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ABSTRACT: Facile synthesis of triad 3 and tetrad 4 incorporating −B(Mes)2 (Mes = mesityl (2,4,6-trimethylphenyl)), boron
dipyrromethene (BODIPY), and triphenylamine is reported. Introduction of two dissimilar acceptors (triarylborane and
BODIPY) on a single donor resulted in two distinct intramolecular charge transfer processes (amine-to-borane and amine-to-
BODIPY). The absorption and emission properties of the new triad and tetrad are highly dependent on individual building units.
The nature of electronic communication among the individual fluorophore units has been comprehensively investigated and
compared with building units. Compounds 3 and 4 showed chromogenic and fluorogenic responses for small anions such as
fluoride and cyanide.

■ INTRODUCTION

Combinations are more versatile than individual entities. It is the
combinations of genes that help life to evolve and move forward.
Likewise in chemistry, combinations of elements produce
molecules and versatile materials for various applications.
Recently, combination of chromophores (multichromophoric
assemblies) has received significant attention.1 Suitably designed
structures with precise energy/electron-transfer processes can
efficiently mimic the natural energy harvesting process (photo-
synthesis).2 On the other hand, if the structural building units are
luminophores,3 suitable manipulations of electronic communi-
cations between the building units can lead to materials that
would find applications in organic light-emitting diodes
(OLEDs),3a,d,e,g,i,j biological assays,3h and molecular recogni-
tion.3b,c,f

Recently, boron-containing luminophores such as boron
dipyrromethene4 (BODIPY) and triarylboranes5 (TAB) have
attracted much attention. Owing to their inherent Lewis acidity
and notable solid-state fluorescence properties, TABs have found
applications in optoelectronic devices,4a−e,i energy harvesting
materials,5l and anion sensing.5g,h,j On the other hand, due to
their excellent optical properties and structural flexibility,
BODIPYs have found numerous applications in ion recognitio-
n,4a,g,k biological labeling, cell imaging,4c−e,i and dye-sensitized
solar cells.4a,j In recent times, combinations of TAB and BODIPY

have attracted considerable interest.6 Recently we showed that
compact dyad structures consisting TAB and BODIPY units
were found to be “dual-emissive,” with two distinct emission
bands arising from the individual building units.6f Thus, a
combination of the two different units in a compact fashion
opens new avenues for accessing a range of new luminescent
materials.
Our initial success with TAB and BODIPY combinations

encouraged us to explore the molecular combinations containing
more than two building units. In this regard −B(Mes)2 (Mes =
mesityl (2,4,6-trimethylphenyl))-, triphenylamine (TPA)-, and
BODIPY-containing triad and tetrad have attracted our
attention. Previous studies have shown that both TAB7 and
BODIPY8 are electron deficient and exhibit intramolecular
charge transfer (ICT) characteristics, if a suitable electron donor
is attached. We reasoned that, if two structurally and optically
distinct acceptors such as −B(Mes)2 and BODIPY are attached
to a single donor (TPA), such a combination would induce two
dissimilar ICT processes (TPA to TAB and TPA to BODIPY) in
different regions of the electronic spectrum. The energy
difference between these two ICT processes may result in
intriguing emission features upon photoexcitation at respective
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ICT bands. In addition, the presence of anion receptor
−B(Mes)2 will provide an opportunity to selectively control
the ICT process by addition of a suitable nucleophile.6f,7b To
rationalize our hypothesis, we designed and synthesized new
triad 3 and tetrad 4, incorporating −B(Mes)2, BODIPY, and
TPA units. The intriguing photophysical properties and their
selective fluorogenic and chromogenic response toward smaller
anions such as fluoride and cyanide are reported in this
manuscript.

■ RESULTS AND DISCUSSIONS

Synthesis and Characterization. The synthetic protocols
to access the target compounds 3 and 4 are shown in Scheme 1.
Formylation of TPA followed by bromination and further

protection of aldehyde group using triethyl-orthoformate gave
compounds 1a and 1b in quantitative yields. Reaction of 1a and
1b with n-BuLi and trapping the anion generated with (Mes)2BF
followed by acid hydrolysis (2N HCl) gave compounds 2a and
2b, respectively. Triad 3 and tetrad 4 were constructed by the
acid-catalyzed condensation reaction between the pyrrole and
respective aldehydes (2a for 3 and 2b for 4), followed by
oxidation using 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)
and subsequent addition of triethylamine and BF3·Et2O. For
comparative studies, building units TPA-BMes2, TPA-2BMes2,
and TPA-BODIPY (Chart 1) were also synthesized according to
known literature procedures.7a,d,8b All the compounds were
characterized by NMR spectroscopy and mass spectrometry

Scheme 1. Synthesis of 3 and 4. a = n-BuLi/THF (−78°C), Mes2BF; b = THF/2N HCl; c = Pyrrole/CH2Cl2, BF3·Et2O (Catalytic)
Followed by DDQ; Et3N and BF3·Et2O

Chart 1. Structures of Model Compounds Used in This Study

Figure 1. The normalized UV−vis (left) and emission spectra (λex = 400 nm) (right) of 3 with model compounds TPA-BMes2 and TPA-BODIPY in
CHCl3 (10 μM).
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(MS). The molecular structure of 4 was confirmed by single-
crystal X-ray diffraction studies.
The 1H NMR spectra of 3 and 4 are very similar. In particular,

the pyrrole C−H resonances of indacene unit in 3 (6.57, 7.28,
and 7.92 ppm) and 4 (6.57, 7.28, and 7.91 ppm) are close to each
other. This indicates that the presence of additional boryl unit in
4 does not perturb the electronic nature of the indacene unit.
Photophysical Properties. Absorption profiles of com-

pounds 3, 4, and the respective model compounds (TPA-BMes2,
TPA-2BMes2, and TPA-BODIPY) are shown in Figures 1 and 2.
The absorption spectrum of 3 as well as 4 is virtually the additive
spectrum of the respective building units. Compounds 3 and 4
showed three major absorption events in the region 300 to 600
nm. Compound 4 shows more structured absorption in the
higher energy region, when compared to 3. Absorption peaks at

∼335 and ∼510 nm can be ascribed to the π→π* transition
centered at the TPA unit and the S0→S1 transition of the
BODIPY unit, respectively. The band at ∼380 nm and a weak
shoulder at ∼550 nm are attributed to ICT from TPA to
−B(Mes)2 and from TPA to BODIPY, respectively. Compounds
3 and 4 show bands at∼355 nm, which can be ascribed to the π→
π* transition involved in the TPA as well as triarylborane unit.
These assignments are also in line with the observations reported
by Mullen et. al.7a,d and Tang co-workers8b for TPA-BMes2,
TPA-2BMes2, and TPA-BODIPY. As we envisioned vide-supra,
the two electronically dissimilar acceptors −B(Mes)2 and
BODIPY induced two distinct ICT processes (∼380 nm and
∼550 nm) at different energy regions of absorption spectra of 3
and 4. This result is completely different from the observations
noted for TPA-2BMes2.

Figure 2. The normalized UV−vis (left) and emission spectra (λex = 400 nm) (right) of 4 with model compounds TPA-2BMes2 and TPA-BODIPY in
CHCl3 (10 μM).

Figure 3. Fluorescence spectra of 3 (top left, λex = 400 nm; top right, λex = 500 nm) and 4 (bottom left, λex = 400 nm; bottom right, λex = 500 nm) in
different solvents (10 μM).
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Compounds 3 and 4 show similar fluorescence profiles
(Figures 1 and 2). Triad 3 and tetrad 4 showed triple emission
bands (∼450, ∼520, and ∼660 nm) when excited in the region
from 300 to 400 nm. The excitation at the BODIPY absorption
region (480 to 570 nm) leads to a broad fluorescence band
centered at 660 nm in nonpolar solvent such as hexane.
Compounds 3 and 4 show no fluorescence upon excitation at the
ICT absorption band (590 to 600 nm) (TPA to BODIPY) (see
Figure 3). Concentration-dependent fluorescence studies and
analysis of excitation spectra (the excitation spectra reproduce
the respective absorption spectra, see Supporting Information,
Figure S6) of respective fluorescence peaks suggest that the
multiple emissions are only of intramolecular origin (Supporting
Information). By comparing the fluorescence emission spectra of
3 and 4 with those of the respective building units (TPA-BMes2
and TPA-BODIPY for 3; TPA-2BMes2 and TPA-BODIPY for
4), one can assign the fluorescence bands at λem 450 and 520 nm
as locally excited state (LE) emission from TPA-TAB and
BODIPY units. The lower-energy emission peak at 660 nm can
be ascribed to the emission from the excited state of the TPA-
BODIPY ICT state. This ICT state can be populated by exciting
themolecules either at TPA-TAB-centered or BODIPY-centered
absorption band. Photoluminescence studies were carried out in
solvents with different polarity. In polar solvents compounds 3
and 4 are nearly nonfluorescent. Only weak fluorescence bands
were observed at 450 and 520 nm. Normally, the ICT states are
stabilized in polar solvents due to their high dipole moment (μex
for 3 (41D) and 4 (40D), see Table 1 and Figure 4). In polar

environments the stabilization of ICT would lead to a charge-
separated (CS) ionic state, which is nonfluorescent (as
encountered in most of the instances)9a,c,d and quenches the
emission from the ICT state. The weak emission feature
observed in the higher-energy region (between 450 and 520
nm) is due to the LE state of TPA-TAB and BODIPY units.
These assignments are also in line with the observations reported
earlier.8g−j The excited-state dipole moments of 3 and 4
calculated from Lippert−Mattaga equation confirm the CT
nature of the emissive species.

Anion Sensing Studies. Upon addition of fluoride as
tetrabutylammonium fluoride salt (TBAF), both 3 (forming 3+F
with the fluoride anion) and 4 (forming 4+F with the fluoride
anion) showed similar changes in their absorption profiles. The
peaks in the region of 300−400 nm disappeared gradually, and
the intensity of the BODIPY absorption band decreased slightly
with a blue shift of ∼15 nm. Interestingly, a new −Ar3B−F−
TPA−BODIPY ICT band appeared and gradually gained in
intensity at ∼610 nm. Upon fluoride binding, the electron-
deficient triarylborane moiety changes to an electron-rich borate
moiety, and the resulting change in the electronic nature of the
individual building units facilitates the fluoroborate (Ar3B−F)-
to-BODIPY ICT. The appearance of the new ICT band (∼610
nm) is associated with a distinct color change (from orange to
purple), which allows naked-eye detection of fluoride anion.
Under similar conditions, addition of CN− ion as tetrabuty-
lammonium cyanide (TBACN) to 3 and 4 (giving 3+CN and
4+CN, respectively) showed changes in their absorption spectra
similar to those observed for F− binding, but the magnitude of
changes is much smaller (see Figure 5). For example, even after
addition of 10 equiv of CN− to 3 and 4, the absorption peaks in
the region of 300−400 nm were quenched only partially.
Although the new ICT band at ∼610 nm could be observed, its
intensity is significantly less compared to the ICT band observed
for 3+F and 4+F. Addition of fluoride or cyanide ions to 3 and 4
quenches the emission peaks at ∼660, 520, and 420 nm (λex 400
nm, see Figure 6 and Table 2). Upon addition of 1.0 equiv of
TBAF, compound 3 showed 75% quenching of fluorescence
intensity, whereas 4 showed 83% decrease in intensity of ∼660
bands upon addition 2.0 equiv of TBAF. To validate the role of
solvents in the analyte selectivity, anion binding studies for
compounds 3 and 4 were also carried out in tetrahydrofuran
(THF) solutions (see Supporting Information). The observed
spectral changes are similar to the spectra obtained for CHCl3
solutions of 3 and 4. Association constants were calculated (see
Supporting Information, Table S1), and the results clearly
indicate that the anion binding event is solvent-dependent. The
association constants in THF solutions are higher than the values
obtained in CHCl3 solutions.8m This result is in accord with
observations noted for triarylboranes reported elsewhere.8k,l A
comparison of fluorescence quantum yields of fluoride adducts
3+F and 4+Fwith cyanide complexes 3+CN and 4+CN indicates
that the cyanide adducts are better emitters than the fluoride
adducts.
The association constants (for 3: F− binding 1.3 × 105 M−1,

CN− binding 5.5 × 104 M−1; for 4, the total binding constant for
F− is 1.1 ± 1010 M−2, while for CN− it is 2.6 ± 109 M−2) were
calculated from their absorption spectral changes at 395 nm.
These association constants are in good agreement with changes
in absorption spectra upon addition of fluoride (pronounced
decrease in absorption intensity) and cyanide (comparatively less
decrease in absorption intensity) (Supporting Information). The
detection limits of 3 and 4 toward fluoride ions were found to be
0.1 and 0.03 ppm, respectively, whereas for cyanide the detection
limits were 1.41 and 0.71 ppm, respectively, for 3 and 4. On the
basis of these results, one can conclude that the response of

Table 1. The Excited- and Ground-State Dipole Moments of Compounds 3 and 4

compounds ground-state dipole moment (μg) (D)
a excited-state dipole moment (μe) (D) μe − μg (D)

3 6.77 41.04 34.27
4 5.91 40.31 34.40

aGround-state dipole moment from DFT calculations.

Figure 4. Lippert−Mattaga plots for 3 and 4 (see Supporting
Information for equation)8c,d
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compounds 3 and 4 is more pronounced for fluoride than it is for
cyanide.
In presence of 100 equiv of fluoride/cyanide, compounds 3

and 4 show only the 11B and 19F signals corresponding to
BODIPY (−BF2) and [(X−BAr3)−, X = F− or CN−] (Supporting
Information). This result excludes the possibility of BODIPY
core decomposition in the presence of excess F−/CN−.
Compounds 3 and 4 shows two 11B signals at ∼65 ppm (broad
singlet) and ∼1 ppm (sharp triplet), corresponding to
tricoordinate (Ar3B) and tetracoordinate (BODIPY) boron
centers, respectively. Upon binding with F and CN, in the case of
compound 3, the signal corresponding to the Ar3B unit
disappeared, and a new peak appeared in the region of ∼4
(Ar3B−F) and ∼10 ppm (Ar3B−CN), respectively. Compound
4 also followed a similar trend (Ar3B−F at 5 ppm and for Ar3B−
CN at 10 ppm). The 11B NMR chemical shift for fluoroborates
(Ar3B−F) of 3 and 4 are upfield-shifted when compared to their
respective cyanoborate complexes (Ar3B−CN). The responses
of 3 and 4 toward various other anions such as Cl−, Br−, I−,
ClO4

−, NO3
−, and CH3COO

− were investigated (Figures 7 and
8). No changes in absorption and emission spectra of 3 and 4
were observed in titrations with these anions. Thus 3 and 4 act as
selective chromogenic and fluorogenic sensors for F− and CN−.
Crystal Structure.Themolecular and crystal structure of 4 is

shown in Figure 9. Both the tricoordinate boron (B1 and B2) and
tricoordinate N centers (TPA unit) adopt trigonal planar
geometry. The metric parameters fall in the range of known
triarylboron derivatives.9b The dihedral angles between the two

boryl units and TPA unit differ significantly. The dihedral angle
between 2CB2 (boryl) and the TPA is 11.7, and that between
2CB3 (boryl) and TPA is 31.6°. The dihedral angle between the
phenyl moiety of the TPA unit and the indacene moiety is 53.7°.
This higher dihedral angle value indicates that the electronic
communication between the TPA and BODIPY units is weaker
compared to the TPA and TAB interaction. In the solid state, the
intermolecular C−H−F (C−H of the pyrrole moiety and F of
the −BF2 moiety) interaction between the neighboring
molecules generates an interesting three-dimensional (3D)
supramolecular structure.10 The 3D structure contains discrete
hydrophobic pockets, which are occupied by disordered solvent
(hexane) molecules. Selected calculated bond lengths and angles
are given in Table 3.

DFT Computational Studies. To rationalize the photo-
physical behavior of 3 and 4 and their respective fluoride bound
complexes in a better way, density functional theory (DFT)
computational studies were performed. For all calculations, the
B3LYP hybrid functional and 6-31G(d) basis set were used as
incorporated in the Gaussian 09 software package.11 Geometry
optimizations were followed by consecutive frequency tests to
ascertain stationary points. Figure 10 shows the B3LYP/6-
31G(d) optimized structures of 3, 4, and their fluoride-bound
entities [3+F]− and [4 + 2F]2−.
As is evident from Figure 10, the electronically important

molecular orbitals (MOs) are concentrated on different
individual building units, and hence 3 and 4 retain most of the
electronic signature of the building blocks. Despite having one

Figure 5. Absorption spectra of 3 (10.0 μM, CHCl3) in the presence of TBAF (top left) and TBACN (top right) and 4 (10.0 μM, CHCl3) in the
presence of TBAF (bottom left) and TBACN (bottom right). (insets) The compounds 3 and 4 under ambient light before and after addition of F− and
CN−.
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less triarylborane group, 3 showed high similarity with triad 4,
which was also evident from DFT studies. In 3 and 4, the
HOMO-1 and LUMO are concentrated on the BODIPY moiety
and the HOMO orbitals are mainly localized on the TPA core,
whereas the LUMO+1 is localized on the boryl unit. Clearly, the
lowest-energy HOMO→LUMO transition represents the
TPA→BODIPY charge transfer and HOMO→LUMO+1
represents high-energy TPA→boryl charge transfer phenomena.
However, in the fluoride adducts, these ICT transitions are
longer allowed, which clearly explains the quenching of higher-

energy absorption bands upon fluoride addition to 3 and 4.
Noticeably, the HOMO→LUMO transitions in 3 and 4
represent triarylamine-to-BODIPY charge-transfer transition,
which ultimately results in high Stokes’ shifted BODIPY
emission.
The fluoride adducts [3+F]− and [4 + 2F]2− have similar

electronic structures. The HOMO-1 and HOMO orbitals are
localized on the boryl moiety, whereas the LUMO is
concentrated on the indacene unit. Thus the lowest-energy
HOMO→LUMO and other transitions like the HOMO-1→
LUMO transition represent fluoride-bound boryl-to-electron-
accepting-BODIPY transition. Also, the HOMO−LUMO band
gap was found to be much lower (Figure 10) than it was for free 3
and 4. This clearly supports our assignment of the additional
absorption band observed at ∼610 nm to borate-to-BODIPY
ICT transition.
The electrostatic potential (ESP) surfaces of molecules 3 and 4

(Figure 11) also provided useful information to rationalize the
photophysical properties. In 3 and 4, the negative potentials
around the mesityl moieties and the −BF2-chelated BODIPY
unit (which is a result of the high electronegativity of fluoride)
induced a positive potential on the TPA unit. These results
showcase the electron-withdrawing capabilities of the boryl and
the BODIPY moieties. In the fluoride-bound complexes [3+F]−

and [4 + 2F]2−, the Ar3BF unit has more negative potential,
which partially affects the ESP over the BODIPY unit (see Figure
12). In the ground state, the negative charges are localized over
the borane unit, which may be redistributed upon photo-
excitation.

Figure 6. Fluorescence spectra of 3 (10.0 μM,CHCl3; λex= 400 nm) in the presence of TBAF (top left) and TBACN (top right). Fluorescence spectra of
4 (10.0 μM, CHCl3; λex = 400 nm) in the presence of TBAF (bottom left) and TBACN (bottom right). (insets) The compounds under UV light before
and after addition of F− and CN−.

Table 2. Photophysical Data of Compounds 3 and 4a

compound UV−vis (nm)/(ε/M1 cm‑1) PL (nm) Φf

3 300/1.75 × 104, 393/2.23 × 104,
500/5.84 × 104

457, 519, and 670 55

3+CN− 385/2.34 × 104, 493/5.84 × 104,
578/1.76 × 104

459b, 515,b and 664b 41

3+F− 378/7.04 × 103, 487/5.04 × 104,
615/1.91 × 104

462b, 513,b and 664b 15

4 325/1.71 × 104, 355/2.01 × 104,
385/ × 104, 500/5.84 × 104

450, 520, and 657 57

4+CN− 297/2.75 × 104, 381/2.03 × 104,
492/4.12 × 104, 573 × 104

459b, 515,b and 657b 38

4+F− 292/3.28 × 104, 380/8.07 × 103,
487/5.84 × 104,
615/2.02 × 104

462b, 513,b and 660b 16

aAll given data are for 10 μM CHCl3 solutions. bFluorescence was
quenching. [a]Fluorescence quantum yields were calculated using
quinine sulfate solution (0.1 M, H2SO4, λex = 400 nm, ΦF = 57.7%) as
reference and using the following formula: Φ = ΦF × I ÷ IR × AR ÷ A
× η2 ÷ ηR

2, where Φ = quantum yield, I = intensity of emission, A =
absorbance at λex, η = refractive index of solvent.
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■ CONCLUSIONS

A triad (3) and a tetrad (4) incorporating −B(Mes)2, BODIPY,
and TPA units were synthesized and characterized successfully.
The attachment of two distinct electron-acceptor groups such as
boryl and BODIPY into a single donor (TPA) unit induced two
distinctive ICT processes in different energy regions of the
absorption spectra. The two ICT processes are conveniently
manipulated for detection of small anions. Compounds 3 and 4
efficiently act as chromogenic as well as fluorogenic sensors for

F− and CN− ions (see Figure 13 for an example). The DFT-
based computational investigations provide a reasonable under-
standing of events at molecular levels and correlate well with the
experimental observations.

■ EXPERIMENTAL SECTION
n-Butyllithium (1.6 M in hexanes), triphenylamine, DDQ, and quinine
sulfate were purchased from Aldrich, and pyrrole was purchased from
SRL (India). All reactions were carried out under an atmosphere of
purified nitrogen, using Schlenck techniques. THF and pyrrole were

Figure 7. UV−vis (top left) and fluorescence spectra (top right) of 3 (10 μM in CHCl3, λex = 400 nm) in presence of different anions. (inset)
Photograph of various anions under normal light (top left) and under UV light (top right). UV−vis (bottom left) and fluorescence spectra (bottom
right) of 4 (10 μM in CHCl3, λex = 400 nm) in presence of different anions. (inset) Photograph of various anions under normal light (bottom left) and
under UV light (bottom right).

Figure 8.Competitive binding affinity of sensors 3 (left) and 4 (right) (10 μM inCHCl3) toward F
− ions in the presence of 10.0 equiv of different anions

(Cl−, Br−, I−, ClO4
−, NO3

−, CH3COO
−, and CN− (left to right)).
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distilled over sodium. Chlorinated solvents were distilled over CaH2 and
subsequently stored over 3 Å molecular sieves. The 400 MHz 1H NMR,
376.5 MHz 19F NMR, 100 MHz 13C NMR, and 160.4 MHz 11B NMR

were recorded on a Bruker Advance 400 MHz NMR spectrometer. All
solution 1H and 13C spectra were referenced internally to the solvent
signal. 11B and 19F NMR spectra were referenced externally to BF3·Et2O

Figure 9. Molecular and supramolecular structure of 4. C3−H3···F1 (2.875 Å and 130.2°) and C1−H1···F2 (2.335 Å and 131.2°).

Table 3. DFT-Obtained Selected Bond Lengths and Dihedral Angles

3 [3+F]− 4 [4 + 2F]2−

bond lengths
C−N (BMes-TPA) 1.418 Å 1.445 Å 1.421 Å, 1.421 Å 1.440 Å, 1.441 Å
C−N (PH-TPA) 1.429 Å 1.423 Å
C−N (BDAr-TPA) 1.411 Å 1.392 Å 1.416 Å 1.377 Å
C−C (BODIPY-Ar) 1.476 Å 1.466 Å 1.478 Å 1.453 Å
dihedral angles
C3N−Mes2BAr 39.44° 61.07° 40.48°, 40.98° 53.54°, 56.3°
C3N−PH 48.91° 40.53°
C3N−(meso-aryl of BODIPY) 35.16° 22.65° 39.26° 17.99°

Figure 10.DFT B3LYP/6-31G(d) optimized geometries for 3, [3+F]−, 4, and [4+2F]2− (Hydrogens are omitted for clarity. Color codes: C = black, N
= blue, B = magenta, F = green).
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(δ = 0) in C6D6. High-resolution mass spectra were obtained from Q-
TOF instrument by electrospray ionization (ESI). Electronic absorption
spectra were recorded on a Perkin-Elmer LAMBDA 750 ultraviolet−
visible (UV-vis) spectrophotometer. Compounds were weighed using a
microbalance (±0.1 mg), and solutions were made in volumetric
glassware and then charged in quartz cuvettes with sealing screw caps.

Fluorescence emission studies were carried out on a Horiba JOBIN
YVON Fluoromax-4 spectrometer. Compounds 3 (1 × 10−5 M) and 4
(1 × 10−5 M) were dissolved in degassed CHCl3 and 3 mL of solution
charged in quartz cuvettes with sealing screw caps. Compounds 3 and 4
were titrated with incremental addition of TBAF (1.5 × 10−3 M) and
TBACN (1.5 × 10−3 M) diluted in CHCl3 solution. Single-crystal X-ray
diffraction studies were carried out with a Bruker SMART APEX
diffractometer equipped with a three-axis goniometer. The crystals were
kept under a steady flow of cold N2 during the data collection. The data
were integrated using SAINT,12a and an empirical absorption correction
was applied with SADABS. The structures were solved by direct
methods and refined by full-matrix least-squares on F2 using SHELXTL
software.12b All the non-hydrogen atoms were refined with anisotropic
displacement parameters, while the hydrogen atoms were refined
isotopically on the positions calculated using a riding model.

Synthesis of 1a (4-bromo-N-(4-(diethoxymethyl)phenyl)-N-
phenylaniline). Triethylorthoformate (7.2 g,48.43 mmol) and 4-((4-
bromophenyl)(phenyl)amino)benzaldehyde (5.0 g, 14.24 mmol) were
dissolved in ethanol, and then a catalytic amount of concentrated HCl
was added to the solution. The resultant solution was refluxed for 4 h.
When thin-layer chromatography showed the complete consumption of
aldehyde, the reaction mixture was brought to room temperature and
extracted with a mixture of cold water and ethyl acetate. The combined
organic layer was washed with brine and dried over anhydrous Na2SO4.
The volatiles removed under reduced pressure afforded 1a as colorless
liquid. Yield: 14.28 g, 99%. 1H NMR (400 MHz, CDCl3 δ ppm) δ 7.35
(m, 4H), 7.30 (m, 2H), 7.05 (m, 5H), 6.95 (m, 2H) 5.45 (s, 1H), 3.67
(m, 4H), 1.27 (t, J = 6.8 Hz, 7.2 Hz 6H). 13C NMR (100.00 MHz,
CDCl3, δ ppm) 147.8, 147.3, 134.2, 132.8, 129.8, 128.1, 126.1, 125.8,
125.0, 124.8, 123.8, 115.4, 101.9, 61.7, 15.7.

Synthesis of 1b (4-bromo-N-(4-bromophenyl)-N-(4-
(diethoxymethyl)phenyl)aniline). Compound 1b was prepared
following a procedure similar to that used for compound 1a. The
quantities involved and characterization data are as follows.
Triethylorthoformate (3.5 g, 23.78 mmol), 4-(bis(4-bromophenyl)-
amino)benzaldehyde (3.0 g, 6.99mmol), andHCl (one drop). 1HNMR
(400MHz, CDCl3 δ ppm) 7.36 (m, 6H), 7.03 (d, J = 8 Hz 2H), 6.94 (m,
4H), 5.44 (s, 2H), 3.67 (m, 8H), 1.27 (t, J = 6.8 Hz, 7.2 Hz 6H). 13C
NMR (100.00 MHz, CDCl3, δ ppm) 152.8, 148.5, 133.4, 131.9, 130.5,
127.9, 120.9, 118.6, 109.5, 65.7, 16.5.

Synthesis of 2a (4-((4-(dimesitylboryl)phenyl)(phenyl)-
amino)benzaldehyde). Compound 1a (2.0 g, 4.70 mmol) was
dissolved in dry THF and degassed by purging with N2 for 30 min
followed by cooling to−78 °C (acetone/liquid N2). n-Butyllithium (3.5
mL, 5.64 mmol, 1.6 M solution in hexane) was added over 30 min. After
1 h, a solution of dimesitylfluoroborane (1.5 g, 5.64 mmol) in 15 mL of
dry THF was added over 10 min. The reaction mixture was allowed to
warm to room temperature, and stirring was continued for 12 h. After 12
h, 30 mL of 1NHCl was added, and stirring was continued for another 4
h; then the reaction mixture was extracted with ether. The combined

Figure 11. Selected MOs of 3, [3+F]−, 4, and [4 + 2F]2− (not to scale; isovalue = 0.02).

Figure 12. ESP surfaces of 3, [3+F]−, 4, and [4 + 2F]2− (isovalue =
0.0004).

Figure 13. Important electronic events in free triad 3 and [3+F]−.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402898n | Inorg. Chem. 2014, 53, 2776−27862784



organic layers were washed with brine solution and dried over
anhydrous Na2SO4. Evaporation of the solvents under reduced pressure
yielded crude product. Crude product was purified by alumina column
chromatography, using a mixture of petroleum ether and ethyl acetate
(8:2). Yield: 1.82 g, 74%. 1H NMR (399.99 MHz, CDCl3 δ ppm) 9.86
(s, 1H), 7.75 (d, J = 8 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 1.10 (m, 1H),
7.17 (m, 4H), 7.06 (m, 4H), 6.83 (s, 4H), 2.31 (s, 6H), 2.08 (s, 12H).
13C NMR (100.00 MHz, CDCl3, δ ppm) 151.7, 148.2, 147.2, 145.7,
144.2, 142.1, 141.3, 138.7, 137.5, 136.1, 134.5, 131.1, 130.4, 128.9, 127.2,
126.0, 125.1, 121.7, 118.7, 23.7, 21.3.
Synthesis of 2b (4-(dimesitylboryl)-N-(4-(dimesitylboryl)-

phenyl)-N-phenylaniline). Compound 2a was prepared following a
procedure similar to that used for compound 1b. The quantities
involved and characterization data are as follows. Compound 1b (2.0 g,
3.97 mmol), n-butyllithium (2.9 mL, 4.77 mmol, 1.6 M solution in
hexane), dimesitylfluoroborane (1.3 g, 5.64 mmol). Yield: 1.75 g, 57%.
1HNMR (399.99 MHz, CDCl3 δ ppm) 9.88 (s, 1H), 7.78 (d, J = 8.4 Hz,
2H), 7.48 (d, J = 8.4 Hz, 4H), 7.23 (d, J = 8.4 Hz, 2H), 7.09 (d, J = 8.4
Hz, 4H), 6.83 (s, 8H), 2.31 (s, 12H), 2.06 (s, 24H). 13C NMR (100.0
MHz, CDCl3, δ ppm) 191.0, 152.5, 149.7, 141.3, 139.0, 131.7, 128.6,
127.3, 124.5, 123.3, 23.9, 21.6.
Synthesis of New Triad 3. Pyrrole (2.7 mL, 38.35 mmol) and 2a

(0.5 g, 0.96 mmol) were stirred at room temperature under nitrogen
atmosphere for 30 min, and BF3·Et2O (one drop) was added. After
complete consumption of 2a, DDQ (0.1 g, 0.47 mmol) was added, and
stirring was continued for another 6 h. The resultant solution was
allowed to react with triethylamine (0.45 mL, 3.13 mmol) followed by
BF3·Et2O (0.4 mL, 3.13 mmol). After stirring for 5 h at RT, solvents
were removed under vacuum to give crude product. It was further
purified by silica gel column chromatography (1:9 ethylacetate/
petroleum ether) to give compound 3 as a red solid. Yield: 0.18 g,
60%. 1HNMR (399.99MHz, CDCl3 δ ppm) 7.92 (s, 2H), 7.48 (m, 4H),
7.28 (d, J = 8.4 Hz, 2H), 7.25 (m, 5H), 7.09 (m, 4H), 6.82 (s, 4H), 6.57
(d, J = 2.0 Hz, 2H), 2.30 (s, 6H), 2.07 (s, 12H). 13C NMR (100.0 MHz,
CDCl3, δ ppm) 150.5, 147.6, 146.5, 143.6, 142.1, 141.1, 140.8, 138.8,
135.1, 132.6, 131.6, 130.3, 128.5, 127.2, 125.8, 122.6, 118.6, 23.9, 21.6.
11B NMR (160 MHz, CDCl3, δ ppm) 0.23 (t, J = 36 Hz) and 61, 19F
NMR (376 MHz, CDCl3, δ ppm) −145.06 (q). MS (TOF-ESI) (m/z):
calcd for 932.52 [M]+; found, 932.52 [M]+. Calcd for 912.62 [M − F]+;
found, 912.75 [M − F]+.
Synthesis of New Tetrad 4.Compound 4was prepared following a

procedure similar to that used for compound 3. The quantities involved
and characterization data are as follows. Compound 2b (0.5 g, 0.65
mmol), pyrrole (1.8 mL, 26.02 mmol), DDQ (0.76 g, 0.34 mmol),
triethylamine (0.3 mL, 2.22 mmol), BF3·OEt2 (0.25 mL, 2.22 mmol).
Yield: 0.12 g, 57%. 1H NMR (399.99 MHz, CDCl3 δ ppm) 7.91 (s, 2H),
7.52 (m, 4H), 7.49 (d, J = 8.4 Hz 2H), 7.28 (d, J = 8.4 Hz, 2H), 7.12 (d, J
= 8.4 Hz, 2H), 7.04 (d, J = 4.4 Hz, 2H), 6.83 (s, 8H), 6.57 (d, J = 2 Hz,
2H), 2.31 (s, 12H), 2.06 (s, 24H). 1H NMR (399.99 MHz, CDCl3 δ
ppm) 149.9, 147.4, 143.8, 142.1, 141.2, 138.9, 135.1, 132.6, 129.1, 128.6,
124.1, 123.9, 118.7, 23.9, 21.6. 11B NMR (160 MHz, CDCl3, δ ppm)
0.27 (t, J = 36 Hz) and 65, 19F NMR (376 MHz, CDCl3, δ ppm)
−146.21 (q). MS (TOF-ESI) (m/z): calcd for 683.4459 [M]+; found,
683.4974 [M]+. Calcd for 664.3471 [M − F]+; found, 664.8891 [M −
F]+.
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