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ABSTRACT: Two series of BN-cyclopenta[a]phenalenes have
been synthesized through an indole/pyrrole oriented borylation
reaction. A total of five compounds are obtained and fully
characterized; one of them is unambiguously confirmed by single
X-ray crystal structure. Their photophysical properties could be
finely tuned through varying the conjugation size and shape of the
bottom PAHs applied. Moreover, their response toward fluoride
anions was also investigated.

B INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are attractive
candidates of functional materials in organic electronics,
because of their unique properties.’ Replacement of one or
more C=C units in PAHs with the isoelectronic and isosteric
B=N units resulted PAHs containing both boron and nitrogen
atoms (BN-PAHs).” The idea is that introduction of BN units
affects the steric attribute of the molecule slightly but will
perturb the electronic structure and distribution within the
molecule through introduction of a B=N dipole, offering a
means tuning the properties of the materials relevant to
function within optoelectronic devices.” Recently, BN-PAHs
have been verified for the huge potential applications in the
field of organic light emitting diodes (OLEDs).*™

The most popular methods for the synthesis of BN-PAHs
are the intramolecular electrophilic C—H borylation of arenes
and alkenes directed by nitrogen atoms.* This is because the
amine reacts with the boron source (boron halide reagent in
most cases) to establish and anchor the B—N linkage, and the
Lewis acidity of the boron center in this intermediate then
facilitates the formation of the final BN heterocycle. The
pioneering work on N-directed electrophilic borylation was
first introduced by Dewar’s group.” There are three type of
nitrogen atoms have been utilized as the directing group
(Figure 1). C—H borylative cyclization of amino styrene or
amino biphenyl type molecules, in which nitrogen in aniline is
the directing group, resulted in a great number of BN-PAHs
(Figure 1, top). There is a significant versatility in that a variety
of R groups on the amine function can be accommodated, and
the substitution on boron can also be manipulated. Recent
efforts have resulted in significant progress for the synthesis of
large size BN-PAHs.® The second series is the pyridinic-type
nitrogen-directed C—H borylation (Figure 1, middle),
tetracoordinate boron was formed in most cases,” few cases
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demonstrated the tetracoordinate boron intermediate can be
converted to tricoordinate boron.”* The last series is the
pyrrolic-type nitrogen directed C—H borylation, which has
been rarely explored (Figure 1, bottom).”*® Pyrrolic-type N
directed C—H borylation can lead to the formation of BN-
cyclopenta[a]phenalene type molecule. Cyclopenta[a]-
phenalene is a class of nonalternant PAHs,” which has been
known back to the year of 2000.”* We envisioned that
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replacing C=C units with B=N units will cause this class of
BN-heterocycles to have interesting photophysical properties.
To the best of our knowledge, BN-cyclopenta[a]phenalene
type molecules have not been reported to date. In addition,
utilization of the pyrrolic-type N atom-oriented C—H
borylation reaction can construct the BN-doped CP-PAHs
rapidly with a pre-existed five-membered pyrrole ring in the
starting material.

In this study, we describe the synthesis of a series of BN-
cyclopenta[a]phenalene type molecules with linearly (naph-
thalene and anthracene) or nonlinearly (phenanthrene) fused
rings, utilizing the pyrrolic-type N atoms-oriented C—H
borylation reaction as the key step. Solid state structures and
photophysical properties of the resulted PAHs are systemati-
cally investigated. The chemical structures of BN-cyclopenta-
[a]phenalenes are shown in Figure 1. Compounds Py-Naph,
Py-Phen and Py-Anth contain a pyrrole unit, whereas indole
subunit was included in the compounds In-Naph, In-Phen and
In-Anth (Figure 2). Bottom part of these BN-cyclopenta[a]-

In-Naph In-Phen

Figure 2. Chemical structures of pyrrole-based BN-PAHs Py-Naph,
Py-Phen, and Py-Anth (top) and indole-based BN-PAHs In-Naph,
In-Phen, and In-Anth (bottom).

phenalenes are the typical small PAHs, such as naphthalene
(red), phenanthrene (blue) and anthracene (purple) respec-
tively. The sterically hindered mesityl group was selected as the
substitute on the boron to stabilize the final BN-PAHs.

B RESULTS AND DISCUSSION

We began our studies by synthesizing BN-cyclopenta[a]-
phenalenes using the coupling reaction, followed by the
pyrrolic-type N atom-oriented C—H borylation reaction
(Schemes 1 and 2). Cross coupling of brominated arenes
with (1-(tert-butoxycarbonyl)-1H-pyrrol-2-yl)boronic acid,
followed by deprotection of a Boc (tert-butoxycarbonyl)
group generated the pyrrole substituted arene 2 in good
yield (2a, 88.7%; 2b, 72.1%; 2c, 72.5%)."® The pyrrolic-type N

Scheme 1. Synthetic Route of Pyrrole-Based BN-PAHs Py-
Naph, Py-Phen, and Py-Anth
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2c: Ar' = Ph, Ar2=H

1a: Ar' =H, Ar?=H
1b: Ar' = H, Ar? = Ph
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Suzuki coupling:1) Pd(PPhg), (0.1 equiv), Na,CO; (3.0 equiv), 1,4-dioxane/H,0, 90 °C, 3 h
Deprotection: 2) NaOMe, (1.5 equiv), THF, 11, 12 h

Borylation: 1) BCl, (2.0 equiv), TEA (2.0 equiv), PhCI,130 °C, 12 h

Nucleophilic replacement: 2) MesMgBr (3.0 equiv), it, 6 h
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Scheme 2. Synthetic Route of Indole-Based BN-PAHs In-
Naph, In-Phen, and In-Anth
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Borylation: 1) BCl; (2.0 equiv), TEA (2.0 equiv), PhC|,130 °C, 12 h
ili 2) (3.0 equiv), it, 6 h

directed borylation occurred smoothly in the presence of Et;N,
furnishing the final BN-PAHs in moderate yields (Py-Naph,
71.9%; Py-Phen, 43.6%; Py-Anth, 16.8%).

We synthesized the indole-based BN-PAHSs using a slightly
different route. Precursors (4) were synthesized by the
oxidative coupling the indole with brominated arenes (4a,
13.0%; 4b, 28.1%; 4c, 6.4%)."" Unfortunately, the yield of this
step is relatively low. Unidentified byproducts were observed in
the reaction mixtures. To our delight, pyrrolic-type N atom-
oriented C—H borylation went smoothly with moderate yields
(In-Naph, 71.9%; In-Phen, 56.4%; In -Anth, 10.5%), using
similar reaction conditions to the previous pyrrole-based
PAHs. It should be noted the In-Anth is not very stable
during purification, it decomposed slowly when exposed to air.
Attempts using either the phenyl Grignard reagent or methyl
Grignard reagent as the nucleophile failed to get the desired
BN-PAHsS, presumably due to the relatively smaller size of the
phenyl or methyl ring, which is not bulky enough to stabilize
the boron. We found that the fused bottom small PAHs play
an important role in the stability of the final BN-PAHs.
Naphthalene (Py-Naph and In-Naph) and phenanthrene (Py-
Phen and In-Phen) fused derivatives with a mesityl group on
boron are stable in air and could be purified by
chromatography on silica gel. In contrast, anthracene fused
derivatives (Py-Anth and In- Anth) are not stale in the air
even with a large mesityl protecting group. Thermogravimetric
analysis revealed that all five BN-cyclopenta[a]phenalenes have
a decomposition temperature with 5% weight loss above 220
°C (See Figure S1, Py-Naph, 228 °C; Py-Phen, 279 °C; Py-
Anth, 253 °C; In-Naph, 269 °C; In-Phen, 266 °C), indicating
their good thermal stability.

All five compounds were fully characterized by '"H NMR and
BC NMR, as well as the high-resolution mass spectrometry
and FT-IR spectrometry. The formation of the six-membered
BN heterocycles for In-Naph was further confirmed by X-ray
crystallographic analysis. Single crystal of In-Naph was grown
from a mixed solution of methanol, dichloromethane, and
dimethylformamide; the data was analyzed by X-ray diffraction
(Figure 3 and Table S1 in the Supporting Information).'” The
endocyclic B-N distance for In-Naph is 1.428(6) A, which is
sitting in between a BN dative interaction (approximate
minimum: 1.601 A) and BN double bond (approximate
maximum: 1.408 A)," indicating a distinct double-bond
character. The endocyclic B—C distance (1.551(7) A) is
comparable to that of an exocyclic B—C bond (1.567(6) A).
However, it is longer than B—C bonds in the most previously
reported BN-PAHs by our group.'* The dihedral angle
between the top phenyl ring (A ring) of indole and the
bottom naphthalene ring (C ring) is 5.8°, which demonstrates
the high planarity of the main scaffold. The mesityl is derived
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Figure 3. (a) Solid-state structures of BN-PAHs In-Naph with views
parallel and perpendicular to the polycyclic planes (B red, N blue).
Thermal ellipsoids are set at the 35% probability level for the structure
on the left. Selected bond lengths (A). H atoms have been omitted for
clarity. (b) Crystal packing of In-Naph viewed along the c-axis.

from the mainframe with a dihedral angle of approximately
88.4°, which limits its conjugation with the mainframe. The
mesityl group not only ensures that there are no aggregates in
solid state because of their superior bulkiness but also provides
an enhanced solubility. All compounds are soluble in the
common solvents, such as toluene, dichloromethane, ethyl
acetate, and tetrahydrofuran. The crystal packing diagram is
shown in Figure 3b. A distinct propeller-shaped packing mode
of In-Naph is observed though the c-axis. In total, six
molecules comprise a circle, with mesityl groups toward the
center of the circle.

In support the electron delocalization of the mainframe,
nucleus independent chemical shift (NICS) calculations for
the BN-PAHs were performed (Figures 4 and S2)."> The

-7.48

CC-Py-Naph Py-Naph Py-Phen Py-Anth

Figure 4. NICS(1) values (ppm) of CC-Py-Naph, Py-Naph, Py-
Phen, and Py-Anth calculated at the GIAO-B3LYP/6-311G(d,p)
level.

carbonaceous compound CC-Py-Naph was also involved for
direct comparison. The NICS(1) values of the BN-containing
rings in Py-Naph, Py-Phen, and Py-Anth show slightly
positive values (Py-Naph, 0.60; Py-Phen, 0.61; Py-Anth,
0.82), indicating that all the BN-rings are nonaromatic. On the
other hand, the NICS(1) value of the central ring in their
carbonaceous counterpart shows slightly negative value (CC-
Py-Naph, —0.47). Overall, the central ring of both the CC-Py-
Naph and its BN-derivatives are nonaromatic, since all the
NICS(1) values of the ring are close to zero. In addition, the
NICS(1) values of the top pyrrole ring of Py-Naph, Py-Phen,
and Py-Anth show a highly aromatic feature (Py-Naph, —7.90;
Py-Phen, —7.97; Py-Anth, —7.48), whereas the NICS(1) value
of the top five-member ring in CC-Py-Naph is —3.57,
indicating weaker aromaticity as compared to its BN-analogue
Py-Naph. It should be noted that the bottom ring in Py-Naph
(—10.07, —10.13) displays more negative NICS(1) values than
its all-carbon analogue CC-Py-Naph (—9.65, —9.25) as well.
These results indicate that although CC-Py-Naph and its BN-
embedded derivative Py-Naph possess the same 7 electrons in
total, the (non)aromaticity of each ring is significantly
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modified by the BN substitution. Moreover, the NICS(1)
values of each rings of In-Naph, In-Phen, and In-Anth display
similar trends (see Figure S2 in the Supporting Information).

To gain further insights into the electronic structures, we
carried out the density functional theory (DFT) calculation of
the six compounds, the frontier orbital shape and energy levels
are shown in Figure S. Taking the pyrrole series for example,

"v"‘ “‘ ,::‘, o R
i s, " L e o el
g W e N &
W 9 950 Y :
) Por?! ' W {
216 eV 218eV
225ev 246 eV 22 eV 2.50 eV
] !
3.15 3.21 2.?9 3.14 3.20 2.69
L -5.15 eV L L 519 eV
5.40 eV -5.37 eV 540 eV -5.38 eV N
& ' &«
(8 [ egﬁ N N (3
:o s a4 Ay 9N IV
Py-Naph Py-Phen Py-Anth In-Naph In-Phen In-Anth

Figure S. Frontier orbital maps and energy values (eV) of Py-Naph,
Py-Phen, Py-Anth, In-Naph, In-Phen, and In-Anth. Determined at
the B3LYP/6-311G(d,p) level of theory.

the HOMO and LUMO of all the three compounds are
delocalized on the BN-PAHs main scaffold, no density on the
mesityl substituents. The HOMO and LUMO levels are
dependent on the different conjugation size and shape of the
bottom PAHs, extended the bottom PAHs from naphthalene
(Py-Naph) to the phenanthrene (Py-Phen) resulting in higher
LUMO and HOMO energies. However, the anthracene
derivative (Py-Anth) exhibits the lowest lying LUMO level
(—2.46 eV) and highest lying HOMO level (—5.15 eV). Thus,
Py-Anth shows the narrowest HOMO—LUMO gap (2.69 V),
which is in line with the red shift of its lower energy absorption
band. The frontier orbital energy levels of more extended
indole-derivatives are comparable with the pyrrole-derivatives.
The calculated HOMO—-LUMO gaps and frontier orbital
energy levels of the indole series follow the same trends. In
both series, naphthalene derivatives show the lowest lying
LUMO level (Py-Anth, —2.46 €V; In-Anth, —2.50 eV) and
highest lying HOMO level (Py-Anth, —5.15 eV; In-Anth,
—5.19 eV). These results indicate that the electronic energies
were greatly dependent on the nature of the fused PAHs on
the bottom of the molecules. The higher HOMO level of Py-
Anth and In-Anth might be the reason for diminishing their
stability. We also carried out the DFT calculation on CC-Py-
Naph, carbonaceous analog of Py-Naph (see Figure S3 in the
Supporting Information). The replacement of the C=C unit
with the isoelectronic and isosteric B=N unit resulted in a
lower HOMO (Py-Naph, —5.40 eV; CC-Py-Naph, —5.26 eV)
level and higher LUMO (Py-Naph, —2.25 eV; CC-Py-Naph,
—2.64 eV) level, overall leading to a HOMO—-LUMO gap
opening of up to 0.53 eV. Similar phenomena were also
reported in the literature of other BN-PAHs. *%*¢
Photophysical studies were carried out in cyclohexane
(Figure 6 and Table 1). Compounds Py-Phen and Py-Naph
exhibit similar absorption features. Furthermore, the compar-
ison of the molar absorption coeflicients of these two
molecules shows that Py-Naph has roughly triple the

https://doi.org/10.1021/acs.joc.1c00142
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Figure 6. Normalized absorption (left) and emission (right) spectra
of Py-Naph, Py-Phen, Py-Anth, In-Naph, and In-Anth in cyclo-
hexane.

Table 1. Photophysical Properties of Py-Naph, Py-Phen, Py-
Anth, In-Naph, and In-Anth in Cyclohexane

eMtem™) ) <I>P1d

comp s (nm) (Aaps)" Zem' (Aex) (nm) (%)
Py-Naph 414, 353, 323 6400 (414) 515 (411) 0.76
Py-Phen 419, 323, 309 14600 (419) 501 (408) 0.54
Py-Anth 495 3800 (495) 553 (491) 0.10
In-Naph 421, 312 25200 (421) 499, 476 (420) 092
In-Phen 4185, 324, 302 14300 (415) 494, 473 (419) 093

“Refer to the intensity peak maxima values. “Refer to the lowest-
energy ;eak maxima values. “Refer to the intensity peak maxima
values. “Absolute quantum vyield in cyclohexane.

absorption intensity of Py-Phen at their major absorption band
around 415 nm. In contrast, Py-Anth has a very different
absorption feature. The absorption features of Py-Anth (A%
= 565 nm) appear significantly bathochromically shifted of its
longest wavelength in comparison with Py-Naph (A3s* = 496
nm) and Py-Naph (A%5" = 483 nm), which is consistent with
the narrow HOMO—LUMO gap of Py-Anth predicted by the
DFT calculation (Figure S). As shown in Figure S, the orbital
contributions show that the phenyl ring of the indole moiety
barely contributes to the LUMO in indole series, which is in
line with the fact that indole series In-Naph and In-Phen
exhibit a very similar absorption features as compared to their
pyrrole counterparts Py-Naph and Py-Phen. It is a pity that
the instability of the In-Anth inhibited its direct comparison
with analogue Py-Anth.

All the five compounds emit in solution state (Figure 6,
right). Emission maxima of pyrrole series decrease in the order
Py-Anth > Py-Naph > Py-Phen. This trend is consistent with
that observed in their absorption spectra. Different than the
slightly structured emission of the pyrrole series, the indole
series shows a structured emission spectrum. Interestingly, In-
Naph and In-Phen experience a slight blue-shifted emission
maxima, which is very abnormal considering they processes
relatively larger conjugation sizes as compared to Py-Naph and
Py-Phen. To gain further insights into the emission properties,
we performed the calculations on the Py-Naph and its all-
carbon analog CC-Py-Naph (Table S19—S21), since the
experimental data of the carbonaceous analogs are not
available in the literature. The calculated emission peak of
Py-Naph was found at 495 nm, which attribute to the S; — S,
radiative transition (f = 0.1248). It is also consistent with the
experimental values (4., = S15 nm). In contrast, the
calculation showed that a strong band was found at 460 nm
(S, = S, transition, f = 0.1926) for CC-Py-Naph, along with a
weak band at 637 nm (S; — S, transition, f = 0.0586).
Absolute fluorescence quantum yields were determined in
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cyclohexane solution with integrating sphere. Except com-
pound Py-Anth (0.10), quantum yields of all the other four
compounds are very high, with the largest value determined for
In-Phen (0.93), very closely followed by In-Naph (0.92), Py-
Naph (0.76), and Py-Phen (0.54). Time-resolved measure-
ments showed single-exponential decays for all five com-
pounds, with lifetimes in the range of 9.1—-20.2 ns (Figure S7
and Table S23). Moreover, the absorption and emission
maxima are only slightly dependent on the polarity of the
solvents (Figure S6). In addition, photophysical properties of
these BN-PAHs in solid state were also investigated (Figure
S11 and Table S24).

The electrochemical properties of Py-Naph, Py-Phen, Py-
Anth, In-Naph, and In-Anth were investigated by cyclic
voltammetry (Figure 7 and Figure S12). As displayed in Figure

——Tn-Phen
In-Naph

-1.0

[——Py-anth

——Py-Phen
——Py-Naph

-1.0

Current/A
Current/A

-L5 0.5 0.0 0.5 -15 4.5 0.0 05 1.0
E(V)(vs Fo/Feh

E(V)vs Fe/Feh)

1.0

Figure 7. Cyclic voltammograms of Py-Naph, Py-Phen, Py-Anth, In-
Naph, and In-Anth in dichloromethane (0.1 M n-Bu,NPF; as
supporting electrolyte; scan rate of 100 mV/s).

7, all five compounds exhibit irreversible oxidation processes
without any well-developed reduction waves in dichloro-
methane. Py-Naph and Py-Phen present two oxidation
processes at onset potentials of versus Fc/Fc' (Py-Naph:
0.58, 0.86 V; Py-Phen: 0.53, 0.82 V). In contrast, Py-Anth
presents only one obvious oxidation processes at onset
potentials of versus Fc/Fc™ 0.37 V (Figure 7, left). The
HOMO energy levels of Py-Naph, Py-Phen, and Py-Anth
(—5.38, —=5.32, —5.17 eV) could be evaluated by the equation
Enomo = —4.8 eV — EX.."” Therefore, the LUMO levels can
be deduced from the HOMO values and the optical band gaps
(Table S23) are —2.88, —2.76, and —2.98 eV for Py-Naph, Py-
Phen, and Py-Anth, respectively (Table S25). The trends of
electrochemical properties deduced from the experiment are in
good agreement with the calculation values (Table S26). It is
unusual that In-Naph and In-Phen with enlarged 7-skeletons
present similar electrochemical behaviors with their pyrrole
counterparts Py-Naph and Py-Phen (Figure 7 and Tables S25,
$26).'%

Tricoordinate organoboranes can accept a lone pair of
electrons from a Lewis bases, resulting change their absorption
and emission spectrum. Hence, some borane-based optical
fluoride ions sensors were developed.” We found that the
addition of excess tetrabutylammonium fluoride (TBAF) to
solutions of BN-PAHs Py-Naph, Py-Phen, Py-Anth, In-Naph,
and In-Anth caused significant changes of their absorption and
emission spectra (Figure 8 for In-Naph and Figure S8 for the
other compounds). As shown in Figure 8, both the lower
energy absorption band (4,5, = 418 nm) and the higher energy
band (A, = 312 nm) of In-Naph were diminished upon
addition of TBAF, generating a new higher energy band (1, =
380 nm) at the same time (Figure 8, left). Like the change
observed in the absorption spectra, the fluorescence intensity
of the original band (4., = 500 nm) decreased dramatically,
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Figure 8. Absorption and emission spectra change upon adding
TBAF to the solution of In-Naph (c 1 X 100° M) in
tetrahydrofuran. The excitation wavelength is 380 nm.

while a new emission band appeared at 444 nm. The binding
constants of In-Naph toward fluoride ions in THF was
determined as log K, = 4.7 & 0.3. The other four compounds
showed similar response to TBAF as that of In-Naph (see
Figure S8). We also monitored the fluoride addition of Py-
Phen by ''B NMR (Figure S9) and "’F NMR (Figure S10).
We found that the ''B NMR signal change from 46.7 to 3.5
ppm, which indicates the formation of tetracoordinated boron.
The '°F NMR of the Py-Phen with TBAF (—139.7 ppm) was
also different from the '°F NMR signal of TBAF itself (—123.4

ppm).

B CONCLUSIONS

In summary, five BN-cyclopenta[a]phenalene type molecules
have been achieved via pyrrolic-type N atom-directed C—H
borylation reaction. The (non)aromaticity of the BN-
cyclopenta[a]phenalenes was quantified by computational
and experimental investigations. In addition, the photophysical
and electrochemical properties of these BN-cyclopenta[a]-
phenalenes were carefully studied, and their photophysical
properties can be tuned by the fused small PAHs on the
bottom of the scaffold. The method opens new possibilities to
rapidly construct BN-doped cyclopenta-fused PAHs with rich
photophysical properties. The preparation of other BN-PAHs
using pyrrolic-type N atom-directed C—H borylation reaction
is currently underway in our laboratory.

B EXPERIMENTAL SECTION

General Methods. All oxygen- and moisture-sensitive manipu-
lations were carried out under an inert atmosphere using either
standard Schlenk techniques or a nitrogen-filled drybox. The heat
source is an oil bath for reactions that requires heating.

THEF, Et,0, and toluene were purified by sodium absorption under
argon. All other chemicals and solvents were purchased and used as
received. 1-Naphthalene boronic acid, 9-phenanthrene boronic acid,
9-anthracene boronic acid, 1-bromonaphthalene, 9-bromophenan-
threne, 9-bromoanthracene, triethylamine (extra dry, molecular
sieve), 1-trimethylphenyl magnesium bromide (diethyl ether, 1.0
M), N-boc-2-pyrroleboronic acid, and indole were purchased from
Energy Chemical (Shanghai). Boron trichloride (toluene, 1.0 M) was
purchased from Heowns (Tianjin, China). Petroleum ether, ethyl
acetate, dichloromethane, ethanol, and THF were purchased from
Hengshan Chemical (Tianjin, China). Toluene, Et,O, acetic acid, and
hydrochloric acid were purchased from Tianjin Chemical Reagent
Company.

"H NMR and C NMR spectra were recorded on a Bruker AM-
400. The reported chemical shifts were against TMS. The ''B spectra
were recorded on a Bruker AM-400 spectrometer, and the reported
chemical shifts were against BF;-Et,O. High-resolution mass spectra
were obtained with a micro mass GCT-TOF mass spectrometer. IR
spectra were recorded on a Tensor 27 instrument with a Bruker
OPTIK GmbH (Made in Germany) spectrometer.
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The absorption spectra of all compounds were measured by
Thermo Scientific Evolution 201 spectrophotometer. Fluorescence
measurements were carried out with an F-7000 fluorescence
spectrophotometer. Cyclic voltammetry (CV) was recorded on an
electrochemical workstation of Shanghai (in China) ChenHua by
CHI760E B17052. Data collections for compound In-Naph was
performed at 113 K on a Rigaku Saturn CCD diffractometer using
graphite-monochromated MoK radiation (4 = 0.71073 A).
Thermogravimetry (TG) was performed using a Netzsch TG-209
instrument. Samples were loaded into alumina crucible and heated at
a constant rate of 10 °C/min under a nitrogen purge (20 mL/min).

Synthetic Procedures. 2-(Naphthalen-1-yl)-1H-pyrrole (2a). A
flask containing Pd(PPh;), (278.5 mg, 0.24 mmol, 0.1 equiv), (1-
(tert-butoxycarbonyl)-1H-pyrrol-2-yl)boronic acid (662.4 mg, 3.13
mmol, 1.3 equiv) and Na,CO; (766.6 mg, 7.23 mmol, 3.0 equiv) was
pumped and then refilled with nitrogen three times. 1-Bromonaph-
thalene (500.0 mg, 2.41 mmol, 1.0 equiv) and mixed solvent (1,4-
dioxane/H,0 = 2/1, 15 mL) was added to the above reaction mixture
by syringe. The reaction mixture was heated to 100 °C and stirred for
4 h at the same temperature. The progress of the reaction was
monitored by TLC. After the completion of the reaction was
confirmed, the reaction mixture was cooled to room temperature and
the solvent was removed. Then the reaction mixture was extracted
with ethyl acetate three times and washed with water. The combined
organic layers were then dried over Na,SO,. After removal of solvents
under reduced pressure, the MeONa (390.0 mg, 7.23 mmol, 3.0
equiv) was added and then refilled with nitrogen three times. The
above mixture was dissolved in 10 mL anhydrous THF and stirred at
room temperature for S h. Then the solvent was removed, and the
reaction mixture was extracted with ethyl acetate and washed with
water three times. The combined organic layers were then dried over
Na,SO,. After removal of solvents under reduced pressure, the
mixture was purified by column chromatography on silica gel (using
petroleum ether/ethyl acetate = 20/1 as eluent) to give the 2-
(naphthalen-1-yl)-1H-pyrrole (2a) as a light purple oil (416.0 mg,
yieldzo= 88.7%). The proton NMR is consistent with the reported
data.

'H NMR (400 MHz, CDCL,): 5 8.36—8.38 (m, 2H, Ar), 7.94—7.96
(m, 1H, Ar), 7.85—7.87 (m, 1H, Ar), 7.51—7.58 (m, 4H, Ar), 6.95—
6.98 (m, 1H, Ar), 6.59—6.61 (m, 1H, Ar), 6.48—6.49 (m, 1H, Ar).

7-Mesityl-7H-naphtho[1,8-cd]pyrrolo[2,1-f][1,2]azaborinine (Py-
Naph). Triethylamine (0.28 mL, 1.97 mmol, 2.0 equiv) and boron
trichloride (1.0 M in toluene, 2.0 mL, 1.97 mmol, 2.0 equiv) were
added in sequence into a sealed tube charged with a solution of 2-
(naphthalen-1-yl)-1H-pyrrole (2a, 190.0 mg, 0.98 mmol, 1.0 equiv) in
chlorobenzene (2 mL). The cap of the tube was quickly tightened,
and the sealed tube was taken out of the glovebox. And, the reaction
mixture was heated at 130 °C for 12 h. After cooling to room
temperature, mesityl magnesium bromide (1.0 M in THF, 3 mL, 2.95
mmol, 3.0 equiv) was added under a nitrogen atmosphere to the
reaction mixture and stirred at room temperature for another 8 h.
Then, the mixture was quenched with water, and then solvent was
removed by vacuum. The mixture was extracted with dichloro-
methane and washed with water. The combined organic layer was
dried over MgSO,. After removal of the solvents, the residue was
purified by column chromatography on silica gel (using petroleum
ether/ethyl acetate = 20/1 as eluent) to give the Py-Naph as a yellow
solid (226.2 mg, yield = 71.9%).

mp: 66—68 °C. '"H NMR (400 MHz, CDCL,): & 8.17 (dd, J, = 7.4
Hz, 1H, Ar), 8.09 (dd, J; = 8.2 Hz, ], = 1.0 Hz, 1H, Ar), 7.88 (dd, J, =
6.8 Hz, ], = 1.2 Hz, 1H, Ar), 7.82 (d, ] = 8.0 Hz, 1H, Ar), 7.62 (t, ] =
7.7 Hz, 1H, Ar), 7.54 (dd, J; = 8.1 Hz, ], = 6.8 Hz, 1H, Ar), 7.14 (dd,
Ji = 3.2 Hz, ], = 1.1 Hz, 1H, Ar), 6.96 (s, 2H, Ar), 6.93 (dd, J, = 2.9
Hz, ], = 1.0 Hz, 1H, Ar), 6.52 (t, ] = 3.1 Hz, 1H, Ar), 2.40 (s, 3H,
CH,;), 2.13 (s, 6H, CH;). “C{'H} NMR (100 MHz, CDCL): §
139.9, 139.8, 138.0, 134.9, 134.2, 132.5, 129.3, 128.0, 127.1, 126.9,
126.3, 1262, 125.8, 122.3, 1152, 109.5, 22.5, 21.3 (B-aryl carbons
was not observed due to quadrupolar relaxation). ''B NMR (128
MHz, BF;-OEt,): 5 46.7. FTIR (thin film): 702, 740, 772, 808, 844,
1030, 1068, 1120, 1268, 1312, 1338, 1368, 1414, 1446, 1504, 1556,

https://doi.org/10.1021/acs.joc.1c00142
J. Org. Chem. 2021, 86, 6322—6330


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00142/suppl_file/jo1c00142_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00142/suppl_file/jo1c00142_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c00142/suppl_file/jo1c00142_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00142?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00142?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00142?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c00142?fig=fig8&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c00142?rel=cite-as&ref=PDF&jav=VoR

The Journal of Organic Chemistry

pubs.acs.org/joc

1578, 1610, 2856, 2920, 2964, 3046, 3096, 3414, 3476 cm ™. HRMS
(ESI-TOF) m/z caled for (C,3H,;BN) [M + HJ*, 322.1762; found,
322.1766.

2-(Phenanthren-9-yl)-1H-pyrrole (2b). A flask containing Pd-
(PPh;), (224.2 mg, 0.19 mmol, 0.1 equiv), (1-(tert-butoxycarbonyl)-
1H-pyrrol-2-yl)boronic acid (532.8 mg, 2.53 mmol, 1.3 equiv), 9-
bromophenanthrene (502.2 mg, 1.94 mmol, 1.0 equiv), and Na,CO,
(618.7 mg, 5.83 mmol, 3.0 equiv) was pumped and then refilled with
nitrogen three times. A mixed solvent (1,4-dioxane/H,0 = 2/1, 15
mL) was added to the above mixture by syringe. The reaction mixture
was heated to 100 °C and stirred for 4 h. The progress of the reaction
was monitored by TLC. After the completion of the reaction was
confirmed, the reaction mixture was cooled to room temperature and
the solvent was removed. Then the reaction mixture was extracted
with ethyl acetate and washed with water. The combined organic
layers were then dried over Na,SO,. After removal of solvents under
reduced pressure, MeONa (315.0 mg, 5.83 mmol, 3.0 equiv) was
added and then refilled with nitrogen three times. The above mixture
was dissolved in 10 mL anhydrous THF and stirred at room
temperature for 5 h. Then the solvent was removed and the reaction
mixture was extracted with ethyl acetate and washed with water three
times. The combined organic layers were then dried over Na,SO,.
After removal of solvents under reduced pressure, the mixture was
purified by column chromatography on silica gel (using petroleum
ether/ethyl acetate = 20/1 as eluent) to give the 2—(phenanthren—9—
yl)-1H-pyrrole (2b) as a white solid (625.9 mg, yield = 72.1%). The
proton NMR is consistent with the reported data.''

'"H NMR (400 MHz, CDCL,): 6 8.77 (d, ] = 8.2 Hz, 1H, Ar), 8.70
(d, ] = 82 Hz, 1H, Ar), 8.51 (br, 1H, NH), 8.35 (d, J = 8.2 Hz, 1H,
Ar), 7.88 (dd, J; = 8.0 Hz, J, = 1.2 Hz 1H, Ar), 7.78 (s, 1H, Ar),
7.54—7.74 (m, 4H, Ar), 7.01 (dd, J; = 4.1 Hz, ], = 2.6 Hz, 1H, Ar),
6.52—6.62 (m, 1H, Ar), 6.45 (dd, J; = 5.9 Hz, ], = 2.8 Hz, 1H, Ar).

8-Mesityl-8H-phenanthro[1,10-cd]pyrrolo[2,1-f][1,2]azaborinine
(Py-Phen). Triethylamine (0.12 mL, 0.83 mmol, 2.0 equiv) and boron
trichloride (1.0 M in toluene, (0.82 mL, 0.83 mmol, 2.0 equiv) were
added in sequence into sealed tube charged with solution of 2-
(phenanthren-9-yl)-1H-pyrrole (2b, 102.2 mg, 0.41 mmol, 1.0 equiv)
in chlorobenzene (2 mL). The cap of tube was quickly tightened, and
the sealed tube was taken out of the glovebox. And the reaction
mixture was heated at 130 °C for 12 h. After cooling to room
temperature, mesityl magnesium bromide (1.0 M in THF, 1.24 mL,
3.0 equiv) was added under nitrogen atmosphere and stirred for 12 h
at room temperature. Then, the mixture was quenched with water,
and then solvent was removed by vacuum. The mixture was extracted
with dichloromethane and washed with water. The combined organic
layer was dried over Na,SO, and filtered. After removal of the
solvents, the residue was purified by column chromatography on silica
gel (using petroleum ether/ethyl acetate = 20/1 as eluent) to give the
Py-Phen as yellow solid (66.4 mg, yield = 43.6%).

mp: 161-163 °C. "H NMR (400 MHz, CDCL,): § 8.98 (d, J = 7.7
Hz, 1H, Ar), 8.66—8.76 (m, 1H, Ar), 8.47 (s, 1H, Ar), 7.94—8.01 (m,
2H, Ar), 7.72 (dd, J; = 8.2 Hz, ], = 7.0 Hz, 1H, Ar), 7.63—7.67 (m,
2H, Ar), 7.28 (dd, J; = 3.2 Hz, ], = 1.1 Hz, 1H, Ar), 6.97 (s, 2H, Ar),
6.96 (dd, J, = 2.9 Hz, J, = 1.0 Hz, 1H, Ar), 6.57 (t, J = 3.1 Hz, 1H,
Ar), 2.41 (s, 3H, CH,), 2.14 (s, 6H, CH;). *C{'H} NMR (100 MHz,
CDCly): 6 139.9, 139.1, 138.1, 134.8, 132.1, 130.0, 129.7, 129.4,
1287, 1283, 127.2, 127.0, 126.6, 126.5, 126.1, 125.7, 123.0, 122.6,
115.5, 109.7, 22.5, 21.3 (B-aryl carbons was not observed due to
quadrupolar relaxation). "B NMR (128 MHz, BF,-OEt,): § 47.2.
FTIR (thin film): 738, 806, 852, 1032, 1126, 1188, 1266, 1286, 1330,
1368, 1418, 1444, 1494, 1608, 2928 cm™'. HRMS (ESI-TOF) m/z
caled for (Cp,H,3BN) [M + HJY, 372.1918; found, 372.1929.

2-(Anthracen-9-yl)-1H-pyrrole (2c). A flask containing Pd(PPh;),
(2242 mg, 0.19 mmol, 0.1 equiv), (1-(tert-butoxycarbonyl)-1H-
pyrrol-2-yl)boronic acid (1c, $33.4 mg, 2.53 mmol, 1.3 equiv), 9-
bromoanthracene (501.3 mg, 1.94 mmol, 1.0 equiv), and Na,CO;
(618.6 mg, 5.83 mmol, 3.0 equiv) was pumped and then refilled with
nitrogen three times. A mixed solvent (1,4-dioxane/H,0 = 2/1, 15
mL) was added to the above mixture by syringe. The reaction mixture
was heated to 100 °C and stirred for 4 h. The progress of the reaction
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was monitored by TLC. After the completion of the reaction was
confirmed, the reaction mixture was cooled to room temperature and
the solvent was removed. Then the reaction mixture was extracted
with ethyl acetate and washed with water. The combined organic
layers were then dried over Na,SO,. After removal of solvents under
reduced pressure, MeONa (315.0 mg, 5.83 mmol, 3.0 equiv) was
added and then refilled with nitrogen three times. The above mixture
was dissolved in 10 mL anhydrous THF and stirred at room
temperature for S h. Then, the solvent was removed and the reaction
mixture was extracted with ethyl acetate and washed with water three
times. The combined organic layers were then dried over Na,SO,.
After removal of solvents under reduced pressure, the mixture was
purified by column chromatography on silica gel (using petroleum
ether/ethyl acetate = 20/1 as eluent) to give the 2-(anthracen-9-yl)-
1H-pyrrole (2c) as a yellow solid (629.5 mg, yield = 72.5%). The
proton NMR is consistent with the reported data.*'

'H NMR (400 MHz, CDCL,): & 8.47 (s, 1H, Ar), 825 (br, 1H,
NH), 8.02 (d, J = 8.3 Hz, 2H, Ar), 7.94 (d, ] = 8.8 Hz, 2H, Ar), 7.39—
7.50 (m, 4H, Ar), 7.04 (dd, ], = 4.0, ], = 2.5 Hz, 1H, Ar), 6.55 (dd, J,
= 5.9 Hz, ], = 2.8 Hz, 1H, Ar), 6.50—6.53 (m, 1H, Ar).

5-Mesityl-5H-anthra[1,9-cd]pyrrolo[2,1-f][1,2]azaborinine (Py-
Anth). Triethylamine (0.12 mL, 0.83 mmol, 2.0 equiv) and boron
trichloride (1.0 M in toluene (0.84 mL, 0.83 mmol, 2.0 equiv)) were
added in sequence into a sealed tube charged with a solution of 2-
(anthracen-9-yl)-1H-pyrrole (2c, 100.7 mg, 0.41 mmol, 1.0 equiv) in
chlorobenzene (2 mL). The cap of the tube was quickly tightened,
and the sealed tube was taken out of the glovebox. And the reaction
mixture was heated at 130 °C for 12 h. After cooling to room
temperature, mesityl magnesium bromide (1.0 M in THF, 1.24 mL,
3.0 equiv) was added under a nitrogen atmosphere and stirred for 12
h at room temperature. Then the mixture was quenched with water,
and then solvent was removed by vacuum. The mixture was extracted
with dichloromethane and washed with water. The combined organic
layer was dried over Na,SO, and filtered. After removal of the
solvents, the residue was purified by column chromatography on silica
gel (using petroleum ether/ethyl acetate = 20/1 as eluent) to give the
Py-Anth as a red solid (25.0 mg, yield = 16.8%).

mp: 144—146 °C."H NMR (400 MHz, CDCL;): § 9.10 (d, ] = 9.0
Hz, 1H, Ar), 8.41 (s, 1H, Ar), 8.26 (d, ] = 7.6 Hz, 1H, Ar), 8.10 (d, ]
= 8.4 Hz, 1H, Ar), 7.96 (dd, J, = 6.5 Hz, J, = 1.2 Hz, 1H, Ar), 7.62—
7.67 (m, 1H, Ar), 7.51-7.58 (m, 3H, Ar), 7.07 (dd, J, =3.0 Hz, ], =
0.9 Hz, 1H, Ar), 6.98 (s, 2H, Ar), 6.65 (t, ] = 3.2 Hz, 1H, Ar), 2.42 (s,
3H, CH,), 2.16 (s, 6H, CH,). *C{'H} NMR (100 MHz, CDCL,): 6
141.3, 140.1, 138.0, 135.1, 134.1, 132.6, 130.3, 129.5, 128.9, 127.6,
127.2,127.1, 127.0, 126.5, 126.3, 125.33, 125.28, 124.1, 116.8, 115.2,
22.5, 21.3 (B-aryl carbons was not observed due to quadrupolar
relaxation). ''B NMR (128 MHz, BF; -OEt,): § 45.6. FTIR (thin
film): 738, 800, 844, 1028, 1092, 1122, 1168, 1292, 1334, 1368, 1414,
1456, 1524, 1556, 1610, 2856, 2918, 2962, 3049 cm™". HRMS (ESI-
TOF) m/z caled for (C,;H,;BN) [M + HJ*, 372.1918; found,
372.1922.

2-(Naphthalen-1-yl)-1H-indole (4a). Indole (1.0 g, 8.54 mmol, 1.0
equiv), 1-naphthylboronic acid (1.9 g, 11.1 mmol, 1.3 equiv), and
Pd(OAc), (191.6 mg, 0.9 mmol, 0.1 equiv) were added to a Schlenk
flask. The mixture was pumped and then refilled with O, (1 atm)
three times. AcCOH (20 mL) was added by syringe, and the resulting
solution stirred for 8 h at room temperature. Most of the AcOH was
removed by distillation under reduced pressure, and a potassium
carbonate aqueous solution was added slowly to neutralize the
remaining acetic acid. The mixture was extracted with CH,Cl, (150
mL), and washed with aqueous NaHCO; (2 X 60 mL). The organic
layer was dried over Na,SO,. After removal of the solvent, the residue
was purified by flash chromatography on silica gel (using petroleum
ether/ethyl acetate = 20/1 as eluent) to afford 2-(naphthalen-1-yl)-
1H-indole (4a) as a white solid (350.8 mg, yield = 13.0%). The
proton NMR is consistent with the reported data.*>

"H NMR (400 MHz, CDCL;): 5 8.31—8.36 (m, 2H, Ar), 7.88—7.96
(m, 2H, Ar), 7.73 (d, J = 7.4 Hz, 1H, Ar), 7.65 (dd, J, = 8.0 Hz, ], =
0.8 Hz, 1H, Ar), 7.50—7.58 (m, 3H, Ar), 7.46 (dd, J, = 8.0 Hz, J, =
0.8 Hz, 1H, Ar), 7.27 (td, J, = 7.08 Hz, ], = 1.2 Hz, 1H, Ar), 7.20 (td,
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J, =7.6 Hz, J, = 1.1 Hz, 1H, Ar), 6.82 (dd, J, = 2.1 Hz, J, = 0.8 Hz,
1H, Ar).

7-Mesityl-7H-naphthol[1',8':3,4,5][1,2]Jazaborinino[1,6-ajindole
(In-Naph). Triethylamine (0.24 mL, 1.65 mmol, 2.0 equiv) and boron
trichloride (1.0 M in toluene, 1.65 mL, 1.65 mmol, 2.0 equiv) were
added in sequence into a sealed tube charged with a solution of 2-
(naphthalen-1-yl)-1H-pyrrole (4a, 200.1 mg, 0.82 mmol, 1.0 equiv) in
chlorobenzene (2 mL). The cap of the tube was quickly tightened,
and the sealed tube was taken out from the glovebox. And, the
reaction mixture was heated at 130 °C for 12 h. After cooling to room
temperature, mesitylmagnesium bromide (1.0 M in THF, 2.47 mL,
3.0 equiv) was added under a nitrogen atmosphere and stirred for 8 h
at room temperature. Then, the mixture was quenched with water,
and then, solvent was removed by vacuum. The mixture was extracted
with dichloromethane and washed with water. The combined organic
layer was dried over Na,SO, and filtered. After removal of the
solvents, the residue was purified by column chromatography on silica
gel (using petroleum ether/ethyl acetate = 20/1 as eluent) to give the
In-Naph as a yellow solid (111.8 mg, yield = 71.9%).

mp: 210212 °C. 'H NMR (400 MHz, CDCL;): 5 8.36 (d, ] = 7.4
Hz, 1H, Ar), 8.06 (d, J = 8.2, Hz, 1H, Ar), 7.90 (d, J = 8.0 Hz, 1H,
Ar), 7.78 (dd, J; = 6.8 Hz, ], = 1.1 Hz, 1H, Ar), 7.66 (t, ] = 7.7 Hz,
2H, Ar), 7.50—7.54 (m, 1H, Ar), 7.51 (s, 1H, Ar), 7.21 (t, ] = 8.0 Hz,
1H, Ar), 7.01 (s, 2H, Ar), 6.97—7.01 (m, 2H, Ar), 6.81 (d, ] = 7.9 Hz,
1H, Ar), 2.46 (s, 3H, CHj,), 2.10 (s, 6H, CH;). *C{'H} NMR (101
MHz, CDCL): 6 141.3, 134.0, 139.2, 138.6, 138.1, 133.3, 132.48,
132.47, 130.5, 128.1, 127.9, 127.5, 126.6, 126.3, 123.7, 123.4, 123.3,
120.3, 114.9, 105.6, 22.1. 21.5 (B-aryl carbons was not observed due
to quadrupolar relaxation). "'B NMR (128 MHz, BF; -OEt,): & 45.5.
FTIR (thin film): 774, 806, 848, 900, 1032, 1090, 1138, 1166, 1216,
1262, 1336, 1378, 1450, 1500, 1610, 1636, 1658, 2924, 2853, 3367
cm™. HRMS (ESI-TOF) m/z caled for (C,;H,BN) [M + HIY,
372.1918; found, 372.1913.

2-(Phenanthren-9-yl)-1H-indole (4b). Indole (1.0 g, 8.54 mmol,
1.0 equiv), 9-phenanthracenylboronic acid (2.5 g11.10 mmol, 1.3
equiv), and Pd(OAc), (191.6 mg, 0.85 mmol, 0.1 equiv) were added
to a Schlenk flask. The mixture was pumped and then refilled with O,
(1 atm) three times. AcOH (20 mL) was added by syringe, and the
resulting solution was stirred for 8 h at room temperature. AcOH was
removed by distillation under reduced pressure, and potassium
carbonate aqueous solution was added slowly to neutralize the
remaining acetic acid. The mixture was dissolved in CH,Cl, (150 mL)
and washed with aqueous NaHCO; (2 X 60 mL). The organic layer
was dried over Na,SO,. After removal of the solvent, the product was
purified by flash chromatography on silica gel eluting with ethyl
acetate and petroleum ether (v:v = 1:20) to afford 2-phenanthren-9-
yl-1H-indole (4b) as a white solid (350.8 mg, yield = 28.1%).

mp: 175—176 °C. '"H NMR (400 MHz, CDCl,): § 8.79 (d, ] = 8.2
Hz, 1H, Ar), 8.73 (d, ] = 8.2 Hz, 1H, Ar), 8.39 (br, 1H, NH), 8.36
(dd, J, = 8.2 Hz, ], = 0.8 Hz, 1H, Ar), 7.90—7.93 (m, 2H, Ar), 7.68—
7.76 (m, 3H, Ar), 7.59—7.66 (m, 2H, Ar), 7.47 (dd, ], = 8.0 Hz, ], =
0.6 Hz,1H), 7.28 (td, J; = 7.1 Hz, ], = 1.1 Hz, 1H, Ar), 7.21 (td, ], =
8.7 Hz, ], = 1.0 Hz,1H, Ar), 6.86 (d, J = 1.2 Hz, 1H). 3C{'H} NMR
(100 MHz, CDCL,): 6 136.7, 136.3, 131.3, 130.7, 130.6, 130.2, 129.8,
128.82, 128.80, 128.3, 127.2, 127.03, 126.97, 126.86, 126.5, 123.0,
122.6, 122.3, 120.6, 120.2, 110.9, 103.9. FTIR (thin film): 3410, 3054,
1452, 1306, 1046, 1018, 798, 744 cm™~". HRMS (ESI-TOF) m/z calcd
for (Cy,H;oN) [M — H]", 292.1132; found 292.1128.

8-Mesityl-8H-phenanthro[1’,10':3,4,5][1,2]azaborinino[1,6-a]-
indole (In-Phen). Triethylamine (0.1 mL, 0.7 mmol, 2.0 equiv) and
boron trichloride (1.0 M in toluene, 0.7 mL, 0.7 mmol, 2.0 equiv)
were added in sequence into a sealed tube charged with solution of 2-
(phenanthren-9-yl)-1H-indole (4b, 109.0 mg, 0.3 mmol, 1.0 equiv) in
toluene (3 mL). The cap of the tube was quickly tightened, and the
sealed tube was taken out of the glovebox. And the reaction mixture
was heated at 110 °C for 12 h. After cooling to room temperature,
mesitylmagnesium bromide (1.0 M in THF, 1.0 mL, 2.0 equiv) was
added under a nitrogen atmosphere and stirred for 12 h at room
temperature. Then the mixture was quenched with water, and then,
the solvent was removed by vacuum. The mixture was extracted with
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dichloromethane and washed with water. The combined organic layer
was dried over MgSO, and filtered. After removal of the solvents, the
residue was purified by column chromatography on silica gel (using
petroleum ether/ethyl acetate 20/1 as eluent) to give the
compound In-Phen as a yellow solid (80.8 mg, yield = 56.4%).

mp: 156—158 °C. '"H NMR (400 MHz, CDCl,): § 8.94 (d, ] = 8.3
Hz, 1H, Ar), 8.72 (d, ] = 7.4 Hz, 1H, Ar), 8.68 (s, 1H, Ar), 7.98—8.07
(m, 1H, Ar), 7.88 (dd, J, = 6.8 Hz, ], = 1.0 Hz, 1H, Ar), 7.64—7.75
(m, SH, Ar), 7.20—7.25 (m, 1H, Ar), 7.03 (s, 2H, Ar), 6.98—7.02 (m,
1H, Ar), 6.81 (d, ] = 8.3 Hz, 1H, Ar), 2.47 (s, 3H, CHj,), 2.11 (s, 6H,
CH;). BC{'H} NMR (100 MHz, CDCL): § 141.2, 139.9, 139.2,
138.1, 132.5, 131.9, 130.4, 130.2, 129.3, 129.0, 127.7, 127.6, 127.11,
127.06, 127.0, 126.1, 124.5, 123.7, 123.3, 122.7, 120.3, 114.9, 105.7,
22.2, 21.5 (B-aryl carbons was not observed due to quadrupolar
relaxation). ''B NMR (128 MHz, BF; -OEt,): § 45.9. FTIR (thin
film): 846, 1030, 1070, 1102, 1140, 1166, 1192, 1262, 1282, 1340,
1374, 1452, 1490, 1554, 1608, 2856, 2918, 3049, 3414, 3474 cm™".
HRMS (ESI-TOF) m/z calcd for (C5,H,sBN) [M + HJY, 422.2075;
found, 422.2078.

2-(Anthracen-9-yl)-1H-indole (4c). Indole (1.0 g, 8.5 mmol, 1.5
equiv), 9-anthracenyl-boronic acid (1.3 g, 5.7 mmol, 1.0 equiv), and
Pd(OAc), (256.0 mg, 1.1 mmol, 0.2 equiv) were added to a Schlenck
flask. The mixture was pumped and then refilled with O, (1 atm)
three times. AcOH (20 mL) was added by syringe and resulting
solution was stirred for 8 h at room temperature. AcOH was removed
by distillation under reduced pressure, and potassium carbonate

aqueous solution was added slowly to neutralize remaining acetic acid.
And, the residue was dissolved in CH,Cl, (150 mL) and washed with
aqueous NaHCO; (2 X 60 mL). The organic layer was dried over
Na,SO,. After removal of the solvent, the crude product was purified
by flash chromatography on silica gel eluting with ethyl acetate and
petroleum ether (v:v = 1:20) to afford 2-(anthracen-9-yl)-1H-indole
(4c) as a white solid (160.0 mg, yield = 6.4%). The proton NMR is
consistent with the reported data."’

'"H NMR (400 MHz, CDCl;): 6 8.54 (s, 1H, Ar), 8.46 (br, 1H,
NH), 8.09 (d, ] = 8.5 Hz, 2H, Ar), 7.92 (d, ] = 8.8 Hz, 2H, Ar), 7.56
(d,] = 8.2 Hz, 1H, Ar), 7.48 (t, ] = 7.36 Hz, 2H, Ar), 7.37 (d, ] = 2.3
Hz, 1H, Ar), 7.28—7.36 (m, 3H, Ar), 7.15 (d, J = 7.8 Hz, 1H, Ar),
7.08 (t, J = 11.0 Hz, 1H, Ar).

9-Mesityl-9H-anthra[1',9':3,4,5][1,2]azaborinino[1,6-alindole
(In-Anth). Triethylamine (0.1 mL, 0.68 mmol, 2.0 equiv) and boron
trichloride (1.0 M in toluene, 0.68 mL, 0.68 mmol, 2.0 equiv) were
added in sequence into sealed tube charged with solution of 2-(9-
anthracenyl)-1H-indole (4c, 100.2 mg, 0.34 mmol, 1.0 equiv) in
toluene (3 mL). The cap of the tube was quickly tightened, and the
sealed tube was taken out from the glovebox. And, the reaction
mixture was heated at 110 °C for 12 h. After cooling to room
temperature, mesitylmagnesium bromide (1.0 M in THF, 1.0 mL, 3.0
equiv) was added under a nitrogen atmosphere and stirred for 12 h at
room temperature. Then, the mixture was quenched with water, and
then, the solvent was removed by vacuum. The mixture was extracted
with dichloromethane and washed with water. The combined organic
layer was dried over MgSO, and filtered. After removal of the
solvents, the residue was purified by column chromatography on silica
gel (using petroleum ether/ethyl acetate = 20/1 as eluent) to give the
In-Anth as a red solid (15.8 mg, yield = 10.5%). It decomposed
gradually toward air. The *C NMR was not recorded due to its
instability. Please note that we ran the reaction several times and pure
product was not guaranteed each time by the method mentioned
above, presumably due to its instability.

"H NMR (400 MHz, CDCL,): 6 8.94 (d, ] = 7.6 Hz, 1H, Ar), 8.72
(d, ] =7.3 Hz, 1H, Ar), 8.68 (s, 1H, Ar), 8.02—8.06 (m, 1H, Ar), 7.88
(d, ] = 6.9 Hz, 1H, Ar), 7.65—7.74 (m, SH, Ar), 7.23 (t, ] = 7.5 Hz,
1H, Ar), 7.03 (s, 2H, Ar), 6.98—7.02 (m, 1H, Ar), 6.82 (d, ] = 8.2 Hz,
1H, Ar), 2.47 (s, 3H, CH,), 2.11 (s, 6H, CH,).
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