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ABSTRACT: B,N,-doped dibenzo[a,m]rubicene (B,N,—DBR)
and derivatives possessing two B—N units C,,-symmetrically on
two edges are synthesized on a multigram scale via a two-step
modular synthetic route using commercially available indole,
aldehyde, and dichloroborane. Photophysical and electrochemical
properties, crystal packing, and the reactivity of B,N,—DBR have
been investigated. B,N,—DBR showed a larger optical gap and
hence blue-shifted absorption and emission with a larger
fluorescence quantum yield (® = 0.88) and a much smaller Stokes
shift than its all-carbon analogue (DBR, ® = 0.25). The blue-
emissive B,N,—DBR derivatives are stable under ambient conditions against water and air but sensitive to nucleophiles such as
fluoride and pyridine. B,N,—DBR reversibly interacts with a fluoride ion to bathochromically shift its emission with retention of a
high fluorescence quantum yield, while coordination with pyridine quenches its photoluminescence. The marked changes in
luminescence properties and optical gap on interaction with a Lewis base along with good chemical stability suggest the application
of B,N,—DBR derivatives in colorimetric chemo- and biosensors.

B,N,-DBR<2F
L

AfLmax 440 nm 545 nm
O 0.88 0.70

missive 7-conjugated molecules with their photophysical The molecule shows blue fluorescence with a quantum yield

properties tunable by external stimuli are valuable ® = 0.88, much higher than that of DBR (® = 0.25), and
candidates for dopant-responsive organic electronic materials treatment with 2 equiv of fluoride ion results in a reversible
and colorimetric sensor applications.'~'® For these compounds color change from blue to yellow (545 nm, ® = 0.70) with
to be practically useful, they must be stable under ambient retention of a high fluorescence quantum yield (FLQY). The
conditions against water and air, the quantum yield must be emission is quenched reversibly upon treatment with pyridine
high, the color change must be significant, and they must be and recovered by treating with acidic water. With framework B
readily available on a large scale.'””” However, chemical embedded in the large planar z-network of DBR, B,N,—DBR
responsiveness is often synonymous with instability as was is stable against moisture, acidic water, and heat up to 200 °C.
observed that boron-doped aromatics with high acidity for The synthesis of B,N,—DBR and derivatives from indole,
sensing are susceptible to ambient air and moisture to benzaldehyde, and dichlorophenylborane has been achieved
protonate C—B bonds, thus requiring kinetic stabilization by using a two-pot procedure with the formation of eight covalent
steric protection.””** Addition of nitrogen to boron-doped bonds in good overall yield on a multigram scale (Scheme 1).
compounds creates more stable isoelectronically BN-doped Scheme 1 shows the two-pot modular synthetic route to
compounds,”*** but they are less responsive to sensing—a B,N,—DBR. In the first step, 1 equiv each of an indole and a

trade-off between stability and responsiveness. We considered benzaldehyde was condensed in the presence of a catalytic

that an emissive ber.lz?[1,2—b:4,5—b’].dipyrrole skelet9n A amount of hydrogen iodide at room temperature followed by
connected to Lewis acidic boron substituents (B) provides a oxidative aromatization with iodine to obtain 6,12-diaryl-5,11-

rational sensing mechanism through reversibly sequestering dihydroindolo[3,2-b]carbazoles (DAIC) in 40—68% isolated
and releasing the nitrogen lone pair of pyrrole units (C, Figure 41

ields.” In the second step, treatment of DAIC with
1a).>*~® Apparently, B without stabilization is too structurally Y P
unstable (e.g., with respect to water hydrolysis) to be used as
. . : : Received: April 26, 2021 i
materials. We consider that B,N,-doped dibenzo[a,m]rubicene P ’

Revised:  June 8, 2021

B,N,—DBR, Figure 1b) presents a conjugated structure
(B:N, ) 8 ) P 18 Published: June 16, 2021

incorporating such a framework of B. We describe here the
synthesis and properties of B,N,—DBR, where the framework
B is stably embedded in a rigid dibenzo[a,m]rubicene skeleton
(DBR, Figure 1¢).*”*
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Figure 1. From benzo[1,2-b:4,5-b’]dipyrrole to B,N,—DBR. The
structural representation of aromaticity is based on the graph
theoretical analysis of DBR. (a) Sensing mechanism of N-boron-
connected benzodipyrrole skeleton. Chemical structures of (b)
B,N,—DBR and (c) DBR.

Scheme 1. Modular Synthesis of B,N,—DBR Derivatives

R! N
X
R HI I
(1.0 equiv) (30 mol%) (1.5 equiv)
o MeCN THF
rt.,12h 80°C,15h
H
R3
(1.0 equiv) R! 40 — 68%

1,R", R%, R®=H, 83%
78% (10 mmol scale, 4.52 g)

2,R', R®=H,R?=F, 73%
70% (10 mmol scale, 4.3 g)

3,R'"=Br,R%, R®=H, 77%
4,R2=Br,R",R®=H, 68%
5,R", R? = H, R® = Br, 70%

PhBCI, (4.0 equiv)

NEt; (10.0 equiv)
0-DCB,180 °C, 16 h

dichlorophenylborane at 180 °C produced B,N,—DBR (1-5)
in 68—83% yields.*”~* We prepared 1 and 2 on a multigram
scale. We prepared halogenated derivatives 2—S5 to examine the
electronic tunability and further structural modifications via
cross-coupling as discussed below (Scheme 2). These
compounds are soluble in common organic solvents such as
tetrahydrofuran (THF), dichloromethane (DCM), and
toluene.

B,N,—DBR and derivatives are chemically robust com-
pounds. Bromination with 2.5 equiv of bromine provided 3 in
52% yield after reprecipitation without affecting the B—N
linkage.**” The C—B bonds were tolerated under the
conditions of Suzuki—Miyaura coupling and Sonogashira
coupling, and we obtained diphenylated (6) and phenyl-
ethynylated (7) derivatives from dibromide §.**7>' We
prepared 6 and 7 for tuning of emission. The phenylethynyl
group in 7 is known to increase the FLQY by enhancing the
rate of radiative decay (k,) relative to that of nonradiative

5338

Scheme 2. Bromination, Suzuki—Miyaura Coupling, and

Sonogashira Coupling on B,N,—DBR

Br, (2.5 equiv)
DCM,0°C,1h

PhB(OH), (2.5 equiv)
Pd(OAc), (5 mol %)
SPhos (10 mol %)

K,>COg3 (3.0 equiv)
toluene, 85 °C, 18 h

Ph
(3.0 equiv)
Pd(OAc), (5 mol %)
SPhos (5 mol %)
Cul (10 mol %)

NEts/toluene
85°C, 18 h

decay (k,,).”>~>° All B,N,—DBR compounds (1—7) are stable
in air and moisture.

A synchrotron X-ray crystallographic study provided the
structure information of 1 as shown in Figure 2. Representative
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Figure 2. Crystal structure of 1. (a) ORTEP drawing with thermal
ellipsoids set to S0% probability. (b) Side view of 1. (c) Packing
structure of 1 in the crystal with intermolecular C-H—7 and 7—7
interactions indicated in red color. (d) Representative synchrotron X-
ray structural data (in A and °; substituents are omitted) of 1. Error
ranges shown in parenthesis.

structural data of 1 are shown in Figure 2d. The B—N bond
length of 1.421 A reflects the double-bond character,”” %%
which is responsible for the nucleophilic addition of fluoride
ion and pyridine discussed later. As in DBR (see Supporting
Information for the crystal structure of DBR), 1 showed an
achiral anti-folded polycyclic backbone with a folding angle of
160.2° connecting C1-N—C4 in the crystal lattice. The
molecule packing of 1 is dominated by both edge-to-face C—
H—7n interaction and m—x interaction. The C—H-x
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interactions occur between the meta-C—H bond of the
substituting phenyl with ring A and the ortho-C—H bond of
the phenyl with ring D on the polycyclic backbone (Figure
2a,c). The 7—r interactions occur between the central benzene
ring E and ring A (Figure 2a,c).

B,N,—DBR and DBR show substantially different spectral
properties, reflecting the difference in their electronic
structures, as shown in Figure 3ab and Table 1. The
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Figure 3. Comparison of the photophysical properties and
aromaticity of 1 and DBR. (a) Absorption (1.0 X 10> M) and (b)
emission (1.0 X 107® M) spectra of 1 and DBR in DCM. (c)
NICS(1) values (in ppm) of 1 and DBR calculated at the GIAO-
B3LYP/6-31G(d) level.

absorption maximum of 1 is blue-shifted by 21 nm relative
to that of DBR. The optical gap estimated from the absorption
onset of 1 (2.79 eV) is much larger than that of DBR (2.47
eV), which is consistent with the density functional theory
calculation (see Supporting Information for details). B,N,—
DBR emits blue fluorescence in DCM with an emission
maximum at 440 nm with a smaller peak at 462 nm. The 0.88
FLQY of 1 is much larger than the 0.25 FLQY of DBR. The
high FLQY is attributed to molecular rigidity and the increased
transition probability that enhance the radiative decay rate by
inclusion of ionic B—N units that shift the orbital symmetry.
We found that the FLQY of 1 in the solid state remains at a
rather high value of 0.29.

Nucleus-independent chemical shift NICS(1) calculations
were performed at the GIAO-B3LYP/6-31G(d) level to
compare 1 and DBR for their electronic structures and
aromaticities.”” As shown in Figure 3c, the azaborine ring in 1
shows an NICS(1) value of —1.6 ppm (nonaromatic), while
the corresponding ring in DBR is clearly aromatic (—5.4 ppm).
The difference in electronegativity between boron and

nitrogen induces an ionic character, which leads to increased
localization of electrons on the B—N units, resulting in poor
aromaticity. On the other hand, the lone pair localized on
nitrogen satisfies Hiickel’s rule for the carbazole ring, leading
to higher aromaticity than the corresponding five-membered
carbon ring in DBR. NICS values indicate that the five-
membered carbazole ring system in 1 is aromatic, while the
corresponding five-membered carbon ring in DBR is expect-
edly nonaromatic.

B,N,—DBR has a higher highest occupied molecular orbital
(HOMO) level than DBR. Photoelectron yield spectroscopy
(PYS)”® measurement of a film deposited on an ITO substrate
showed ionization potentials (IPs) of 5.35 eV for 1 and 5.83
eV for DBR (Table 2). Cyclic voltammetry measurement in

Table 2. Electrochemical Properties of 1 and DBR

1P OBG E

H
(eV)®  E,, (Vvs Fc/Fct)? (eV)© (eV)?  E(eV)®
1 535 0.95, 1.26 2.79 -575 296
DBR 583 1.19 247 -599  -3.52

IP measured using PYS for a film deposited on an ITO surface.
®Oxidation potential (0.5 mM DCM with 0.1 M Bu,NPF
electrolyte) “Optical gap determined from the offset of the absorption
spectra. "THOMO level determined from the oxidation potential.
“LUMO level determined from the oxidation potential and optical

&ap-

DCM showed that the first oxidation potential of 1 was 0.95 V
versus Fc/Fc*, while that of DBR was 1.19 V versus Fc/Fc.
Unlike DBR, 1 undergoes two irreversible oxidations at 0.95
and 1.26 V versus Fc/Fc'. HOMO levels determined from the
first oxidation potentials of 1 and DBR are —5.75 and —5.99
eV, respectively, values expected from the IP data in the solid
state. The LUMO level of 1 (—2.96 eV) was much higher than
that of DBR (—3.52 eV) calculated from the higher HOMO
and larger optical gap of 1.

Table 3 summarizes the photophysical properties of 6 and 7.
The bis-phenylated (6) and bis-phenylethynylated (7) B,N,—

Table 3. Photophysical Properties of 6 and 7

Stokes
abg Apr, shift TrL k, Ko
(nm)®  (nm)® (nm) @, (ns)? (10%s7H)  (10%s7Y)
6 400, 4S8, 8 0.80 245 3.3 0.82
425, 484
450
7 412, 470, 13 0.81 2.03 4.0 0.93
430, 497
457

“Absorption (4,,,) maxima measured in DCM. bFluorescence maxima
(Ag,) measured in DCM “FLQY in solution determined using an
absolute method. “Fluorescence lifetime measured in the time-
correlated single-photon counting operation mode.

Table 1. Photophysical Properties of 1 and DBR

Agps (nm)? gy, (nm)” Stokes shift (nm)
1 389, 408, 430 440, 462 10
DBR 35S, 425, 451 523 72

Dy € 75, (ns)? k. (10°% s71) k, (10% s71)
0.88 (0.29) 4.40 2.0 0.27
0.25 6.38 0.39 1.17

“Absorption (A,;,,) maxima measured in DCM. Fluorescence maxima (g ) measured in DCM. “FLQY in solution determined using an absolute

method. Solid-state FLQY values in parentheses.
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“Fluorescence lifetime measured in the time-correlated single-photon counting operation mode.
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DBR showed maximum absorption peaks red-shifted by 20
and 27 nm compared with that of 1 because of the extended
conjugation. Both 6 and 7 luminesce intensely with quantum
yields of 0.80 and 0.81 and fluorescence lifetimes of 7y = 2.45
ns and 7 = 2.03 ns, respectively. The increased k, values of 6
and 7 compared to 1 can be explained by their increased
absorption coeflicients as observed in their UV—vis spectra
(see Supporting Information S16 for details).

Finally, we describe fluorescence switching by coordination
of fluoride ion and pyridine (see below). The addition of a
THE solution of tetrabutylammonium fluoride (TBAF) to a
DCM solution of 1 resulted in dramatic changes in the color of
absorption and emission due to the formation of an anionic
fluoride adduct. The adduct formation breaks the conjugation
and sharply changes the electronic properties of boron atoms.
The absorption red-shifted as much as 94 nm from 430 to 524
nm and the emission from 440 (blue) to 545 nm (yellow) with
an FLQY of 0.70 (Figure 4a,b). Chloride ion and bromide ion
did not affect the color because of smaller bond energies of B—
Cl and B—Br than B—F. The redshift stands in contrast to the
blueshift normally observed for boron-containing aromatics
interacting with fluoride ion, which hampers pr—n*
conjugation.l’7l’72

a) b)
5.0
—_ 1+ TBAX (10 equiv) 1 > 545 nm 1
T 40+ A —1+Br K] RN 1+F
£ 1+Cl S f
5} - = D =88%
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g | ) i
N =70%
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< ) E
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Figure 4. Effect of fluoride ion coordination on photophysical
properties of B,N,—DBR and analogues. (a) Effect of halogen ion
coordination to 1 on absorption. The UV—vis spectra was recorded
by adding a solution of tetrabutylammonium salt (10 equiv) in THF
to a solution of 1 in DCM (1.0 X 10~* M). (b) Fluorescence spectra
(1.0 x 107 M) and quantum yields of 1 and 1e2F. (cd)
Spectroscopic titration of 1 with TBAF. (e) Reversible change of
visual color and photophysical properties of B,N,—DBR and
analogues (1, 6, and 7) upon fluoride ion coordination.
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UV—vis spectral titration with TBAF showed that a new
absorption peak at 490 nm maximizes at nearly a 1:1 ratio, and
this peak was assigned to a monofluoride adduct (Figure 4c).
Upon further addition of TBAF, a band at 524 nm increased at
a 1:2 ratio, reaching a plateau at a 1:2.5 ratio. We therefore
conclude that the spectral change is due to the formation of
1e2F (Figure 4d). The phenyl analogue 6 and phenylethynyl
analogue 7 showed similar behaviors. Upon addition of excess
fluoride ions, both 6 and 7 luminesce intensely with FLQYs of
0.70 and 0.80, respectively. The emission maxima were red-
shifted from 458 to 575 nm for 6 and from 470 to 601 nm for
7, red-shifted by 117 and 131 nm, respectively (see Supporting
Information for details on UV—vis absorption and emission
spectra). Notably, addition of an excess of BF;eEt,O reverted
both absorption and emission to normal, indicating that the
fluoride coordination is reversible (Figure 4e).

In pyridine, 1 shows strong solvatochromism and
fluorescence quenching. Upon dissolution in pyridine, three
new absorption peaks at 492, 467, and 320 nm emerged
(Figure Sa), and the fluorescence was quenched almost entirely

a) b)
~ DCM DCM

'E — pyridine —_ — pyridine
o 2 ] '

vl < I 0

g .% [ \(DFL =88%

pr 5 ‘
< c [

2 = L e =5%)
w \\7
N

o i i " " "
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

c)

1in DCM
(1x1074 M)

=

pyridine (S
(10 eq)

extraction of organic layer

Cycle

Figure S. Effect of pyridine coordination on photophysical properties.
(a) Absorption spectra recorded in DCM and in pyridine (1.0 X 107°
M). (b) Fluorescence spectra (1.0 X 107° M) upon pyridine
coordination. (c) Recovery of fluorescence upon adding HCL (d)
Repetitive fluorescence quenching and recovery by treatment with
pyridine and HCL

(Figure Sb), suggesting the formation of an adduct between 1
and two pyridine molecules.”*~"” The fluorescence quenching
with pyridine is reversible, and 1 is stable in aqueous
hydrochloric acid (HCI) as indicated by the 6 cycles of the
quenching/recovery experiment shown in Figure Sc,d using
pyridine and HCIL

A comparison of the frontier molecular orbital (FMO)
properties and the calculated geometries of 1 and 1e2F
provides a rationale for the observed effects of donor
coordination.”””? As shown in Figure 6, the calculated
HOMO level of —5.67 eV and the HOMO—-LUMO gap of
3.36 eV agree favorably with the experimental IP and oxidation
potential data (5.35 and —5.75 eV, see above) and the optical
gap of 2.79 eV. According to the results of time-dependent
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Figure 6. FMO orbitals and energies of 1 and 1e2F. Comparison of
molecular orbital energetics of 1 (a) and fluoride ion adduct 1e2F (b)
using TD-DFT calculations at the B3LYP/6-31 + G(d, p) level of
theory.

density functional theory (TD-DFT) calculations, the first
absorption peak of 1 is due to the transition between HOMO
and LUMO. The fluoride ion coordination pushes up the
HOMO level by 6.07 eV and narrows the bandgap to 2.84 eV,
coinciding with the large experimental bathochromic shift of
absorption and emission. Transition of natural orbitals
involved in the first absorption and emission of 1e2F is the
HOMO-LUMO transition. 1 shows a delocalized HOMO
and LUMO encompassing the whole aromatic core, which
greatly changes upon fluoride ion coordination. The calculated
B—N bond length of 1.44 A (experimental value, 1.42 A; see
Figure 2) becomes 1.56 A upon fluoride ion coordination as a
result of the release of the nitrogen lone pair from boron. In
the case of pyridine coordination, the length of the B—N bond
becomes 1.53 A.

In summary, we have presented a new design for an emissive
molecule for fluorescence switching by doping a benzo[1,2-
b:4,5-b’]dipyrrole skeleton as part of a B,N,—DBR skeleton.
The two-pot synthesis relying on a robust synthetic scheme is
efficient in making eight new bonds from readily available
indole, benzaldehyde, and dichlorophenylborane, affording
B,N,—DBR on a multigram scale. The parent compound and
its derivatives show blue fluorescence with FLQY of 0.80—
0.88, and they are air-, water-, and heat-stable, surviving
treatment with fluoride ion, BF;eEt,O, pyridine, and acidic
water. Treatment of the blue-emitting phenylethynyl derivative
7 with fluoride ion redshifts the blue fluorescence as much as
131 nm, emitting at 601 nm (orange) with an FLQY of 0.80.
Pyridine, on the other hand, quenches the emission. The
observed stability and the fluorescence switching with a Lewis
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base suggest their application in colorimetric chemo- and
) 0-8
biosensors.**~**

B EXPERIMENTAL SECTION

General Procedure. All the reactions dealing with air- or
moisture-sensitive compounds were carried out in a dry reaction
vessel under a positive pressure of nitrogen. Air- and moisture-
sensitive liquids and solutions were transferred via a syringe or a
Teflon cannula. Analytical thin-layer chromatography (TLC) was
performed using glass plates precoated with 0.25 mm, 230—400 mesh
silica gel impregnated with a fluorescent indicator (254 nm). TLC
plates were visualized by exposure to ultraviolet light. Flash column
chromatography was performed as described by Still et al,*
employing a Kanto Silica gel 60 (spherical, neutral, 140—325
mesh). Unless otherwise stated, commercial reagents were purchased
from Tokyo Kasei Co., Aldrich Inc., and other commercial suppliers
and used as purchased. Anhydrous solvents were purchased from
Kanto and purified using a solvent purification system (Glass
Contour) equipped with columns of activated alumina and a copper
catalyst prior to use.

Multigram Scale Synthesis of B,N,—DBR. A mixture of DAIC
(10 mmol) and triethylamine (100 mmol) in o-dichlorobenzene (100
mL) was stirred at room temperature for 10 min. Then,
dichlorophenyl borane (40 mmol) was dropwise added to the
reaction mixture. After stirring at room temperature for 15 min, the
reaction mixture was heated up to 180 °C for 12 h. After cooling to
room temperature, toluene was added to the reaction mixture. The
insoluble moieties were removed by filtration. After removal of the
solvent in vacuo, the solid was washed with ethyl acetate and collected
by filtration. The obtained solid was sonicated with isopropyl alcohol
and collected by filtration to give B,N,—DBR.
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