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ABSTRACT: Two kinds of ladder-type π-conjugated compounds,
benzofuro[3,2-b]indoles (BFIs) and indolo[3,2-b]indoles (IIs),
were successfully synthesized using palladium-catalyzed double N-
arylation of anilines with the corresponding dihalobiaryls.
Photophysical properties were evaluated by UV−vis and photo-
luminescence spectroscopies and theoretical calculations. BFI derivatives showed higher quantum yields (33−39%) than the II
derivative (29%). The absorption bands of the II derivative were more red-shifted compared to BFI derivatives.

Ladder-type π-conjugated compounds fused with hetero-
cycle(s) have attracted much interest owing to their

potential application as organic semiconductors for organic
field-effect transistors (OFETs).1 A huge range of ladder-type
π-conjugated compounds have been synthesized and charac-
terized in the last few decades. In particular, thiophene-fused
compounds have been widely studied,2 leading to the
development of high-performance organic semiconductors,
such as benzothieno[3,2-b]benzothiophenes (BTBTs) (Chart
1).3 Pyrrole- or furan-fused compounds, such as indolo[3,2-

b]carbazoles (ICs) and naphtho[2,3-b:6,7-b′]difurans, were
also reported to demonstrate high semiconducting proper-
ties.4−6

Benzofuro[3,2-b]carbazoles (BFIs) and indolo[3,2-b]indoles
(IIs) are oxygen/nitrogen and nitrogen homologues of BTBTs,
respectively (Chart 1). Recently, these compounds have
emerged as new families of organic semiconductors for
OFETs.7 However, their physical properties have been less
thoroughly investigated despite the fact that the parent BFI and
II have been known for a relatively long time.8 This should
partially be attributed to the limitation in their synthesis until
recently. BFIs have been synthesized using a conventional
approach including Fischer indole synthesis.8a,b,9 Recently,
more facile approaches were reported in which Cadogan
cyclization10 or intramolecular electrophilic amination of an
arene C−H bond11 was used as a key reaction. The metal-
catalyzed intramolecular C−N bond formation12 and the metal-
catalyzed C−H/C−H coupling reaction13 were also applied to

the synthesis of BFI derivatives. Synthesis of II has been
achieved via reductive cyclization of dinitrobenzils14 or 2-(2-
nitrophenyl)indoles,15 thermal cyclization of diazidostilbenes,16

and Fischer indole synthesis with phenylhydrazines and
indolin-3-ones.17 These methods generally result in low yield
and/or require multistep synthesis of the starting materials.
Very recently, more convenient methods have been reported
that utilize reductive cyclization of 6,12-dibenzo[b,f ][1,5]-
diazocines,7a,18 intramolecular C−H/C−H coupling reaction of
2-(aminophenyl)indoles,13 or double N-arylation of primary
amines with 3-bromo-2-(2-bromophenyl)-1-methylindole (the
same approach reported in this work, see below).19 In this
context, for further development of organic semiconductors
containing the BFI or II moiety, it is highly desirable to
investigate both efficient synthetic routes and structure−
property relationships.
We have previously reported palladium-catalyzed double N-

arylation of primary amines with dihalobiaryls to construct the
carbazole skeleton.20 This synthetic method is an important
extension of the Buchwald−Hartwig N-arylation and has been
applied to the synthesis of a variety of carbazole-based natural
products and π-conjugated compounds.21 Indeed, we success-
fully synthesized ladder-type π-conjugated compounds, such as
benzofuro[3,2-b]carbazoles and ICs.22 As part of our ongoing
efforts in the application of this synthetic method, we herein
report double N-arylation of anilines with the corresponding
dihalobiaryls to synthesize BFIs and IIs. To the best of our
knowledge, there has been no report of the application of the
double N-arylation strategy to BFI synthesis. The same
approach was reported for the synthesis of IIs very recently,
although the investigation was limited to 5-methyl-IIs.19 We
have expanded the scope of this approach and successfully
synthesized 5,10-diaryl-IIs. Photophysical and electrochemical
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Chart 1. Molecular Structures of BTBT, BFI, and II
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properties are also discussed in conjugation with theoretical
studies.
The double N-arylation of aniline with 2-(2-bromophenyl)-3-

iodobenzo[b]furan (1) was first investigated in the presence of
Pd2(dba)3 (10 mol %, dba = dibenzylideneacetone), ligand (30
mol %), and NaOtBu as a base (3.0 equiv) (Table 1). The use

of PtBu3HBF4 in toluene (85 °C), which has been reported as
an effective ligand for double N-arylation of aniline with
dihalobiphenyl in previous work,20a provided desired BFI 2a in
only 19% yield (entry 1). After screening biphenylphosphine
ligands,23 solvent, and reaction temperature (entries 2−5), it
was found that the double N-arylation with RuPhos as a ligand
in xylene at 120 °C gave 2a in high yield (80%, entry 5). With
the optimized conditions in hand, other para-substituted
anilines were employed for the synthesis of BFI derivatives
(Scheme 1). Electron-donating substituents, such as methyl and
methoxy groups, were tolerant to the reaction conditions, and
anilines containing these moieties could be converted to the
corresponding BFIs 2b and 2c in moderate yields. Compounds
containing the slightly electron-withdrawing fluoro substituent

could be used, but the desired compounds were not obtained
from aniline derivatives bearing a more electron-withdrawing
trifluoromethyl or acyl group.
The synthesis of indolo[3,2-b]indoles (IIs) using the double

N-arylation strategy was investigated next. In a previous report
in which the double N-arylation strategy was applied to the
synthesis of II, 3-bromo-2-(2-bromophenyl)-1-methylindole
was used as the starting material.19 In the present work, 3-
bromo-2-(2-bromophenyl)indole (3) was initially designed as
the starting material because the free NH group allows the
postfunctionalization of the double N-arylation product.
Compound 3 was successfully synthesized via Fischer indole
synthesis from commercially available 2-bromoacetophenone
and phenylhydrazine24 followed by bromination with N-
bromosuccinimide (NBS) (Scheme 2). However, preliminary

experiments demonstrated that double N-arylation of 4-
methylaniline with 3 did not give the desired product.
Accordingly, N-protected compound 4 was used as the starting
material. The tert-butoxycarbonyl (Boc) group was chosen as a
protecting group because it can be cleaved easily after double
N-arylation and allows postfunctionalization.
The double N-arylation of aniline derivatives with 4 was

found to proceed under the optimized conditions for BFI
synthesis (Scheme 3). The reaction between 4-methylaniline
and 4 gave desired product 5a in 21% yield along with
deprotected compound 6a in higher yield (42%). A decrease in
reaction temperature resulted in higher 5a/6a ratio (Table S1
in the Supporting Information). However, the total yield was
lower. The use of weaker base (K3PO4) also resulted in lower
total yield of 5a and 6a. Accordingly, the initial conditions for

Table 1. Optimization for Double N-Arylation of Aniline
with 1a

entry ligand solvent T (°C) isolated yield of 2a (%)

1 PtBu3HBF toluene 85 19
2 Cy-JohnPhos toluene 95 35
3 Cy-JohnPhos xylene 120 46
4 SPhos xylene 120 56
5 RuPhos xylene 120 80

aReaction conditions: 1 (1.0 equiv), aniline (0.90 equiv), Pd2(dba)3
(10 mol %), ligand (30 mol %), NaOtBu (3.0 equiv), solvent, T (°C),
20 h.

Scheme 1. Double N-Arylation of Anilines with 1a

aReaction conditions: 1 (1.0 equiv), aniline (0.90 equiv), Pd2(dba)3
(10 mol %), RuPhos (30 mol %), NaOtBu (3.0 equiv), xylene, 120 °C,
20 h.

Scheme 2. Synthesis of the Starting Materials

Scheme 3. Double N-Arylation of Anilines with 4a

aReaction conditions: 4 (1.0 equiv), aniline (1.1 equiv), Pd2(dba)3 (10
mol %), RuPhos (30 mol %), NaOtBu (3.0 equiv), xylene, 120 °C, 20
h.
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the reaction with 4-methoxy- and 4-fluoroanilines were
employed to obtain the corresponding protected and
deprotected products in moderate total yields (Scheme 3).
Postfunctionalization was demonstrated by using the

deprotected compound 6a (Scheme 4). A Buchwald−Hartwig
coupling reaction between 6a and p-bromotoluene gave
symmetric II 7a in 35% yield. In addition, the reaction with
4-bromoanisole afforded dissymmetric II 7b in 40% yield.
The photophysical properties of BFIs 2 and II 7a were

evaluated using ultraviolet−visible (UV−vis) absorption and
photoluminescence (PL) spectroscopies. The spectra are
shown in Figure 1, and photophysical data are summarized in

Table 2. All of the benzofuro[3,2-b]indoles 2 exihibited almost
identical spectra with two absorption bands around 321 and
260 nm. However, the molar absorption coefficients of the
compounds are different. These results indicate that the para
substituent of the N-phenyl group has little influence on the
electronic structure of the BFI core. In the PL spectra, each BFI
2 exhibited an emission maximum in the 360−370 nm region
with a shoulder around 350 nm. The quantum yields in
solution were relatively high (33−39%). Absorption spectrum
of II 7a showed the longest absorption maximum at 365 nm,
which was red-shifted compared to those of BFIs 2. Pyrrole is
known to possess higher aromatic character than furan.25

Therefore, the II skeleton affords more effective π-electron
delocalization over the entire 18π electron system, leading to
the red-shifted absorption. The PL spectrum of 7a was also red-
shifted to show violet emission (two maxima of 382 and 400
nm), whereas the quantum yield was lower than those of the

BFIs. Absorption and emission bands of II 7a are almost
identical to those recently reported for N-methyl-IIs.19

Accordingly, the substituent on the pyrrole rings has little
influence on these photophysical properties.
The cyclic voltammograms of BFIs 2 and II 7a are shown in

Figure 2 and Figure S32. All of BFIs 2 showed similar
voltammograms with one irreversible oxidation wave (see
Figure S32 for 2b−2d). Their oxidation onsets (Eox

onset) were
around 0.60 eV (vs Fc/Fc+), and the HOMO energy levels
were estimated to be around −5.40 eV under the premise that

Scheme 4. Post-functionalization of II 6a

Figure 1. UV−vis absorption and photoluminescence spectra of BFIs
2 and II 7a.

Table 2. Photophysical and Electrochemical Data of BFIs 2
and II 7a

λabs
(nm)a λem (nm)b

Φ
(%)c

Eg
(eV)d

Eox
onset

(V)e
EHOMO
(eV)f

calcd
EHOMO
(eV)g

2a 321 363 39 3.58 0.59 −5.39 −5.15
2b 321 366 36 3.54 0.57 −5.37 −5.11
2c 321 369 33 3.54 0.56 −5.36 −5.06
2d 320 363 38 3.59 0.60 −5.40 −5.22
7a 365 382/400 29 3.26 0.25 −5.05 −4.71

aIn CH2Cl2 (1.0 × 10−5 M). bIn CH2Cl2 (1.0 × 10−7 M); excitation at
300 nm for BFI 2 and 320 nm for II 7a. cAbsolute quantum yield
determined by a calibrated integrating sphere system; excitation at 260
nm for BFIs 2 and 310 nm for II 7a. dOptical band gaps estimated
from the onset position of the UV−vis absorption spectra in solution.
eOnset potentials (vs Fc/Fc+) of the first oxidation wave determined
by cyclic voltammetry: 1 mM in CH2Cl2 with 0.1 M Bu4NClO4, Pt as
working and counter electrodes, scan rate = 50 mV s−1. fCalculated
according to EHOMO = −(Eox + 4.80) eV (Fc/Fc+ redox couple: 4.8 eV
below the vacuum level). gDFT calculation at the B3LYP/6-31G(d)
level of theory.

Figure 2. Cyclic voltammograms of 2a and 7a [measurement
conditions: 1 mM in CH2Cl2 with Bu4NClO4 (0.10 M); scan rate =
50 mV s−1].
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the energy level of Fc/Fc+ is 4.8 eV below the vacuum level.26

Conversely, the voltammmogram of II 7a contains two
reversible oxidation waves with the first oxidation onset of
0.25 eV. Accordingly, the estimated HOMO energy level of II
7a (−5.05 eV) was higher than those of BFIs 2.
Density functional theory (DFT) calculations were carried

out at the B3LYP/6-31G(d) level of theory to obtain better
understanding of the physical properties of BFIs and IIs. The
calculated S0 → S1 transition energy of BFIs 2 are 3.88−3.91 eV
(319−317 nm) (see Table S7 for the selected absorption
peaks) and agrees well with the experimental values (λabs) in
UV−vis spectra (Table 2). The S0 → S1 transitions are
dominated by the HOMO−LUMO (π−π*) transitions. The
longest absorption bands in UV−vis spectra of 2a−2c are
derived from the S0 → S1 transitions whereas that of 2d
involves both the S0 → S1 and S0 → S2 transitions with similar
oscillator strengths. The red-shifted longest absorption band of
II 7a in UV−vis spectrum (365 nm) was also predicted by
calculation (344 nm). The calculated HOMO energy levels of
BFIs 2 and II 7a are slightly higher than those estimated from
CV analysis (Table 2), whereas calculation supports the
suggestion that BFIs 2 possess lower HOMO energy levels
than those of II 7a.
In conclusion, the synthesis of benzofuro[3,2-b]indoles

(BFIs) and indolo[3,2-b]indoles (IIs) are reported here. A
double N-arylation strategy was found to be effective for the
synthesis of these compounds. The para substituent on the aryl
moiety of BFIs has little effect on their physical properties. The
II derivative displayed more red-shifted absorption and
emission bands and a higher HOMO energy level than BFIs,
which could be caused by more effective π-electron
delocalization over the π-conjugated framework. These results
should be useful in the development of BFI- and II-based
organic functional materials.

■ EXPERIMENTAL SECTION
General Procedures. NMR spectra were recorded in CDCl3,

C6D6, or acetone-d6 on a 500 MHz spectrometer (1H 500 MHz; 13C
126 MHz; 19F 470 MHz) or a 400 MHz spectrometer (1H 400 MHz;
13C 101 MHz). Chemical shifts are reported in ppm relative to the
internal standard signal (0 ppm for Me4Si in CDCl3) or the solvent
residual signal (7.16 ppm in C6D6; 2.05 ppm in acetone-d6) for

1H and
the deuterated solvent signal (77.16 ppm for CDCl3; 128.06 ppm for
C6D6; 206.26 ppm for acetone-d6) for 13C. Data are presented as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,
m = multiplet, and/or multiple resonances, br = broad), coupling
constant in hertz (Hz), and signal area integration in natural numbers.
Melting points were determined on a melting point apparatus. High
resolution mass spectra are taken by the atmospheric pressure
chemical ionization-time-of-flight (APCI−TOF) method. UV−vis
absorption spectra were recorded on a UV−vis scanning spectropho-
tometer. Photoluminescence spectra were recorded on a spectro-
fluorometer. Absolute quantum yields were determined by a calibrated
integrating sphere system.
All manipulations involving air- and/or moisture-sensitive com-

pounds were carried out with the standard Schlenk technique under
argon. Most of reagents were used without further purification unless
otherwise specified. Analytical thin-layer chromatography was
performed on a glass plates coated with 0.25 mm of 230−400 mesh
silica gel containing a fluorescent indicator. Column chromatography
was performed using silica gel (spherical neutral, particle size 63−210
μm). 2-(2-Bromophenyl)-3-iodobenzo[b]furan (1)27 and 2-(2-
bromophenyl)indole24 were synthesized according to the literature.
Computational Studies. The DFT and TD-DFT calculations

were performed using the Gaussian 09 program28 at the B3LYP/6-
31G(d) level.

General Procedure for the Double N-Arylation of Anilines with 2-
(2-Bbromophenyl)-3-iodobenzo[b]furan (1). A Schlenk tube was
charged with 1, aniline, Pd2(dba)3 (10 mol %), RuPhos (30 mol %),
and NaOtBu (3.0 equiv) in anhydrous xylene. After being degassed by
three freeze-thaw pump cycles, the resulting mixture was stirred at 120
°C for 20 h under an argon atmosphere. Then, the reaction mixture
was cooled to room temperature, diluted with CHCl3 or CH2Cl2, and
washed with water. The organic layer was dried over Na2SO4, filtered,
and concentrated under reduced pressure. The resulting crude residue
was purified by silica-gel column chromatography.

10-Phenylbenzofuro[3,2-b]indole (2a). The crude residue was
obtained using 1 (459 mg, 1.2 mmol), aniline (95 μL, 1.0 mmol),
Pd2(dba)3 (105 mg, 0.11 mmol), RuPhos (161 mg, 0.33 mmol),
NaOtBu (301 mg, 3.1 mmol), and anhydrous xylene (7.0 mL). The
resulting crude residue was purified by silica-gel column chromatog-
raphy (hexane/CHCl3 = 9:1 as an eluent) to afford the title compound
as a pale yellow solid (261 mg, 80% yield): mp 134−136 °C; 1H NMR
(400 MHz, CDCl3) δ 7.87−7.83 (m, 1H), 7.63−7.58 (m, 4H), 7.54 (t,
J = 7.8 Hz, 2H), 7.45 (d, J = 7.8 Hz, 1H), 7.37 (t, J = 7.3 Hz, 1H),
7.28−7.14 (m, 4H); 13C{1H} NMR (101 MHz, CDCl3) δ 159.4,
143.8, 139.6, 138.4, 129.8, 126.8, 126.5, 125.1, 124.0, 123.3, 122.6,
120.8, 118.7, 118.5, 117.5, 114.7, 112.8, 111.4; HRMS-APCI+ (m/z)
calcd for C20H14NO ([M + H]+) 284.1070, found 284.1052.

10-(4-Methylphenyl)benzofuro[3,2-b]indole (2b). The crude res-
idue was obtained using 1 (241 mg, 0.60 mmol), 4-methylaniline (59
mg, 0.54 mmol), Pd2(dba)3 (55 mg, 0.060 mmol), RuPhos (84 mg,
0.18 mmol), NaOtBu (174 mg, 1.8 mmol), and anhydrous xylene (8.0
mL). The resulting crude residue was purified by silica-gel column
chromatography (hexane/CHCl3 = 9:1 as an eluent) to afford the title
compound as a yellow solid (107 mg, 59% yield): mp 132−137 °C; 1H
NMR (400 MHz, CDCl3) δ 7.86−7.83 (m, 1H), 7.60−7.55 (m, 2H),
7.51−7.45 (m, 3H), 7.34 (d, J = 7.8 Hz, 2H), 7.28−7.14 (m, 4H), 2.43
(s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 159.4, 143.6, 139.7,
136.7, 135.8, 130.4, 126.7, 125.0, 124.0, 123.1, 122.5, 120.6, 118.8,
118.5, 117.4, 114.5, 112.8, 111.4, 21.2; HRMS-APCI+ (m/z) calcd for
C21H16NO ([M + H]+) 298.1227, found 298.1243.

10-(4-Methoxyphenyl)benzofuro[3,2-b]indole (2c). The crude
residue was obtained using 1 (228 mg, 0.57 mmol), 4-methoxyaniline
(64 mg, 0.52 mmol), Pd2(dba)3 (52 mg, 0.056 mmol), RuPhos (80
mg, 0.17 mmol), NaOtBu (165 mg, 1.7 mmol), and anhydrous xylene
(8.0 mL). The resulting crude residue was purified by silica-gel column
chromatography (hexane/CHCl3 = 3:1 as an eluent) to afford the title
compound as a yellow solid (101 mg, 57% yield): mp 137−140 °C; 1H
NMR (400 MHz, CDCl3) δ 7.86−7.84 (m, 1H), 7.59 (d, J = 8.2 Hz,
1H), 7.52−7.49 (m, 3H), 7.42 (d, J = 7.3 Hz, 1H), 7.28−7.21 (m,
3H), 7.17 (t, J = 7.3 Hz, 1H), 7.07−7.04 (m, 2H), 3.84 (s, 3H);
13C{1H} NMR (101 MHz, CDCl3) δ 159.4, 158.5, 143.3, 140.0, 131.2,
126.9, 126.6, 124.0, 123.0, 122.6, 120.5, 118.7, 118.3, 117.4, 115.0,
114.3, 112.8, 111.2, 55.7; HRMS-APCI+ (m/z) calcd for C21H16NO2
([M + H]+) 314.1176, found 314.1197.

10-(4-Fluorophenyl)benzofuro[3,2-b]indole (2d). The crude resi-
due was obtained using 1 (219 mg, 0.55 mmol), 4-fluoroaniline (50
μL, 0.50 mmol), Pd2(dba)3 (50 mg, 0.055 mmol), RuPhos (77 mg,
0.16 mmol), NaOtBu (158 mg, 1.7 mmol), and anhydrous xylene (8.0
mL). The resulting crude residue was purified by silica-gel column
chromatography (hexane/CHCl3 = 5:1 to 9:1 as eluents) to afford the
title compound as a yellow solid (102 mg, 62% yield): mp 158−162
°C; 1H NMR (400 MHz, CDCl3) δ 7.87−7.84 (m, 1H), 7.62−7.57
(m, 3H), 7.53−7.51 (m, 1H), 7.40 (d, J = 7.3 Hz, 1H), 7.31−7.18 (m,
6H); 13C{1H} NMR (101 MHz, CDCl3) δ 161.3 (d, JCF = 247 Hz),
159.4, 143.7, 139.9, 134.5 (d, JCF = 3 Hz), 126.9 (d, JCF = 9 Hz), 126.7,
124.2, 123.4, 122.7, 120.9, 118.5, 118.2, 117.6, 116.8 (d, JCF = 23 Hz),
114.6, 112.9, 111.1; 19F NMR (470 MHz, CDCl3) δ −114.4; HRMS-
APCI+ (m/z) calcd for C20H13FNO ([M + H]+) 302.0976, found
302.0996.

3-Bromo-2-(2-bromophenyl)indole (3). A Schlenk tube was
charged with 2-(2-bromophenyl)indole (923 mg, 3.4 mmol) and
anhydrous DMF (15 mL). To the mixture was added a solution of N-
bromosuccinimide (604 mg, 3.4 mmol) in anhydrous DMF (15 mL)
dropwise at room temperature. After stirring at room temperature for
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14 h, the reaction mixture was diluted with Et2O and then washed with
water. The organic layer was dried over NasSO4 and concentrated
under reduced pressure. The resulting crude residue was purified by
silica-gel column chromatography (hexane/EtOAc = 5:1 as an eluent)
to afford the title compound as a yellow oil (958 mg, 81% yield): 1H
NMR (400 MHz, CDCl3) δ 8.42 (brs, 1H), 7.72 (dd, J = 7.9, 1.0 Hz,
1H), 7.62 (dt, J = 7.7, 1.4 Hz, 2H), 7.46−7.39 (m, 2H), 7.32−7.21 (m,
3H); 13C NMR (101 MHz, CDCl3) δ 135.0, 133.8, 133.4, 133.1,
132.2, 130.6, 127.5, 127.4, 123.7, 123.4, 120.9, 119.6, 111.4, 92.1;
HRMS-APCI+ (m/z) calcd for C14H10Br2N ([M + H]+) 351.9155
(100%), 349.9175 (51%), and 353.9134 (49%), found 351.9174,
349.9193, and 353.9156.
1-(tert-Butoxycarbonyl)-3-bromo-2-(2-bromophenyl)indole (4). A

Schlenk tube was charged with 3 (387 mg, 1.1 mmol), 4-(N,N-
dimethylamino)pyridine (DMAP) (4 mg, 0.033 mmol), and
anhydrous acetonitrile (5.0 mL). To the mixture was added
(Boc)2O (0.28 mL, 1.2 mmol) at room temperature. After stirring
at room temperature for 23 h, the reaction mixture was evaporated
under reduced pressure. Then, the reaction mixture was diluted with
EtOAc and washed with water. The organic layer was dried over
Na2SO4 and concentrated under reduced pressure. The resulting crude
residue was purified by silica-gel column chromatography (hexane/
EtOAc = 5:1 as an eluent) to afford the the title compound as a
colorless solid (431 mg, 87% yield): mp 98−102 °C; 1H NMR (400
MHz, CDCl3) δ 8.34 (d, J = 8.2 Hz, 1H), 7.68−7.68 (m, 1H), 7.59 (d,
J = 7.8 Hz, 1H), 7.45−7.28 (m, 5H), 1.25 (s, 9H); 13C NMR (101
MHz, CDCl3) δ 149.2, 135.7, 135.3, 135.2, 132.5, 132.1, 130.2, 128.4,
127.2, 126.0, 125.0, 123.6, 119.7, 115.9, 101.4, 83.9, 27.6; HRMS-
APCI+ (m/z) calcd for C15H10Br2NO2 ([M − tBu + 2H]+) 395.9052
(100%), 393.9073 (51%), and 397.9032 (49%), found 395.9063,
393.9084, and 397.9035.
General Procedure for the Double N-Arylation of Anilines with 4.

A Schlenk tube was charged with 4, aniline, Pd2(dba)3 (10 mol %),
RuPhos (30 mol %), and NaOtBu (3.0 equiv) in anhydrous xylene.
After being degassed by three freeze-thaw pump cycles, the resulting
mixture was stirred at 120 °C for 20 h under an argon atmosphere.
Then, the reaction mixture was cooled to room temperature, diluted
with CHCl3, and washed with water. The organic layer was dried over
Na2SO4, filtered, and concentrated under reduced pressure. The
resulting crude residue was purified by silica-gel column chromatog-
raphy.
5-(tert-Butoxycarbonyl)-10-(4-methylphenyl)indolo[3,2-b]indole

(5a) and 5-(4-Methylphenyl)indolo[3,2-b]indole (6a). The crude
residue was obtained using 4 (303 mg, 0.67 mmol), 4-methylaniline
(72 mg, 0.67 mmol), Pd2(dba)3 (62 mg, 0.067 mmol), RuPhos (94
mg, 0.20 mmol), NaOtBu (194 mg, 2.0 mmol), and anhydrous xylene
(6.0 mL). The resulting crude residue was purified by silica-gel column
chromatography (hexane/EtOAc = 5:1 as an eluent) to afford 5a as a
yellow solid (52 mg, 21%) and 6a as a yellow solid (81 mg, 42% yield).
5a: mp 152−158 °C; 1H NMR (400 MHz, CDCl3) δ 8.56−8.54 (m,
1H), 8.29 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 8.0 Hz, 2H), 7.48−7.39 (m,
1H), 7.40 (d, J = 8.0 Hz, 2H), 7.36−7.29 (m, 2H), 7.27−7.22 (m,
2H), 7.16 (d, J = 7.1 Hz, 1H), 2.50 (s, 3H), 1.82 (s, 9H); 13C{1H}
NMR (101 MHz, CDCl3) δ 150.9, 141.3, 139.7, 137.5, 135.5, 130.4,
128.5, 126.5, 124.3, 123.9, 123.0, 122.5, 121.8, 120.2, 118.9, 118.2,
117.1, 116.9, 110.6, 84.2, 28.7, 21.4; HRMS-APCI+ (m/z) calcd for
C22H17N2O2 ([M − tBu + 2H]+) 341.1285, found 341.1288. 6a: mp
147−151 °C; 1H NMR (400 MHz, C6D6) δ 7.77 (d, J = 7.8 Hz, 1H),
7.73 (d, J = 8.2 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.38−7.32 (m, 3H),
7.30−7.25 (m, 2H), 7.20−7.18 (m, 1H), 7.14−7.10 (m, 1H), 6.95 (d, J
= 8.7 Hz, 2H), 6.82 (brs, 1H), 2.12 (s, 3H); 13C{1H} (126 MHz,
acetone-d6) δ 141.9, 141.6, 137.5, 137.0, 131.1, 129.8, 127.0, 126.9,
126.0, 123.3, 122.8, 120.3, 119.3, 118.9, 118.7, 116.9, 115.8, 113.2,
111.4, 21.1; HRMS-APCI+ (m/z) calcd for C21H17N2 ([M + H]+)
297.1387, found 297.1401.
5-(tert-Butoxycarbonyl)-10-(4-methoxyphenyl)indolo[3,2-b]-

indole (5b) and 5-(4-Methoxyphenyl)indolo[3,2-b]indole (6b). The
crude residue was obtained using 4 (419 mg, 0.93 mmol), 4-
methylaniline (126 mg, 1.0 mmol), Pd2(dba)3 (85 mg, 0.093 mmol),
RuPhos (0.13 g, 0.28 mmol), NaOtBu (268 mg, 2.8 mmol), and

anhydrous xylene (8.0 mL). The resulting crude residue was purified
by silica-gel column chromatography (hexane/EtOAc = 5:1 as an
eluent) to afford 5b as a yellow solid (174 mg, 45% yield) and 6b as a
yellow solid (36 mg, 12% yield). 5b: mp 170−173 °C; 1H NMR (400
MHz, CDCl3) δ 8.55−8.53 (m, 1H), 8.29 (d, J = 7.8 Hz, 1H), 7.54−
7.50 (m, 2H), 7.42−7.38 (m, 1H), 7.33−7.22 (m, 4H), 7.17−7.19 (m,
3H), 3.92 (s, 3H), 1.82 (s, 9H); 13C{1H} NMR (101 MHz, CDCl3) δ
159.0, 150.9, 141.6, 139.7, 130.9, 128.8, 128.1, 124.3, 123.6, 123.0,
122.5, 121.8, 120.1, 118.9, 118.1, 117.0, 116.9, 115.0, 110.5, 84.2, 55.8,
28.7; HRMS-APCI+ (m/z) calcd for C22H17N2O3 ([M − tBu + 2H]+)
357.1234, found 357.1236. 6b: mp 185−190 °C; 1H NMR (400 MHz,
C6D6) δ 7.82 (d, J = 7.8 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.54 (d, J =
8.2 Hz, 1H), 7.38−7.21 (m, 6H), 7.12−7.10 (m, 1H), 6.82 (brs, 1H),
6.77−6.73 (m, 2H), 3.31 (s, 3H); 13C{1H} NMR (126 MHz, acetone-
d6) δ 159.4, 141.94, 141.90, 132.8, 127.7, 127.4, 126.6, 123.3. 122.8,
120.2, 119.3, 118.9, 118.6, 116.7, 115.9, 115.8, 113.2, 111.4, 56.0;
HRMS-APCI+ (m/z) calcd for C21H17N2O ([M + H]+) 313.1335,
found 313.1364.

5-(tert-Butoxycarbonyl)-10-(4-fluorophenyl)indolo[3,2-b]indole
(5c) and 5-(4-Fluorophenyl)indolo[3,2-b]indole (6c). The crude
residue was obtained using 4 (470 mg, 1.0 mmol), 4-fluoroaniline
(0.11 mL, 1.1 mmol), Pd2(dba)3 (95 mg, 0.10 mmol), RuPhos (146
mg, 0.31 mmol), NaOtBu (300 mg, 3.1 mmol), and anhydrous xylene
(8.0 mL). The resulting crude residue was purified by silica-gel column
chromatography (hexane/EtOAc = 5:1 as an eluent) to afford 5c as a
yellow solid (90 mg, 25% yield) and 6c as a brown solid (104 mg, 33%
yield). 5c: mp 177−181 °C; 1H NMR (400 MHz, CDCl3) δ 8.57−
8.55 (m, 1H), 8.28 (d, J = 8.0 Hz, 1H), 7.60−7.56 (m, 2H), 7.41−7.38
(m, 1H), 7.34−7.23 (m, 6H), 7.16 (t, J = 7.5 Hz, 1H), 1.82 (s, 9H);
13C{1H} NMR (101 MHz, CDCl3) δ 161.8 (d, JCF = 247 Hz), 150.8,
141.3, 139.7, 134.2 (d, JCF = 3 Hz), 128.5 (d, JCF = 9 Hz), 124.4, 124.1,
123.3, 122.6, 122.0, 120.5, 118.6, 117.9, 117.2, 117.0, 116.8 (d, JCF =
23 Hz), 110.3, 84.3, 28.7; 19F NMR (470 MHz, CDCl3) δ −113.6;
HRMS-APCI+ (m/z) calcd for C21H14FN2O2 ([M − tBu + 2H]+)
345.1034, found 345.1046. 6c: mp 201−205 °C; 1H NMR (400 MHz,
acetone-d6) δ 10.55 (brs, 1H), 7.87 (d, J = 7.5 Hz, 1H), 7.80−7.77 (m,
2H), 7.57 (m, 2H), 7.49−7.45 (m, 3H), 7.28−7.19 (m, 3H), 7.05−
7.02 (m, 1H); 13C{1H} NMR (126 MHz, acetone-d6) δ 161.9 (d, JCF =
245 Hz), 141.9, 141.8, 136.4 (d, JCF = 2 Hz), 128.2 (d, JCF = 8 Hz),
127.0, 123.6, 123.0, 120.7, 119.5, 119.0, 118.5, 117.4 (d, JCF = 23 Hz),
117.1, 115.7, 113.32, 113.26, 111.3; 19F NMR (470 MHz, acetone-d6)
δ −117.0; HRMS-APCI+ (m/z) calcd for C20H14FN2 ([M + H]+)
301.1136, found 301.1166.

5,10-Bis(4-methylphenyl)indolo[3,2-b]indole (7a). A Schlenk tube
was charged with 6a (69 mg, 0.23 mmol), 4-bromotoluene (44 mg,
0.26 mmol), Pd2(dba)3 (4 mg, 4.6 μmol), RuPhos (7 mg, 0.014
mmol), and NaOtBu (45 mg, 0.47 mmol) in anhydrous xylene (5.0
mL). After being degassed by three freeze-thaw pump cycles, the
resulting mixture was stirred at 120 °C for 20 h. Then, the reaction
mixture was cooled to room temperature, diluted with CHCl3, and
washed with water. The organic layer was dried over Na2SO4, filtered,
and concentrated under reduced pressure. The resulting crude residue
was purified by silica-gel column chromatography (hexane/EtOAc =
5:1 to 6:1 as eluents) to afford the title compound as a yellow solid (32
mg, 35% yield): mp 218−223 °C; 1H NMR (400 MHz, CDCl3) δ 7.60
(d, J = 8.2 Hz, 4H), 7.60−7.55 (m, 4H), 7.41 (d, J = 8.2 Hz, 4H),
7.25−7.21 (m, 2H), 7.09 (t, J = 7.3 Hz, 2H), 2.50 (s, 6H); 13C{1H}
NMR (101 MHz, CDCl3) δ 141.0, 136.6, 136.4, 130.3, 126.8, 125.8,
122.6, 119.4, 118.5, 115.6, 111.0, 21.3; HRMS-APCI+ (m/z) calcd for
C28H23N2 ([M + H]+) 387.1856, found 387.1879.

5-(4-Methoxyphenyl)-10-(4-methylphenyl)indolo[3,2-b]indole
(7b). A Schlenk tube was charged with 6a (74 mg, 0.25 mmol), 1-
bromo-4-methoxybenzene (30 μL, 0.25 mmol), Pd2(dba)3 (4 mg, 5.0
μmol), RuPhos (7 mg, 0.015 mmol), and NaOtBu (48 mg, 0.50 mmol)
in anhydrous xylene (7.0 mL). After being degassed by three freeze-
thaw pump cycles, the resulting mixture was stirred at 120 °C for 20 h.
Then, the reaction mixture was cooled to room temperature, diluted
with CHCl3, and washed with water. The organic layer was dried over
Na2SO4, filtered, and concentrated under reduced pressure. The
resulting crude residue was purified by silica-gel column chromatog-
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raphy (hexane/EtOAc = 5:1 as an eluent) to afford the title compound
as a yellow solid (41 mg, 40% yield): mp 188−192 °C; 1H NMR (400
MHz, CDCl3) δ 7.64−7.55 (m, 6H), 7.53−7.51 (m, 2H), 7.42 (d, J =
8.2 Hz, 2H), 7.25−7.21 (m, 2H), 7.14 (d, J = 8.7 Hz, 2H), 7.09 (t, J =
7.6 Hz, 2H), 3.93 (s, 3H), 2.50 (s, 3H); 13C{1H} NMR (101 MHz,
CDCl3) δ 158.5, 141.3, 141.0, 136.6, 136.4, 131.9, 130.3, 127.4, 127.1,
126.5, 125.7, 122.6, 122.5, 119.4, 119.3, 118.5, 118.4, 115.6, 115.5,
114.9, 111.0, 110.8, 55.8, 21.3; HRMS-APCI+ (m/z) calcd for
C28H23N2O ([M + H]+) 403.1805, found 403.1826.
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