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ABSTRACT: A series of B←N coordinated tetrahydrodibenzo[a,i]phenanthridine-based polycyclic aromatic hydrocarbons
(PAHs) have been designed and synthesized. All of these compounds have been characterized by multinuclear NMR
spectroscopy and high-resolution mass spectrometry. Compounds 1, 2, 4, and 7 have also been characterized by single-crystal
X-ray diffraction analysis. Our newly synthesized compounds exhibit good luminescence quantum yields in solution and
moderate quantum yields in the solid state. Furthermore, the compounds show a large Stokes shift in comparison to the well-
known boron−dipyrromethene dyes.

■ INTRODUCTION

Organic fluorophores, especially polycyclic aromatic hydro-
carbons (PAHs), have attracted great attention due to their
widespread applications ranging from photodynamic therapy
(PDT) and bioimaging to optoelectronics.1 Despite their wide
range of applications, often they have disadvantages such as
long-term stability and performance. Different approaches have
been used to overcome these shortcomings and to tune the
electronic properties of PAHs. Among them, incorporation of
main-group elements has become a powerful strategy to
produce exciting electronic properties.2 Tricoordinate boron
incorporated PAH compounds have emerged as efficient
materials due to strong luminescence and high electron
affinities.3−5 Intramolecular B←N coordination (B−N is
isoelectronic with CC) has become yet another powerful
approach to modify PAHs.6 B←N coordination reinforces the
coplanarity and rigidity of the basic structure and also
enhances the electron-accepting capability of the resulting
materials. The synthesis of B←N coordinated thienylthiazole
ligand based ladder-type structures has been explored by
Yamaguchi and co-workers.7 Kawashima and co-workers8

reported highly luminescent azobenzene- or imine-based B←

N coordinated boron compounds. Later, Wang and co-
workers9 developed photochromic B←N coordinated boron
compounds based on the 2-phenylpyridine moiety. In 2010
Murakami and co-workers10 reported the aromatic electro-
philic borylation strategy to synthesize phenylpyridine boron
complexes. Ingleson and co-workers6b applied an electrophilic
borylation method to incorporate boron into a π-conjugated
acceptor donor system. Recently, Jak̈le and co-workers11

explored a similar strategy to synthesize a B←N coordinated
anthracene derivative which has been used for oxygen
sensitization. Here, we disclose the synthesis and photo-
physical properties of tetrahydrodibenzo[a,i]phenanthridine
boron compounds.

■ RESULTS AND DISCUSSION

Phenanthridine and its derivatives are well-known polycylic
aromatic entities found in natural products and exhibit
interesting pharmacological properties such as antitumor and
antibacterial.12 In addition, phenanthridine and its derivatives
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have also found application in photoconduction, optoelectrical
switches, and so on.12g,h Among the phenanthridine derivatives
the tetrahydrodibenzo(a,i)phenanthridine core attracted us
due to (a) its synthetic methodology which involves one-pot
synthesis and (b) tunable functionality. 5-Substituted tetrahy-
drophenanthridines 1L−7L were prepared by one-pot
reactions using 2-tetralone, arylaldehyde, and ammonium
acetate in an ethanol/acetic acid solvent mixture, following
the procedure reported in the literature (Scheme 1).13 All of
these compounds were characterized by 1H and 13C NMR and
also HRMS analysis. All of the heteroarenes were subjected to
aromatic electrophilic borylation10,14 using BBr3 in the
presence of N,N-diisopropylethylamine to yield the B←N
coordinated dibromoboron compounds. Further treatment of
B←N coordinated dibromoboron compounds with trimethy-
laluminum gave the targeted B←N coordinated organoboron
compounds 1−7 (Scheme 1). All of the boron compounds are
stable toward air and moisture and could be purified by
column chromatography. The appearance of new signals
around 0.2 ppm in 1H NMR and 4 ppm (broad) in 13C
NMR corresponds to the methyl attached to the boron atom.
Furthermore, 11B NMR spectra of compounds 1−7 shows a
signal at δ ∼1−3 ppm, which indicates the formation of
tetracoordinate boron. The 1H NMR of compound 4 displays
two equally intense signals for the methyl attached to the
boron atom, thus indicating the presence of two conformers.
However, 1H NMR spectra of compounds 1−3 and 5−7 show
only one signal at ca. 0.2 ppm. To understand this, variable-
temperature (VT) 1H NMR experiments on compound 1, 4,
and 7 were performed. VT 1H NMR studies reveal two signals
for the methyl attached to the boron in a 1:1 ratio at low
temperature, which can be ascribed to the restriction of

conformations with decreasing temperature (Figures S1−
S3).15 Moreover, the proposed structures of B←N coordinated
boron compounds were confirmed by LC-MS and elemental
analysis. Single crystals of compounds 1, 2, 4, and 7 were
grown by slow evaporation of a mixture of CH2Cl2 and ethanol
solvent and studied using single-crystal X-ray diffraction
analysis. All of the boron compounds crystallized in the
triclinic space group P1̅, except compound 1, which crystallized
in the orthorhombic Pbca space group. In each of these
compounds, the tetracoordinated boron center adopts a typical
distorted-tetrahedral geometry. The B−N and B−C bond
distances fall in the range 1.646(3)−1.669(2) and 1.583(3)−
1.626(3) Å, respectively (Table 1), which are consistent with
the values reported in the literature for B←N coordinated
boron complexes.9,11,16 The molecular structures of all the
compounds showed that the boron atom coordinates to the
pyridyl nitrogen atom to form a five-membered ring (Figure
1). The Ar group attached to pyridyl becomes coplanar due to
B←N coordination. The interplanar angles between plane A
and plane F vary from 4.3 to 8.1°, those between plane A and
Ar vary from 10.4 to 18.9°, and those between plane F and Ar
vary from 6.0 to 11.6° (Table 1). Owing to the half-chair
formation observed for alicyclic rings B and D, planes C and E
showed pronounced deviation up to 41° with respect to plane
A. It should be noted that the puckerings of rings B and D are
similar in compounds 1, 2, and 4 whereas in compound 7 the
puckering is in the opposite direction (Figure 2, side view).
All of the tetrahydrodibenzo(a,i)phenanthridine ligands

(1L−7L) displayed absorption maxima at ca. 316−350 nm,
which can be attributed to π−π* electronic transitions (Table
2 and Figure S6). When they were irradiated at their longer
wavelength absorption maxima, compounds 1L−7L exhibited

Scheme 1. Synthesis of Compounds 1−7a

aLegend: (a) BBr3, N(i-Pr)2Et, CH2Cl2, 0 °C; (b) AlMe3, toluene.
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weak to moderate fluorescence (Table 2 and Figure S7). As
expected, the B←N coordinated boron compounds 1−7
exhibited red-shifted absorptions and emissions. All of the
boron compounds showed limited solubility in protic solvents;
hence, the photophysical studies were performed in toluene,
CH2Cl2, THF, and CH3CN (Table 2 and Table S1). The
absorption spectra of the boron compounds 1−7 in CH2Cl2
solution (Figure 2) showed absorption maxima at ca. 368−420
nm with moderate molar extinction coefficients at ca. 15800−
38700 M−1 cm−1. On excitation at their longer wavelength
absorption, the emission maxima of these compounds were
tuned from 403 nm (compound 1) to 494 nm (compound 6)
in CH2Cl2. Naphthalene (4) and thiophene (3) substituted
B←N coordinated boron chromophores showed red-shifted
emissions in comparison to compound 1. Compounds 1−4 did
not show any emission changes with solvent polarity,
indicating that the stabilization of the excited state by

interaction with solvent molecules is modest (Figure S4).
However, in the case of compounds 5−7, the emission maxima
red-shifted due to intramolecular charge transfer from
carbazole, −NPh2, and −NMe2 groups, respectively. The
charge transfer emission of these compounds was further
supported by the positive solvatochromism with increased
solvent polarity from toluene to acetonitrile (Figure S5 and
Table S1). The intramolecular charge transfer process present
in compounds 5−7 is likely responsible for the relatively high
Stokes shifts and high fluorescence quantum yields. The
highest quantum yield (95% in toluene; Table S1) with large
Stokes shift was observed for compound 5 in the solution state.
Compound 2 showed a lower fluorescence quantum yield
(0.13 in THF; Table S1) in solution; this may be due to the
presence of the heavy bromine atom, which induces non-
radiative pathways. All of the boron compounds showed single-
exponential decay with lifetimes in nanoseconds in THF
solution (Table S1 and Figure S8). Moreover, the absolute
solid-state fluorescence quantum yields of compounds 1−7
(Figure 3 and Table 2) suggest that they are highly emissive in
the solid state as well. The solid-state emission of compounds
1−7 ranges from 463 nm (deep blue 2) to 550 nm (yellow 7),
and all are red-shifted in comparison to their solution state
(CH2Cl2) emission by ∼40 nm. The highest solid-state
quantum yield (0.64) was observed for compound 7 with
red-shifted emission at 550 nm (Table 2). The emission red
shift observed in the solid state (over sthe solution state) for
compound 7 (485 nm in CH2Cl2, 550 nm in the solid state) is
more pronounced in comparison to compound 5 (450 nm in
CH2Cl2, 470 nm in the solid state). This is probably due to the
“carbazole” twist expected in compound 5, which restricts the
planarization of the structure in the excited state. Density
functional theory (DFT) calculations were performed to
understand the photophysical properties of the B←N
coordinated boron compounds. The HOMOs and LUMOs
of compounds 1−7 are provided in Figure 4. As shown in
Figure 4, the HOMOs and LUMOs of compounds 1−4 were
delocalized over the aromatic rings; in particular the HOMO
levels have orbital contributions from Ar, A, and C for
compounds 1−3 and Ar and A for compound 4, whereas the
LUMO levels have orbital contributions from Ar, A, and C for
compounds 1−4. Compound 4, which contains a naphthyl
group, has a slightly higher HOMO energy, consistent with the
greater red shift observed for compound 4 in comparison to

Table 1. Comparison of Bond Length and Angle Data for
Compounds 1, 2, 4, and 7

1 2 4 7

B−C1 (Å) 1.583(3) 1.599(3) 1.599(2) 1.598(2)
B−C2 (Å) 1.625(3) 1.625(3) 1.622(2) 1.621(2)
B−C3 (Å) 1.626(3) 1.616(3) 1.617(2) 1.623(2)
B−N (Å) 1.646(3) 1.669(2) 1.656(2) 1.660(2)
C1−B−N (deg) 96.5(2) 95.6(1) 95.5(1) 95.80(8)
C1−B−C2 (deg) 108.7(2) 111.1 (2) 107.3(1) 113.6(1)
C1−B−C3 (deg) 114.5(2) 113.3(2) 116.0(1) 111.2(1)
C2−B−N (deg) 108.9 (2) 111.2(2) 111.9(1) 110.5(1)
C3−B−N (deg) 111.6(2) 110.6(2) 109.0(1) 111.5(1)
C3−B−C2 (deg) 115.0 (2) 113.7(2) 115.3(1) 113.0(1)
plane A∥C (deg) 25.26 29.37 24.765 29.83
plane A∥E (deg) 40.03 41.53 37.998 40.42
plane A∥F (deg) 4.31 8.10 7.41 7.81
plane F∥Ar (deg) 7.68 7.49 11.63 6.01
plane A∥Ar (deg) 10.45 15.16 18.95 13.33

Figure 1. Molecular structures of 1, 2, 4, and 7 (from left to right) with thermal ellipsoids at the 50% probability level (top). Side views of 1, 2, 4,
and 7 (from left to right; capped stick model; bottom).
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1−3. The DFT calculations further indicate that compounds
5−7 shows a red-shifted λmax due to an intramolecular charge
transfer (ICT) transition from amino-substituted aryl group to
phenyl rings A, C, and E. The presence of an electron-donating
substituent on phenyl at the 5-position significantly raises the
HOMO level, thereby lowering the energy gap in these
compounds.
The electrochemical properties of compounds 1−7 were

investigated by cyclic voltammetry (CV) in deoxygenated
dimethoxyethane (DME) at room temperature (Figure S9 and
Table S2). All of the compounds (except 3)17 exhibit one
electron reduction event within the electrochemical window of
DME. The reduction potentials range from −2.30 to −2.67 V,
which are comparable with those of our recently reported
imidazole-based boron complexes.18 Compound 5 was easily
reduced over other compounds due to a more stabilized

LUMO level. The cathodic peak potential of compound 7 is
highly negative, demonstrating the electron-donating nature of
−NMe2. We also investigated the oxidation properties of
compounds 5−7. All three compounds exhibit one quasi-
reversible oxidation (Figure S10 and Table S3). The oxidation
potential of compound 7 is lower than those of 5 and 6
because of the presence of a better electron-donating group.
The frontier orbital energies (HOMO and LUMO) were also
derived from the onset absorption and Epc.

19 The HOMO−
LUMO gaps obtained from these calculations (Table 3) mirror
the trend of those obtained from the TD-DFT computations.

■ CONCLUSIONS
A series of tetrahydrodibenzo[a,i]phenanthridine compounds
(1L−7L) were synthesized in one pot. By simple electrophilic
borylation of these compounds, B←N coordinated boron

Figure 2. Absorption (left) and normalized emission (right) spectra of boron compounds 1−7 (24 μM) in CH2Cl2, excited at longer wavelength
absorption maxima. Insets (right): fluorescence photograph of compounds 1−7 in THF under a hand-held UV lamp at 365 nm.

Table 2. Photophysical Data of Compounds 1L−7L and 1−7

compound solvent λmax
a (nm) εmax (10

4 M−1 cm−1) λem (nm)a,b Δ (cm−1) ΦF
c

1L CH2Cl2 318 1.38 395 6130 0.01
2L CH2Cl2 319 2.00 399 6285 0.03
3L CH2Cl2 342 1.13 421 5486 0.02
4L CH2Cl2 316 1.56 408 7135 0.02
5L CH2Cl2 330 1.92 419 6436 0.18
6L CH2Cl2 350 1.80 459 6784 0.45
7L CH2Cl2 345 2.21 449 6713 0.30
1 CH2Cl2 364 1.58 403 2650 0.58

solid 466 0.21d

2 CH2Cl2 368 1.96 406 2540 0.15
solid 463 0.05d

3 CH2Cl2 384 1.52 426 2560 0.38
solid 471 0.16d

4 CH2Cl2 397 1.97 448 2860 0.53
solid 492 0.06d

5 CH2Cl2 379 2.45 450 4160 0.90
solid 470 0.38d

6 CH2Cl2 420 3.07 494 3560 0.87
solid 531 0.46d

7 CH2Cl2 415 3.87 485 3470 0.67
solid 550 0.64d

aAbsorption maximum (24 μM). bExcited at the absorption maximum. cQuinine sulfate standard in 0.1 N H2SO4.
dAbsolute quantum yields

measured using an integrating sphere.
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compounds 1−7 were obtained with good yields. All of these
compounds were successfully characterized by multinuclear
NMR spectroscopy and single-crystal X-ray diffraction analyses
in the case of compounds 1, 2, 4, and 7. Large Stokes shifts as
well as better quantum yields in both solution and the solid
state suggest that this class of compounds could have potential
applications in sensing and optoelectronic devices.

■ EXPERIMENTAL SECTION
General Procedure for the Synthesis of Compounds 1L−7L.

To a warm solution of aldehyde (1 equiv) and ammonium acetate (4
equiv) in ethanol and acetic acid (4/1; 40 mL/10 mL) was added 2-
tetralone (2 equiv). The reaction mixture was heated for 5 min at 75
°C and then left aside for 24 h at room temperature in open air. The
progress of the reaction was monitored by TLC. The reaction mixture
was poured into water and extracted with dichloromethane. The
combined organic layers were washed with brine solution, dried over
Na2SO4, and concentrated using a rotary evaporator. The crude
reaction mixture was purified by 100−200 silica gel chromatography
using an n-hexane/dichloromethane mixture as the mobile phase.
Synthesis of Compound 1L. The quantities involved are as

follows: benzaldehyde (0.57 mL, 5.67 mmol), 2-tetralone (1.5 mL,
11.34 mmol), and ammonium acetate (1.75 g, 22.68 mmol). Yield:
1.66 g, (82%). Mp: 215 °C. 1H NMR (400 MHz, CDCl3): δ 7.54−
7.51 (m, 1H), 7.46 (dd, J = 6.5, 3.0 Hz, 2H), 7.39−7.29 (m, 6H),
7.27−7.24 (m, 1H), 7.16−7.10 (m, 1H), 6.89 (d, J = 3.9 Hz, 2H),

3.17−3.14 (m, 2H), 3.12−3.09 (m, 2H), 2.98−2.95 (m, 2H), 2.79 (t,
J = 8 Hz, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ 158.11, 153.97,
145.71, 142.08, 139.68, 138.71, 133.07, 133.05, 129.87, 129.68,
128.87, 128.74, 128.40, 127.91, 127.83, 127.69, 127.51, 127.00,
126.91, 126.08, 125.67, 33.20, 29.59, 29.51, 29.25 ppm. HRMS (ESI):
calcd for C27H22N ([M + H]+) 360.1747, found 360.1748. Anal.
Calcd for C27H21N: C, 90.21; H, 5.89; N, 3.90. Found: C, 89.98; H,
6.04; N, 3.87.

Synthesis of Compound 2L. The quantities involved are as
follows: 4-bromobenzaldehyde (1.04 g, 5.67 mmol), 2-tetralone (1.50
mL, 11.34 mmol), and ammonium acetate (1.75 g, 22.68 mmol).
Yield: 1.96 g, (79%). Mp: 219 °C. 1H NMR (400 MHz, CDCl3): δ
7.53−7.48 (m, 3H), 7.38−7.27 (m, 6H), 7.17 (td, J = 7.3, 1.4 Hz,
1H), 6.98−6.91 (m, 2H), 3.18−3.11 (m, 4H), 2.99−2.96 (m, 2H),
2.79 (t, J = 8 Hz, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ 158.24,
152.35, 146.27, 140.66, 139.72, 138.82, 132.85, 132.63, 131.73,
131.63, 129.65, 129.10, 128.80, 128.04, 127.98, 127.39, 127.16,
126.22, 125.97, 122.35, 33.01, 29.57, 29.46, 29.32 ppm. HR-MS
(ESI): calcd for C27H21BrN ([M + H]+) 438.0852, found 438.0841.
Anal. Calcd for C27H20BrN: C, 73.98; H, 4.60; N, 3.20. Found: C,
73.77; H, 4.75; N, 3.16.

Synthesis of Compound 3L. The quantities involved are as
follows: thiophene-2-carbaldehyde (0.53 mL, 5.67 mmol), 2-tetralone
(1.5 mL, 11.34 mmol), and ammonium acetate (1.75 g, 22.68 mmol).
Yield: 1.38 g, (67%). Mp: 220 °C. 1H NMR (400 MHz, CDCl3): δ
7.52−7.50 (m, 1H), 7.36−7.26 (m, 6H), 7.19 (t, J = 7.4 Hz, 1H),
7.07 (d, J = 4 Hz, 1H), 7.03 (t, J = 7.6 Hz, 1H), 6.94 (dd, J = 5.0, 3.7
Hz, 1H), 3.13−3.06 (m, 4H), 2.98−2.94 (m, 2H), 2.76 (t, J = 7.4 Hz,
2H) ppm. 13C NMR (100 MHz, CDCl3): δ 158.35, 147.07, 146.07,
144.65, 139.77, 138.99, 133.06, 132.95, 129.35, 129.09, 128.74,
128.10, 128.01, 127.85, 127.72, 127.51, 127.26, 127.09, 126.82,

Figure 3. Normalized emission spectra of boron compounds 1−7 in
the solid state.

Figure 4. Computed orbitals for compounds 1−7.

Table 3. HOMO and LUMO Levels Derived from UV/Vis
Onset Absorption and Electrochemical Data

compound HOMO−LUMO gapa LUMOb HOMOc

1 3.22 −2.26 −5.48
2 3.18 −2.53 −5.71
3 3.04 −2.27 −5.31
4 2.93 −2.41 −5.34
5 3.00 −2.50 −5.50
6 2.72 −2.28 −5.00
7 2.73 −2.13 −4.86

aAbsorption onset of the longest-wavelength UV band. bCalculated
from Epc of the first reduction wave with reference to Fc/Fc+.
cCalculated from absorption energy and LUMO.
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126.18, 125.83, 33.23, 29.62, 29.60, 29.49 ppm. HR-MS (ESI): calcd
for C25H20NS ([M + H]+) 366.1311, found 366.1308. Anal. Calcd for
C25H19NS: C, 82.15; H, 5.24; N, 3.83. Found: C, 82.00; H, 5.38; N,
3.86.
Synthesis of Compound 4L. The quantities involved are as

follows: 1-naphthaldehyde (0.77 mL, 5.67 mmol), 2-tetralone (1.5
mL, 11.34 mmol), and ammonium acetate (1.75 g, 22.68 mmol).
Yield: 1.44 g, (62%). 1H NMR (400 MHz, CDCl3): δ 7.88 (dd, J =
8.0, 4.4 Hz, 2H), 7.70 (d, J = 8.4 Hz, 1H), 7.58−7.56 (m, 1H), 7.47−
7.42 (m, 2H), 7.40−7.31 (m, 5H), 7.19 (d, J = 7.4 Hz, 1H), 6.99 (td,
J = 7.2, 1.8 Hz, 1H), 6.63−6.57 (m, 2H), 3.34−3.27 (m, 1H), 3.20−
3.11 (m, 3H), 3.02−2.96 (m, 2H), 2.83−2.74 (m, 2H) ppm. 13C
NMR (176 MHz, CDCl3): δ 158.00, 153.25, 145.49, 139.92, 139.84,
138.58, 134.20, 133.16, 132.91, 132.01, 130.49, 129.00, 128.40,
128.36, 128.06, 127.98, 127.92, 127.05, 126.90, 126.31, 126.23,
126.10, 125.88, 125.72, 33.22, 29.78, 29.55, 29.38 ppm. HR-MS
(ESI): Calcd for C31H24N ([M + H]+) 410.1903, found 410.1904.
Anal. Calcd for C31H23N: C, 90.92; H, 5.66; N, 3.42. Found: C, 90.85;
H, 5.82; N, 3.43.
Synthesis of Compound 5L. The quantities involved are as

follows: 4-(9H-carbazol-9-yl)benzaldehyde (1.53 g, 5.67 mmol), 2-
tetralone (1.5 mL, 11.34 mmol), and ammonium acetate (1.75 g,
22.68 mmol). Yield: 1.54 g, (52%). Mp: 267 °C. 1H NMR (400 MHz,
CDCl3): δ 8.16 (d, J = 7.7 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H), 7.60−
7.55 (m, 3H), 7.50−7.29 (m, 10H), 7.25−7.22 (m, 1H), 7.05 (d, J =
4.0 Hz, 2H), 3.31−3.22 (m, 4H), 3.04−3.01 (m, 2H), 2.83−2.76 (m,
2H) ppm. 13C NMR (100 MHz, CDCl3): δ 158.45, 153.02, 146.07,
141.23, 140.91, 139.81, 139.01, 137.34, 133.05, 132.98, 131.58,
129.80, 129.26, 128.87, 128.06, 127.99, 127.95, 127.44, 127.24,
127.01, 126.24, 126.09, 125.82, 123.56, 120.43, 120.08, 109.97, 33.36,
29.68, 29.59, 29.35 ppm. HR-MS (ESI): calcd for C39H29N2 ([M +
H]+) 525.2325, found 525.2320. Anal. Calcd for C39H28N2: C, 89.28;
H, 5.38; N, 5.34. Found: C, 89.12; H, 5.23; N, 5.34.
Synthesis of Compound 6L. The quantities involved are as

follows: 4-(diphenylamino)benzaldehyde (1.55 g, 5.67 mmol), 2-
tetralone (1.5 mL, 11.34 mmol), and ammonium acetate (1.75 g,
22.68 mmol). Yield: 1.49 g, (50%). Mp: 238 °C. 1H NMR (400 MHz,
CDCl3): δ 7.53−7.51 (m, 1H), 7.37−7.24 (m, 10H), 7.17−7.12 (m,
5H), 7.07−6.97 (m, 6H), 3.16−3.09 (m, 4H), 2.98−2.95 (m, 2H),
2.77 (t, J = 8.0 Hz, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ
158.20, 153.71, 147.73, 147.55, 145.78, 139.72, 138.80, 136.15,
133.36, 133.21, 130.93, 129.68, 129.29, 128.85, 128.75, 127.95,
127.68, 127.33, 127.07, 126.97, 126.12, 125.56, 124.48, 123.67,
122.93, 33.36, 29.64, 29.60, 29.32 ppm. HR-MS (ESI): calcd for
C39H31N2 ([M + H]+) 527.2482, found 527.2463. Anal. Calcd for
C39H30N2: C, 88.94; H, 5.74; N, 5.32. Found: C, 88.81; H, 5.65; N,
5.26.
Synthesis of Compound 7L. The quantities involved are as

follows: 4-(dimethylamino)benzaldehyde (0.85 g, 5.67 mmol), 2-
tetralone (1.5 mL, 11.34 mmol), and ammonium acetate (1.75 g,
22.68 mmol). Yield: 1.27 g, (56%). 1H NMR (700 MHz, CDCl3): δ
7.51 (d, J = 8 Hz, 1H), 7.36 (t, J = 8 Hz, 3H), 7.31 (t, J = 8 Hz, 1H),
7.27 (dd, J = 12, 8 Hz, 2H), 7.17−7.07 (m, 2H), 6.96 (t, J = 8 Hz,
1H), 6.69 (d, J = 8.0 Hz, 2H), 3.14−3.09 (m, 4H), 2.98 (s, 6H),
2.97−2.93 (m, 2H), 2.79−2.72 (m, 2H) ppm. 13C NMR (176 MHz,
CDCl3): δ 158.13, 154.29, 150.41, 145.73, 139.71, 138.66, 133.86,
133.46, 130.86, 130.13, 129.59, 128.71, 128.37, 127.89, 127.45,
126.85, 126.73, 126.66, 126.06, 125.77, 112.37, 40.67, 33.35, 29.74,
29.69, 29.47 ppm. ESI-MS: calcd for C29H27N2 ([M + H]+) 403.2169,
found 403.2160. Anal. Calcd for C29H26N2: C, 86.53; H, 6.51; N,
6.96. Found: C, 86.44; H, 6.45; N, 6.93.
General Procedure for the Synthesis of Compounds 1−7.

An oven-dried three-neck round-bottom flask with an addition funnel
was degassed and purged using vacuum−nitrogen cycles and charged
with a dichloromethane solution of compound 1L−7L. To this
solution was added diisopropylethylamine (i-Pr2NEt) at 0 °C, and the
mixture was stirred. After 10 min BBr3 (1.0 M in dichloromethane)
was added slowly at the same temperature and the mixture was
warmed to room temperature. After the reaction mixture was stirred
at room temperature for 24 h, a saturated K2CO3 aqueous solution

was added and this mixture was extracted with CH2Cl2. The
combined organic layers were washed with water, dried over
MgSO4 and concentrated using a rotary evaporator to afford the
crude dibromoboron compound. Without further purification the
crude product was placed in a round-bottom flask that was dried using
high vacuum and then filled with argon and toluene was added. To
this stirred solution was added AlMe3 (2.0 M in toluene) at room
temperature. After the mixture was stirred for 1/2 h, the reaction was
quenched by adding water and extracted with CH2Cl2. The combined
organic layers were washed with water and brine. The organic layer
was dried over Na2SO4 and concentrated using a rotary evaporator.
The crude product was purified by silica gel column chromatography
using an n-hexane/dichloromethane mixture as the mobile phase.

Synthesis of Compound 1. The quantities involved are as follows:
compound 1L (0.60 g, 1.67 mmol), N,N-diisopropylethylamine (0.29
mL, 1.67 mmol), BBr3 (1.0 M in CH2Cl2, 5.01 mL, 5.01 mmol), and
AlMe3 (2.0 M in toluene, 1.67 mL, 3.34 mmol). Yield: 0.43 g, (65%).
Mp: 251 °C. 1H NMR (400 MHz, CDCl3): δ 7.97 (d, J = 7.7 Hz,
1H), 7.81 (d, J = 8.1 Hz, 1H), 7.58−7.54 (m, 2H), 7.41−7.24 (m,
7H), 6.95 (t, J = 8 Hz, 1H), 2.81−4.04 (m, 8H), 0.25 (s, 6H) ppm.
13C NMR (100 MHz, CDCl3): δ 170.22, 155.71, 151.05, 149.83,
139.46, 139.03, 135.70, 131.67, 131.61, 129.70, 129.61, 129.27,
128.94, 128.63, 128.57, 128.40, 127.89, 127.84, 127.26, 126.37,
126.03, 124.82, 123.98, 30.29, 29.35, 28.78, 28.32, 9.16 ppm. 11B
NMR (128 MHz, CDCl3): δ 2.12 ppm. ESI-MS: calcd for C29H27BN
([M + H]+) 400.2236, found m/z 400.2263. Anal. Calcd for
C29H26BN: C, 87.22; H, 6.56; N, 3.51. Found: C, 87.02; H, 6.67;
N, 3.71.

Synthesis of Compound 2. The quantities involved are as follows:
compound 2L (0.73 g, 1.67 mmol), N,N-diisopropylethylamine (0.29
mL, 1.67 mmol), BBr3 (1.0 M in CH2Cl2, 5.01 mL, 5.01 mmol), and
AlMe3 (2.0 M in toluene, 1.67 mL, 3.34 mmol). Yield: 0.49 g, (62%).
Mp: 291 °C. 1H NMR (400 MHz, CDCl3): δ 7.89 (d, J = 7.7 Hz,
1H), 7.65 (d, J = 8.3 Hz, 2H), 7.56−7.53 (m, 1H), 7.41−7.30 (m,
5H), 7.28−7.24 (m, 1H), 7.06 (dd, J = 8.5, 2.0 Hz, 1H), 4.04−2.81
(m, 8H), 0.22 (s, 6H) ppm. 13C NMR (100 MHz, CDCl3): δ 172.87,
155.84, 150.11, 150.08, 139.47, 139.17, 134.42, 131.50, 131.40,
129.76, 129.19, 129.08, 128.67, 128.61, 128.31, 127.97, 127.45,
127.13, 126.47, 126.32, 126.19, 125.42, 30.30, 29.34, 28.75, 28.33,
8.79 pppm. 11B NMR (128 MHz, CDCl3): δ 2.66 ppm. ESI-MS: calcd
for C29H26BBrN ([M + H]+) 478.1341, found m/z 478.1361. Anal.
Calcd for C29H25BNBr: C, 72.83; H, 5.27; N, 2.93. Found: C, 72.67;
H, 5.21; N, 2.75.

Synthesis of Compound 3. The quantities involved are as follows:
compound 3L (0.61 g, 1.67 mmol), N,N-diisopropylethylamine (0.29
mL, 1.67 mmol), BBr3 (1.0 M in CH2Cl2, 5.01 mL, 5.01 mmol), and
AlMe3 (2.0 M in toluene, 1.67 mL, 3.34 mmol). Yield: 0.20 g, (30%).
Mp: 239 °C. 1H NMR (400 MHz, CDCl3): δ 8.28−8.24 (m, 1H),
7.48−7.45 (m, 1H), 7.42−7.37 (m, 4H), 7.32−7.29 (m, 3H), 7.12 (d,
J = 4.7 Hz, 1H), 3.44 (br s, 2H), 3.12 (t, J = 8 Hz, 2H), 2.94 (t, J =
6.7 Hz, 2H), 2.73 (t, J = 8 Hz, 2H), 0.23 (s, 6H) ppm. 13C NMR (100
MHz, CDCl3): δ 156.09, 149.48, 148.49, 139.02, 138.82, 133.66,
131.78, 131.24, 130.25, 129.00, 128.68, 128.16, 127.86, 127.71,
127.24, 127.07, 126.60, 126.49, 126.42, 126.14, 30.31, 29.31, 28.68,
28.17, 7.92 ppm. 11B NMR (128 MHz, CDCl3): δ 1.67. ESI-MS:
Calcd for C27H25BNS ([M + H]+) 406.1800, found m/z 406.1820.
Anal. Calcd for C27H24BNS: C, 80.00; H, 5.97; N, 3.46. Found: C,
79.85; H, 5.72; N, 3.67.

Synthesis of Compound 4. The quantities involved are as follows:
compound 4L (0.68 g, 1.67 mmol), N,N-diisopropylethylamine (0.29
mL, 1.67 mmol), BBr3 (1.0 M in CH2Cl2, 5.01 mL, 5.01 mmol), and
AlMe3 (2.0 M in toluene, 1.67 mL, 3.34 mmol). Yield: 0.32 g, (42%).
Mp: 269 °C. 1H NMR (400 MHz, CDCl3): δ 7.87 (d, J = 7.9 Hz,
1H), 7.76 (t, J = 8.1 Hz, 2H), 7.68 (d, J = 7.2 Hz, 1H), 7.40−7.31 (m,
4H), 7.19−7.11 (m, 2H), 7.06 (d, J = 8.5 Hz, 1H), 6.93 (d, J = 7.7
Hz, 1H), 6.83 (t, J = 7.6 Hz, 1H), 6.69 (t, J = 7.4 Hz, 1H), 3.76−3.69
(m, 2H), 3.30−3.22 (m, 1H), 3.08−3.05 (m, 2H), 2.95 (t, J = 8 Hz,
2H), 2.86−2.77 (m, 1H), 0.32 (s, 3H), 0.21 (s, 3H) ppm. 13C NMR
(100 MHz, CDCl3): δ 173.20, 155.68, 152.10, 148.91, 139.46, 137.22,
133.78, 133.13, 131.95, 131.27, 130.69, 128.65, 128.56, 128.52,
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128.16, 128.08, 128.01, 127.94, 127.77, 127.07, 126.85, 126.74,
126.51, 125.75, 124.38, 123.55, 29.17, 29.09, 28.83, 28.38, 8.46 ppm.
11B NMR (128 MHz, CDCl3): δ 2.63 ppm. ESI-MS: Calcd for
C33H29BN ([M + H]+) 450.2393, found m/z 450.2394. Anal. Calcd
for C33H28BN: C, 88.20; H, 6.28; N, 3.12. Found: C, 87.97; H, 6.15;
N, 2.97.
Synthesis of Compound 5. The quantities involved are as follows:

compound 5L (0.88 g, 1.67 mmol), N,N-diisopropylethylamine (0.29
mL, 1.67 mmol), BBr3 (1.0 M in CH2Cl2, 5.01 mL, 5.01 mmol), and
AlMe3 (2.0 M in toluene, 1.67 mL, 3.34 mmol). Yield: 0.44 g, (47%).
Mp: 267 °C. 1H NMR (400 MHz, CDCl3): δ 8.15 (d, J = 7.7 Hz,
2H), 8.09 (d, J = 7.6 Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.77 (d, J =
1.8 Hz, 1H), 7.59 (t, J = 7.2 Hz, 3H), 7.44−7.40 (m, 5H), 7.36−7.33
(m, 3H), 7.30−7.27 (m, 2H), 7.17 (dd, J = 8.4, 2.0 Hz, 1H), 4.10−
2.85 (m, 8H), 0.31 (s, 6H) ppm. 13C NMR (100 MHz, CDCl3): δ
172.54, 155.96, 150.26, 150.10, 140.82, 139.49, 139.19, 138.70,
134.47, 131.57, 131.56, 129.82, 129.24, 129.17, 128.70, 128.56,
128.06, 127.96, 127.45, 126.47, 126.24, 126.21, 126.00, 125.95,
123.62, 122.18, 120.31, 119.92, 110.50, 30.38, 29.41, 28.81, 28.41,
9.02 ppm. 11B NMR (128 MHz, CDCl3): δ 2.28 ppm. ESI-MS: calcd
for C41H34BN2 ([M + H]+) 565.2816, found m/z 565.2811. Anal.
Calcd for C41H33BN2: C, 87.23; H, 5.89; N, 4.96. Found: C, 87.12; H,
6.13; N, 5.07.
Synthesis of Compound 6. The quantities involved are as follows:

compound 6L (0.88 g, 1.67 mmol), N,N-diisopropylethylamine (0.29
mL, 1.67 mmol), BBr3 (1.0 M in CH2Cl2, 5.01 mL, 5.01 mmol), and
AlMe3 (2.0 M in toluene, 1.67 mL, 3.34 mmol). Yield: 0.42 g, (45%).
Mp: 295 °C. 1H NMR (400 MHz, CDCl3): δ 8.08 (d, J = 7.5 Hz,
1H), 7.77 (d, J = 8.7 Hz, 1H), 7.57−7.55 (m, 1H), 7.40−7.24 (m,
15H), 7.09 (t, J = 7.1 Hz, 2H), 6.66 (dd, J = 8.6, 1.8 Hz, 1H), 4.01−
2.80 (m, 8H), 0.27 (s, 6H) ppm. 13C NMR (100 MHz, CDCl3): δ
171.95, 155.51, 150.84, 149.61, 149.11, 147.73, 139.27, 138.95,
131.80, 131.77, 129.65, 129.26, 129.00, 128.66, 128.59, 128.50,
128.13, 127.81, 127.18, 126.72, 126.32, 125.94, 125.61, 125.27,
123.19, 121.34, 118.80, 30.27, 29.35, 28.79, 28.29, 9.16 ppm. 11B
NMR (128 MHz, CDCl3): δ 2.09 ppm. ESI-MS: calcd for C41H36BN2
([M + H]+) 567.2973, found m/z 567.2969. Anal. Calcd for
C41H35BN2: C, 86.92; H, 6.23; N, 4.94. Found: C, 86.73; H, 6.16;
N, 5.11.
Synthesis of Compound 7. The quantities involved are as follows:

compound 7L (0.67 g, 1.67 mmol), N,N-diisopropylethylamine (0.29
mL, 1.67 mmol), BBr3 (1.0 M in CH2Cl2, 5.01 mL, 5.01 mmol), and
AlMe3 (2.0 M in toluene, 1.67 mL, 3.34 mmol). Yield: 0.43 g, (58%).
Mp: 260 °C. 1H NMR (700 MHz, CDCl3): δ 8.03 (d, J = 7 Hz, 1H),
7.71 (d, J = 7 Hz, 1H), 7.50 (d, J = 7 Hz, 1H), 7.36−7.24 (m, 6H),
6.83 (s, 1H), 6.36 (d, J = 7 Hz, 1H), 3.4−4.4 (m, 2H), 3.06 (s, 6H),
2.78−2.92 (m, 6H), 0.24 (s, 6H). 13C NMR (176 MHz, CDCl3): δ
172.59, 155.35, 151.84, 151.39, 149.31, 139.27, 138.96, 132.35,
132.13, 128.81, 128.45, 128.36, 127.80, 127.76, 127.56, 127.12,
126.27, 125.88, 125.69, 124.51, 110.12, 108.99, 40.46, 30.25, 29.43,
28.90, 28.33, 9.57. ESI-MS: calcd for C31H32BN2 ([M + H]+)
443.2658, found m/z 443.2652. Anal. Calcd for C31H31BN2: C, 84.16;
H, 7.06; N, 6.33. Found: C, 84.09; H, 7. 11; N, 6.46.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.8b00853.

General experimental section, emission spectra of
compounds 1 and 6 in different solvents, photophysical
data of compounds 1−7 in different solvents, cyclic
voltammograms of compounds 1−7 and data table, 1H
and 13C NMR spectra for 1L−7L, 1H and 13C NMR and
HR-MS spectra for compounds 1−7, and X-ray
crystallographic data of compounds 1, 2, 4, and 7
(PDF)

Optimized XYZ coordinates for compounds 1−7 and
their electronic transitions (XYZ)

Accession Codes
CCDC 1880832−1880835 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail for K.V.: krishv@niser.ac.in.
ORCID
Krishnan Venkatasubbaiah: 0000-0002-4858-8590
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the Science & Engineering Research Board
(SERB) (EMR/2017/000620), New Delhi, and Department
of Atomic Energy (DAE) for financial support. K.D. and J.P.S.
thank the CSIR & SERB for a research fellowship.

■ REFERENCES
(1) (a) Bendikov, M.; Wudl, F.; Perepichka, D. F. Tetrathiafulva-
lenes, Oligoacenenes, and Their Buckminsterfullerene Derivatives:
The Brick and Mortar of Organic Electronics. Chem. Rev. 2004, 104,
4891−4946. (b) Anthony, J. E. Functionalized Acenes and
Heteroacenes for Organic Electronics. Chem. Rev. 2006, 106, 5028−
5048. (c) Wu, J.; Pisula, W.; Müllen, K. Graphenes as Potential
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(d) Bakic,́ M. T.; Jadresǩo, D.; Hrenar, T.; Horvat, G.; Pozǎr, J.;
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