFl-a
(a-phase) obtained by the solution method, BP-BnFl-y (y-
phase) obtained by the SCSC transition formed a dense packing
structure. This change to a denser packing structure attributed
to the SCSC transition led to a significant improvement in in-
termolecular charge coupling. Indeed, the a- and y-phases ex-
hibited some transient conductivity in flash-photolysis time-re-
solved microwave conductivity (FP-TRMC) measurements, al-
beit with a low transition efficiency from the a-phase to the y -
phase. This result underscores the potential of boraphenalene
analogues as charge transport materials with high electron-ac-
cepting characteristics. Further investigations into the potential
applications of boraphenalenes as electronic materials, as well
as the extension of this synthetic strategy to other classes of B-
PAHEs, are currently underway in our laboratory.
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