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ABSTRACT: We have synthesized a series of new fluorescent boron systems 1a−c and 2a−
d based on nitrogen (NNN) or nitrogen and oxygen (ONO)-containing tridentate ligands.
These novel dyes are characterized by high thermal and chemical stability. They show large
Stokes shifts (mostly above 3200 cm−1) and quantum yields in solution and in the solid state
up to 40%. The easy, modular synthesis facilitates the convenient variation of the axial
substituent on the central boron atom, allowing the functionalization of this dye for
biochemical use. Introducing a long alkyl chain with a phenyl spacer at this axial position
enables the self-assembly of the boron compound 2d to form a fluorescent vesicle, which is
able to encapsulate small molecules such as sulforhodamine. Additionally, boron compound
2d was found to serve as a dye for cell imaging since it has the capability of binding to the
nuclear membranes of HeLa cells. With phospholipids such as DOPC, giant unilamelar
vesicles (GUV) are formed. These results demonstrate the wide applicability of this new
boron system in supramolecular and medicinal chemistry.

■ INTRODUCTION

Fluorescent organoboron compounds have been extensively
studied.1 Their photophysical properties are being utilized in
many fields of current research, such as biochemical probes,2

organic light-emitting diodes,3 and other advanced materials.4

Despite the fact that there is a sheer unlimited number of dyes
available for research, there is still considerable interest in new
dyes that are easily accessible and show unique properties.5

Among organoboron compounds, boron complexes based on
tridentate ligands possess a unique position due to their facile
functionalization at the axial position on the central boron
atom.6

In this work, we develop the novel boron system II by
extending the previously reported bidentate ligand (1,3,5-
triazapenta-1,3-diene) I7 to tridentate ligands (Scheme 1). By
introducing a pyridine substructure to connect R1 and R2 and a
subsequent addition of a second arm at the ortho position of
the pyridine ring, more π-extended boron complexes are
formed, which may lead to an improvement of the fluorescence
properties. These compounds, whose quantum yields are up to
40% in solution and in the solid state, show high thermal and
chemical stability, which are preconditions for a broad range of
applications. The emission wavelength can be tuned by facile
structural modifications on the coordinating atoms (ONO or

NNN combinations) and the terminal substituents of the π-
conjugated ligand.
We also employ one of the emissive boron complexes as a

building block for vesicles, which shows the ability to
encapsulate small molecules in aqueous media. Furthermore,
cell-imaging experiments demonstrate the utility of our new dye
system in biochemical and medicinal research fields.

■ RESULTS AND DISCUSSION
Synthesis. A significant advantage of the system presented

herein is its modular and large-scale synthesis from readily
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Scheme 1. Enhancement of Previously Reported Boron
Compound I7 to Boron Complexes II Based on Tridentate
Ligands

Article

pubs.acs.org/joc

© 2013 American Chemical Society 4410 dx.doi.org/10.1021/jo4003745 | J. Org. Chem. 2013, 78, 4410−4418

pubs.acs.org/joc


available building blocks such as amines, acyl chlorides, nitriles,
and boronic acids (Scheme 2). Both, the ONO- (3a−c) and
the NNN-tridentate ligands (4a−c) are built up from 2,6-
diaminopyridine as a central building block.

For the preparation of the ONO-tridentate ligands 3a−c, 2,6-
diaminopyridine was treated with 2 equiv of the respective acyl
chlorides.8 The resulting bis-amides were treated with an excess
amount of BF3·OEt2 in the presence of triethylamine to tailor
the novel luminescent boron complexes 1a−c in 72−90% yield.
The NNN-tridentate ligands 4a−c, which serve as precursors
for 2a−d, were synthesized by a simple reaction of the
corresponding nitriles with 2,6-diaminopyridine in the presence
of AlCl3. This procedure, previously reported for aromatic bis-
amidines,9 could also be applied to obtain the aliphatic bis-
amidine 4c employed for the synthesis of compound 2c.

The key step is the introduction of the boron moiety
including the R2 substituent, which enables versatile function-
alization of this system (see below). The emissive boron
complexes 2a−d were obtained from the ligands 4a−c either by
treatment with boronic acids R2B(OH)2 or by using triaryl
boranes BR2

3. Refluxing a solution of 4a−c and the
corresponding boronic acid (or triarylborane) in toluene gave
2a−d in 43−67% yield. The simple structural modification by
introducing the axial R2 group using small building blocks
facilitates an easy tuning of the system to match the users’
interest, which is exemplarily shown by introducing a long alkyl
chain at the R2 substituent (2d). The corresponding boronic
acid with the C18 alkyl chain was readily prepared by a literature
procedure.10

Photophysical Properties in Solution. The boron
complexes obtained from the ONO-tridentate ligands (1a,b)
exhibit blue emissions at λem = 456−457 nm (Figure 1A, Table
1), while their longest wavelength absorption bands are
observed at λabs = 394 nm. Introduction of the electron-
donating OMe substituent at the terminal R1 aryl groups (1c)
leads to only a small bathochromic shift of the absorption (λabs
= 399 nm) and fluorescence maxima (λem = 460 nm), while the
molar extinction coefficient is significantly increased from εmax
= 28 000 M−1 cm−1 for 1a to εmax = 71 500 M−1 cm−1 for 1c.
The luminescence quantum yield was increased from 1a (R1

= Ph, ΦF = 0.20) over 1b (R1 = Tol, ΦF = 0.30) to 1c (R1 = p-
OMeC6H4, ΦF = 0.39). Short lifetimes of the emission with τF
= 1.3−1.8 ns confirm that the observed luminescence
corresponds to a radiative decay process from a singlet excited
state, namely, fluorescence, rather than phosphorescence. On
the basis of the quantum yields and lifetimes, the rate constants
of radiative and nonradiative decay from the singlet excited
state for 1a−c are estimated to be kr = 1.5−2.2 × 108 s−1 and
knr = 3.5−6.1 × 108 s−1, respectively.
Going from the ONO-tridentate compounds (1a,b) to the

more electron-rich NNN-systems (2a,b), results in a significant
bathochromic shift in both the absorption (λabs = 435−440 nm)
and fluorescence maximum wavelengths (λem = 508−513 nm)
(Figure 1B, Table 1). A bright green emission is observed in
solution, although the quantum yields are relatively low with
values between ΦF = 0.13 and ΦF = 0.21. The analysis of the
decay rate constants for 2a (kr = 5.2 × 107 s−1) and 2b (kr = 8.1
× 107 s−1) suggests that the smaller kr values are responsible for
the lower quantum yields since the nonradiative decay rate
constants knr = 3.5 × 108 s−1 for 2a and knr = 3.1 × 108 s−1 for
2b are not significantly different from those of 1a (knr = 6.1 ×
108 s−1) and 1b (knr = 4.5 × 108 s−1).
The replacement of the terminal aryl substituents at the R1

position by an aliphatic group (2c) leads to a significant

Scheme 2. Synthesis of Boron Complexes Based on (A)
ONO- and (B) NNN-Tridentate Ligands

Figure 1. Normalized absorption and emission spectra of (A) compound 1a, (B) compound 2a, and (C) compound 2c.
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hypsochromic shift in fluorescence (λem = 456 nm) (Figure 1C,
Table 1), which is attributed to its shorter π-conjugation in
comparison to the aromatic substituted boron complex 2a. In
other words, the aryl substituents R1 are an important factor for
the green emission of 2a, 2b, and 2d. The possibility of excimer
formation was ruled out, since there was no concentration
dependence in the shape of fluorescence spectra for either the
ONO- or the NNN-system (Supporting Information).
The large Stokes shifts (Table 1) of compounds 1 and 2

(except 2c) are interesting photophysical features, especially for
applications. Calculated on the basis of the maxima of the
relatively broad and structured absorption and emission bands
(see Figure 1 and Supporting Information), they amount to
around 3200−3600 cm−1 and result in an only small spectral
overlap between absorption and fluorescence. This is clearly an
advantage of these boron complexes as a fluorescent dye in
comparison to typical BODIPY derivatives, having small Stokes
shifts of 400−1000 cm−1.1e Generally, a larger Stokes shift is
beneficial to suppress the reabsorption of the fluorescence in
the condensed phase, which leads to emission quenching.
Solvent polarity has only a negligible influence on the

fluorescence properties of these boron complexes. The
emission spectra of 1a and 2a as model compounds were
recorded in various solvents with different polarity (Figure S15,
Supporting Information). While compound 1a shows emissions
at λem = 453 nm in methanol and at λem = 456 nm in toluene,
compound 2a exhibits the emission maxima at λem = 508 nm in
diethylether and DMSO and at λem = 514 nm in ethyl acetate
and toluene. The lack of significant solvatochromism indicates a
negligible intramolecular charge transfer (ICT) character of
these systems.
Solid-State Emission and Crystal Structures. Interest-

ingly, these complexes show an intense blue and green emission
even in the solid state (Table 1, Figure 2, Figure S14 in
Supporting Information). In general, fluorescence quenching
often takes place in the solid state due to close packing,
resulting in energy transfer and reabsorption of fluorescence.11

The quantum yields of 1 in the crystalline state are comparably
high (ΦF = 0.38−0.41) among other reported boron complexes
based on tridentate ligands.6 Although the ΦF values in the
solid state of 2 are relatively low with ΦF = 0.14−0.20, the
bright green luminescence in the solid state (and also in
solution) enables its biochemical use as demonstrated by
compound 2d in cell imaging experiments (vide inf ra).
To gain insight into the solid-state structures, single crystal

X-ray diffraction analyses were conducted for 1a, 1c, 2b, and 2c
(Figure 2 and Supporting Information). In both series of

compounds 1 and 2, the central B atom has a tetrahedral
geometry. The sum of two N−B−O angles and O−B−O angle
in 1a is 326.3°, while the sum of three N−B−N angles in 2b is
324.3° (Figure 2A and D). In both of the structures of 1a and
2b, the R1 aryl groups assume nearly coplanar arrangements to
the tricyclic core skeleton, suggesting effective extension of π
conjugation. The dihedral angles between the terminal phenyl
ring and the C1−O1−N3 or C4−O2−N2 mean planes in 1a
are less than 10°, whereas those between the terminal tolyl
groups and the C1−N4−N5 or the C4−N3−N2 mean planes
in 2b are less than 15°.
However, as a result of its almost perpendicular orientation,

substituent R2 does not play a substantial role for the electron
delocalization in the phenalene-like heterocyclic plane. This is
supported by the very small influence on the emission
wavelengths e.g. 2a versus 2d (Table 1). As all crystal
structures show, the molecules are packed in a staggered way

Table 1. Photophysical Data of the Boron Complexes

compound λabs
a (nm) λem

b (nm) Δνc (cm−1) εmax
d (M−1 cm−1) ΦF

e τF
f (ns) kr

g (s−1) knr
h (s−1)

1a 394 456 3500 28 000 0.20/0.38 1.3 1.5 × 108 6.1 × 108

1b 394 457 3500 43 200 0.30/0.40 1.6 1.9 × 108 4.5 × 108

1c 399 460 3300 71 500 0.39/0.41 1.8 2.2 × 108 3.5 × 108

2a 440 513 3200 17 500 0.13/0.15 2.5 5.2 × 107 3.5 × 108

2b 435 508 3300 18 700 0.21/0.20 2.6 8.1 × 107 3.1 × 108

2c 416 456 2100 22 200 0.10/0.14 4.6 2.2 × 107 2.0 × 108

2d 431 511 3600 21 000 0.14/0.14 2.2 6.3 × 107 3.8 × 108

aLongest wavelength absorption maximum recorded in dichloromethane. bFluorescence maximum. cStokes shift in cm−1 as calculated from the λabs
and λem data. dMolar extinction coefficient at the longest-wavelength absorption maximum. eAbsolute fluorescence quantum yield determined by a
calibrated integration sphere system. Quantum yields are given for solution/solid state. fFluorescence lifetimes were measured in solution using a
pulsed picosecond laser (377 nm) and were fit to single exponential decays with R2 > 0.99. gRate constant of radiative decay calculated using the
equation kr = ΦF/τF.

hRate constant of nonradiative decay calculated using the equation knr =(ΦF − 1)/τF.

Figure 2. (A) ORTEP plot (thermal ellipsoids with 50% probability)
of the molecular structure of 1a. Selected bond lengths (Å) and
dihedral angles (deg) for 1a: N1−B 1.541(2), O1−B 1.453(2), O2−B
1.449(2), F1−B 1.384(2), N1−B−O2−C4 37.87, and N1−B−O1−C1
33.00. (B) Image of compound 1a in solution and (C) in the solid
state. (D) ORTEP plot (thermal ellipsoids with 50% probability) of
the molecular structure of 2b. Selected bond lengths (Å) and dihedral
angles (deg) for 2b: N1−B 1.556(3), N4−B 1.523(3), N3−B
1.515(3), N1−B−N3−C4 19.25, and N1−B−N4−C1 46.17. (E)
Image of compound 2b in solution and (F) in the solid state.
Irradiation was performed with an UV lamp with a wavelength of 366
nm. The scale bar represents 100 μm.
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with marginal overlap of the π-systems. The perpendicular
orientation of the axial R2 substituents to the π-conjugated
tricyclic plane prevents the chromophores from stacking
closely. Thus, there seem to be no significant interactions
such as π-stacking or other possible short contact interactions.
This should be partly responsible for their high quantum yields
in the crystalline state. For example, compound 2a shows an
identical emission at λem = 513 nm in solution (e.g., in
dichloromethane) and in the solid state, since the phenyl group
at the R2 position keeps the chromophores separate. The
emission maximum of 1a at λem = 456 nm in solution is slightly
red-shifted to λem = 471 nm in the solid state. This may be due
to the fact that the fluorine atom at the R2 position is relatively
small and a closer packing is possible.
Quantum Chemical Calculations. To investigate the

electronic structures and the electronic transitions of these π-
conjugated boron complexes, DFT geometry optimizations
followed by TD-DFT calculations at the B3LYP12/def2-TZVP
level were carried out for all compounds (see Supporting
Information). The Kohn−Sham molecular orbitals of 1a and 2a
as model compounds for the ONO- and NNN-tridentate
systems are shown in Figure 3.
The TD-DFT calculations reproduce the bathochromic shifts

of the absorption maxima from the ONO-ligand-coordinated
boron complexes 1a−c to the NNN-ligand-coordinated 2a−d

(Supporting Information). These shifts are due to the energy
difference in their HOMO−LUMO gaps. While the HOMO−
LUMO gap for 1a is 3.85 eV, 2a has a smaller gap of 3.59 eV
(Figure 3). This difference is mainly attributed to the more
significant difference in the HOMO level compared to that in
the LUMO level. The much higher-lying HOMO in 2a
compared to 1a is regarded to be the origin of the
bathochromic shift due to the more pronounced electron-
donating character of the N atoms compared to the O atoms
(Figure S3, Supporting Information).
To visualize the contributions of the molecular moieties to

the HOMO and LUMO and the different transitions upon
irradiation (UV−vis spectra), TD-DFT calculations for 20
states of compound 2a were calculated for the gas phase using
the B3LYP12 functional and the def2-TZVP basis set (Figure
S1, Supporting Information). The first excited state (2.97 eV,
417 nm) with a CI coefficient of 0.7 and oscillator strength of
0.2 can clearly be assigned to the HOMO→LUMO transition.
The frontier orbital pictures (Figure S2, Supporting Informa-
tion) show that substituent R2 is out of the phenalene-like
plane of the molecule and contributes to neither the HOMO
nor the LUMO of the first excited state; thus, an influence on
the emission can be ruled out. This is consistent with our
previous claim that, due to the almost perpendicular orientation

Figure 3. Kohn−Sham molecular orbitals of 1a and 2b as representative compounds for the ONO- and NNN-systems.
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of R2, it is unlikely that it plays a substantial role for the electron
delocalization in the main π-conjugation.
It should be noted that the terminal R1 group significantly

alters the photophysical properties of these boron complexes.
For example, the phenyl-extended 2a has red-shifted absorption
and emission bands by 24 and 57 nm, respectively, compared to
the cyclohexyl-substituted 2c. The DFT calculations reveal that
2a with its more extended π-conjugation has a lower LUMO
level (−1.99 eV) compared to 2c (−1.55 eV). In contrast, the
HOMO levels of 2a (−5.58 eV) and 2c (−5.50 eV) are
comparable. As a result, the energy for the HOMO−LUMO
transition in 2a becomes smaller (3.59 eV) than that of 2c
(3.94 eV), leading to the observed bathochromic shift (Figure 3
and Figure S4 in Supporting Information).
Studies on the solvatochromic behavior were done by

calculating (CAM-B3LYP13/def2-TZVP) the dipole moments
in the ground state (μG) and the first excited state (μE) of 1a
and 2a and comparing them to those of Brookers Dye, a well-
known chromophore14 that shows high sensitivity to solvent
polarity. This is a useful approach to theoretically investigate
solvatochromic behavior of fluorescent nitrogen−boron com-
pounds.15 The dipole moments of 1a and 2a in the first excited
state were calculated to be quite small with values of μE = 2.7 D
for 1a and μE = 3.9 D for 2a compared to Brookers Dye with μE
= 17.6 D. The differences of the dipole moments between the
ground state and the first excited state amount to only ΔμE‑G =
0.2 D for 1a and ΔμE‑G = 0.7 D for 2a, but to ΔμE‑G = 2.4 D for
Brookers Dye. This correlates well with the experimentally
observed lack of solvatochromism.
We are also interested in the electronic contribution exerted

by the axial R2 ligand on these boron-centered π-conjugated
systems. The R2 substituent is not relevant to the electron
delocalization in the tricyclic system due to its almost
perpendicular orientation. The calculation showed that the
axial R2 moiety influences only the HOMO−1 and HOMO−2
in 2a (Figure 3). As the longest absorption band and the
emission band are only related to the electronic transition from
HOMO to LUMO, the R2 group does not affect these
photophysical properties. Indeed, compounds 2a and 2d have
almost identical λabs and λem compared to each other (Table 1).
This negligible effect of the R2 substituent on the fluorescence
properties suggests the promising use of this moiety as an
interconnection of the chromophore to a large variety of

application-related functional groups. For example, the
fluorescent dye may serve as a lipid anchor for bioactive
molecules. From this point of view, we introduced an aliphatic
moiety to 2d and explored its ability of self-assembly into
vesicles (vide inf ra).

Self-Assembly. Amphiphilic molecules can self-assemble
into complex structures in different media via various kinds of
noncovalent interactions such as van der Waals, electrostatic,
and hydrophobic interactions as well as hydrogen bonding. In
particular, liposomes and vesicles are interesting supramolecular
substances with a bilayer membrane structure.16,17 They have
unique properties, such as encapsulation of dyes and drugs and
thus have potential as transporters in an aqueous environment.
Although vesicles composed of fluorescently labeled lipids and
vesicles labeled with hydrophobic dyes are well-known, there
are only a few examples of the assembly of vesicles from
amphiphilic fluorescent dyes.18 The self-assembly of fluorescent
boron amphiphiles, e.g., boron quinolate block copolymers19 or
BODIPY block copolymers,20 to form supramolecular
structures is also a thriving field of current research.21

To investigate the self-assembly properties of compound 2d
in aqueous media, we examined its ability of forming vesicles.
Thus, a dried film of 2d (prepared from 1 mM solution in
chloroform) was hydrated with distilled water, sonicated for 3
min, and finally extruded through a polycarbonate membrane
with a pore size of 100 nm. DLS measurements of the
assemblies revealed the formation of nanostructures of around
100 nm size, which were disrupted by adding the nonionic
surfactant Triton X-100 (1 wt %). These results led to the
conclusion that vesicular structures are present (Figure S7,
Supporting Information). Upon hydration of a film of 2d in the
presence of a sulforhodamine solution at a fluorescence self-
quenching concentration (20 mM), it was possible to
encapsulate this dye inside the vesicles. Nonencapsulated dye
was removed by size exclusion chromatography using Sephadex
G50. To check if the sulforhodamine is located in the aqueous
compartment of the vesicles, the structures were lysed by
adding Triton X-100. The disassembly of the vesicles resulted
in a dilution of sulforhodamine, which was detected as a
significant increase in fluorescence due to a relief of self-
quenching of sulforhodamine (Figure S8, Supporting Informa-
tion). Finally, Cryo-TEM imaging was performed to further
confirm the existence of vesicular structures in aqueous media.

Figure 4. (A) Schematic presentation of the self-assembly of compound 2d into vesicles. (B, C) Cryo-TEM images of vesicles made from a hydrated
film of 2d, concentrations: [2d] = 0.5 mM. For panels B and C the scale bar represents 100 nm.
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The Cryo-TEM images indeed showed unilamellar vesicles
with an average size of around 80−100 nm. It is obvious that
compound 2d cannot pack as densely as natural phospholipids
in a biological membrane (Figure 4). Nevertheless, the
encapsulation experiments demonstrate that the vesicles have
a semipermeable membrane.
To check whether the amphiphilic compound 2d can be

introduced into membranes of dioleoylphosphatidylcholine
(DOPC), the formation of giant unilamelar vesicles (GUV)
using the electroformation method was investigated. To this
end 20 mol % of compound 2d was combined with the
phospholipid DOPC to prepare a 1 mM solution of
amphiphiles in chloroform. Sixteen microliters of the chloro-
form solution was spread on the electrode slides coated with
indium tin oxide (ITO). Then, the chloroform was evaporated
in a vacuum oven at 50 °C. The resulting film was hydrated
with buffer solution (1 mM HEPES, 100 mM sucrose, pH 7.4).
An alternating electric field was applied at 10 Hz and 1 V at 50
°C for 1 h. After this time the species formed were harvested
and investigated with a confocal laser scanning microscope. It
was found that indeed GUVs were formed showing the
characteristic green fluorescence of compound 2d, proving its
successful introduction into the liposomal membrane. To check
if microdomains were formed, a z-stack series of images was
constructed, and a 3D model was calculated (Figure 5). This

model shows an even distribution of the fluorescent boron
complex on the liposomal surface. With these results in hand,
cell imaging studies were conducted to check whether this
behavior of compound 2d is also suitable to label biological
membranes in the same fashion.
Cell Imaging. For this purpose, we investigated the ability

of compound 2d to act as a cell marker. Thus, compound 2d
was dissolved in DMSO, and the respective solution was further
diluted by adding it to the cell culture media, resulting in a 10−3

M solution with less than 1% in DMSO. HeLa cells (derived
from cervical cancer) were incubated at 37 °C and 5% CO2
atmosphere in this media for 4 and 24 h. After the
corresponding incubation period, the cells were washed with
phosphate buffer solution (PBS), then fixed with 4%
paraformaldehyde (PFA) solution, and finally washed again
with PBS and water. The fixed cells were analyzed by
fluorescence microscopy. The respective microscope images
(Figure 6) showed that compound 2d was internalized after 4 h
exclusively into the nuclear membrane. Very similar results
were obtained after 24 h of incubation time. In both cases we
observed the green emission of 2d, emerging at the nuclear
membrane (Figure S9, Supporting Information).
To investigate effect of 2d on living cells, its cytotoxicity was

determined using a lactate dehydrogenase (LDH) cytotoxicity

assay22 at the same concentration of 2d as in the marking
experiment. These measurements were performed after 24 h
incubation of cells with compound 2d (10−3 M solution with
less than 1% in DMSO). We found that the cytotoxicity of
compound 2d is 1.3% (Supporting Information). This
experiment is the first indication that compound 2d is highly
suitable for further experiments in vivo.

■ CONCLUSIONS
In summary, a new modular photoactive boron system based
on ONO- and NNN-tridentate ligands has been prepared via a
convenient synthetic route. The system exhibits strong blue or
green fluorescence, whose color is tuned by facile structural
modifications. An axial substituent on the boron atom is useful
for the introduction of functional groups. The thermal and
chemical stability as well as the acceptable fluorescence
quantum yields of 15−40% in solution and in the solid state
enable its biochemical use. The versatile application was shown
exemplarily for compound 2d featuring a long alkyl chain at the
axial position. This compound is able to form vesicles by itself
and can also be used as a marker for nuclear membranes. The
low cytotoxicity and the ability to bind to phospholipids are
promising results toward the use for further experiments in vivo.
At present we are investigating the pH dependence of the
fluorescence as well as of the vesicle formation. Preliminary
results indicate that absorption and emission of compound 2d
show a reversible pH dependence upon treatment with acids
and bases due to the presence of the basic iminic nitrogen
atoms, which act as proton acceptors. This pH dependence may
influence the stability of the vesicles and the preference of 2d to
bind at the nuclear membranes of the HeLa- cells, a prospect
we are actively pursuing in current research.

■ EXPERIMENTAL SECTION
General Procedures. Melting points are uncorrected. Nuclear

magnetic resonance spectroscopy (1H, 13C, 11B, 19F) were performed
on superconductive spectrometers: 300 MHz (1H: 300.1 MHz, 13C:
75.5 MHz, 19F: 282.4 MHz, 11B: 96.3 MHz), 400 MHz (1H: 400.1
MHz, 13C: 100.6 MHz), 500 MHz (1H: 499.9 MHz, 13C: 125.7 MHz,
19F: 470.3 MHz, 11B: 160.4 MHz), and 600 MHz (1H: 599.8 MHz,
13C: 150.8 MHz, 19F: 564.4 MHz, 11B: 192.4 MHz). 1H NMR and 13C
NMR chemical shifts δ are given relative to TMS and referenced to the
solvent signal. 19F NMR chemical shifts δ are given relative to CFCl3
(external reference). 11B NMR chemical shifts δ are given relative to
BF3·Et2O (external reference). All signals in the 1H NMR and 13C
spectra were assigned on the basis of relative intensities, coupling
constants, and GCOSY, GHSQC, GHMBC, 1D-COSY, and 1D-NOE
experiments. Mass spectra were recorded on a micrOTOF using
electron spray ionization. UV−vis absorption spectra were recorded
with a resolution of 0.2−0.5 nm. If not stated otherwise, dilute
solutions with concentrations of about 10−5 M in a 1 cm square quarts
cell in degassed dichloromethane were used. Fluorescence lifetimes
were measured with a picosecond fluorescence measurement system

Figure 5. (A) Light microscopy image of a GUV consisting of 80 mol
% DOPC and 20 mol % boron compound 2d. (B) CLSM single image
slice through the GUVs equator. (C) z-Stack series of the GUV. The
scale bar represents 5 μm.

Figure 6. (A) Bright field image of HeLa cells incubated with 2d. (B)
Fluorescence image. (C) Merge of images A and B. The scale bar
represents 20 μm.
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equipped with a picosecond light pulser (excitation wavelength 377
nm with a repetition rate of 10 Hz). Absolute fluorescence quantum
yields were determined with a calibrated integrating sphere system.
Samples for cryogenic-transmission electron microscopy (cryo-TEM)
were prepared by deposition of a few milliliters of vesicle solution of
2d on holey carbon-coated grids. After blotting the excess liquid, the
grids were vitrified in liquid ethane and transferred to a cryo-electron
microscope equipped with a cryo-stage, operating at 120 kV.
Micrographs were recorded under low-dose conditions with a slow-
scan CCD camera. Supplementary crystallographic data for 1a, 1c, 2b,
and 2c (CCDC 895319−895322) can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.,
CB21EZ; fax (+44) 1223-336-03; or deposit@ccdc.cam.ac.uk).
N,N′-(Pyridine-2,6-diyl)dibenzamide (3a). This compound was

prepared by modification of a literature procedure.23a A suspension of
2,6-diaminopyridine (7.4 g, 67.8 mmol, 1.0 equiv) in dry THF (200
mL) and triethylamine (13.8 g, 136 mmol, 2.0 equiv) was cooled to 0
°C, and benzoyl chloride (19.1 g, 136 mmol, 2.0 equiv) was added
dropwise. After evaporation of the solvent the residue was dissolved in
dichloromethane and washed with water (3 × 100 mL). The organic
layer was dried over MgSO4, and the solvent was evaporated in vacuo.
Crystallization from ethanol gave N,N′-(pyridine-2,6-diyl)dibenzamide
as colorless crystals in 74% (15.9 g) yield. The spectroscopic data are
consistent with previously published data.23a

N,N′-(Pyridine-2,6-diyl)bis(4-methylbenzamide) (3b). This
compound was prepared by modification of a literature procedure.23b

A suspension of 2,6-diaminopyridine (5.5 g, 50.4 mmol, 1.0 equiv) in
dry THF (200 mL) and triethylamine (10.1 g, 100 mmol, 2.0 equiv)
was cooled to 0 °C, and p-toluoyl chloride (15.5 g, 100 mmol, 2.0
equiv) was added dropwise. After evaporation of the solvent the
residue was dissolved in dichloromethane and washed with water (3 ×
100 mL). The organic layer was dried over MgSO4, and the solvent
was evaporated in vacuo. Crystallization from ethanol gave N,N′-
(pyridine-2,6-diyl)bis(4-methylbenzamide) as light brown crystals in
74% (12.9 g) yield. The spectroscopic data are consistent with
previously published data.23b

N,N′-(Pyridine-2,6-diyl)bis(4-methoxybenzamide) (3c). This
compound was prepared by modification of a literature procedure.23b

A suspension of 2,6-diaminopyridine (3.6 g, 32.7 mmol, 1.0 equiv) in
dry THF (100 mL) and triethylamine (6.6 g, 65.4 mmol, 2.0 equiv)
was cooled to −10 °C, and a solution of 4-methoxybenzoyl chloride
(11.2 g, 65.4 mmol, 2.0 equiv) in THF (50 mL) was added dropwise
to the reaction mixture and stirred overnight. The precipitate was
filtered off, and the filtrate was concentrated in vacuo. The residue was
recrystallized from a THF/pentane mixture to give N,N′-(pyridine-2,6-
diyl)bis(4-methoxybenzamide) as light brown crystals in 58% (7.2 g)
yield. The spectroscopic data are consistent with previously published
data.23b

N,N′-(Pyridine-2,6-diyl)dibenzenecarboximidamide (4a).
This compound was prepared by modification of a literature
procedure.24 2,6-Diaminopyridine (5.5 g, 50 mmol, 1.0 equiv),
aluminum chloride (13.4 g, 100 mmol, 2.0 equiv), and benzonitrile
(10.3 mL, 100 mmol, 2.0 equiv) were mixed together at −15 °C. The
mixture was stirred at room temperature for 15 min and was then
heated slowly to 180 °C. After 1 h at this temperature the reaction
mixture was allowed to cool to room temperature and was dissolved in
0.4 L of diluted HCl (400 mL H2O + 25 mL HCl conc) while being
sonicated. Afterward charcoal was added, and the suspension was
stirred for 1 h before it was filtered off. The filtrate was then poured
slowly into 10 M NaOH (150 mL). The precipitate was filtered off and
washed with H2O till neutral pH was reached. The residue was
recrystallized from acetonitrile and gave a light brown solid in 57%
(8.9 g) yield. The spectroscopic data are consistent with previously
published data.24

N,N′-(Pyridine-2,6-diyl)bis(4-methylbenzenecarboximida-
mide) (4b). This compound was prepared by modification of a
literature procedure.24 2,6-Diaminopyridine (11.0 g, 100 mmol, 1.0
equiv), aluminum chloride (26.7 g, 200 mmol, 2.0 equiv), and p-
methylbenzonitrile (23.4 g, 200 mmol, 2.0 equiv) were mixed together

at −15 °C. The mixture was stirred at room temperature for 15 min
and was then heated slowly to 180 °C. After 1 h at this temperature
the reaction mixture was allowed to cool to room temperature and was
dissolved in 0.4 L of diluted HCl (400 mL H2O + 25 mL HCl conc)
while being sonicated. Afterward charcoal was added, and the
suspension was stirred for 1 h before it was filtered off. The filtrate
was then poured slowly into 10 M NaOH (150 mL). The precipitate
was filtered off and washed with H2O till neutral pH was reached. The
residue was recrystallized from a THF/pentane mixture and gave a
light yellow solid in 52% (17.8 g) yield. 1H NMR (600 MHz;
CD2Cl2): δ 7.84 (d, JHH = 6.4 Hz, 4H, -NC(‑)-ArH), 7.67 (t, JHH =
7.7 Hz, 1H, C5NHpara), 7.27 (d, JHH = 7.9 Hz, 4H, C5NHmeta), 6.85 (d,
JHH = 7.2 Hz, 2H, ArH), 2.41 (s, 6H, CH3) ppm. 13C NMR (150
MHz; CD2Cl2): δ 160.8 (Cq), 157.0 (Cq,), 141.6 (Cq) 139.9 (CAr),
134.6 (Cq), 129.7, 127.3 (CAr), 115.5 (CAr), 21.7 (CH3) ppm. HRMS
(ESI): calcd for C21H21N5H ([M + H]+) 344.1870, observed
344.1874.

N,N′-(Pyridine-2,6-diyl)dicyclohexanecarboximidamide (4c).
This compound was prepared by modification of a literature
procedure.24 2,6-Diaminopyridine (5.5 g, 50 mmol, 1.0 equiv),
aluminum chloride (13.4 g, 100 mmol, 2.0 equiv), and cyclo-
hexanecarbonitrile (11.9 mL, 100 mmol, 2.0 equiv) were mixed
together at −10 °C. The mixture was stirred at room temperature for
15 min and was then heated to 180 °C. After 1 h at this temperature
the reaction mixture was allowed to cool to room temperature and was
dissolved in 0.4 L of diluted HCl (400 mL H2O + 25 mL HCl conc)
while being sonicated. Afterward charcoal was added, and the
suspension was stirred for 1 h before it was poured into 10 M
NaOH (150 mL) and extracted with dichloromethane/H2O (4 × 500
mL). The organic layer was dried over MgSO4, and the residue was
recrystallized from acetonitrile to give N,N′-(pyridine-2,6-diyl)-
dicyclohexanecarboximidamide as a white solid in 51% (8.4 g) yield.
1H NMR (600 MHz; CD2Cl2): δ 7.53 (t, JHH = 7.8 Hz, 1H, C5NHpara),
6.56 (d, JHH = 6.2 Hz, 2H, C5NHmeta), 2.20−2.11 (m, 2H, CyCH),
1.99−1.90 (m, 4H, CyCH2), 1.87−1.78 (m, 4H, CyCH2), 1.75−1.64
(m, 2H, CyCH2), 1.53−1.40 (m, 4H, CyCH2), 1.39−1.29 (m, 4H,
CyCH2), 1.29−1.19 (m, 2H, CyCH2) ppm. 13C NMR (150 MHz;
CD2Cl2): δ 165.1 (Cq), 161.0 (Cq), 139.5 (CAr), 113.8 (CAr), 46.9
(CyCH), 31.4, 26.5, 26.4 (CyCH2) ppm. HRMS (ESI): calcd for
C19H29N5H ([M + H]+) 328.2496, observed 328.2501.

4-(Octadecyloxy)phenyl Boronic Acid. This compound was
prepared by modification of a literature procedure.25 A suspension of
4-bromphenol (17.3 g, 100 mmol, 1.0 equiv), 1-bromooctadecane
(36.7 g, 110 mmol, 1.1 equiv), and K2CO3 (28.0 g, 200 mmol, 2.0
equiv) in 2-butanone (150 mL) was heated under reflux and vigorous
stirring for 24 h. Then the reaction mixture was filtered, and the filtrate
was evaporated in vacuo. The residue was recrystallized from ethanol
and was used for the next step. A solution of 1-bromo-4-
octadecyloxyphenyl (4.3 g, 10 mmol, 1.0 equiv) in THF (20 mL)
was cooled to −70 °C, and n-butyllithium (9.4 mL, 1.6 M in hexane,
15 mmol, 1.5 equiv) was added dropwise. After the reaction mixture
was stirred for 0.5 h, triisopropyl borate (2.8 g, 15 mmol, 1.5 equiv)
was added at −70 °C. The reaction mixture was warmed to −20 °C
and HCl (2 N, 100 mL) was added. After reaching room temperature,
the organic layer was separated, and the aqueous layer was extracted
with diethylether (3 × 50 mL). The collected organic layers were
washed with saturated NaCl solution (3 × 50 mL) and dried over
MgSO4. The solvent was removed in vacuo and gave the target
compound as a white powder in 90% (3.5 g) yield. The spectroscopic
data are consistent with previously published data.25

Synthesis of Boron Compounds 1a−1c Based on ONO-
Tridentate Ligands. Synthesis of 1a. A suspension of N,N′-
(pyridine-2,6-diyl)dibenzamide (1.0 g, 3.28 mmol, 1.0 equiv) in
toluene (25 mL) was cooled to 0 °C, and BF3·OEt2 (1.2 mL, 9.84
mmol, 3.0 equiv) was added dropwise. After removal of the ice bath,
the reaction mixture was refluxed for 5 h. The reaction mixture was
allowed to cool, and a NaHCO3/DCM mixture (25/50 mL) was
added to the solution. The organic layer was collected and washed
with NaHCO3 (3 × 50 mL), and the aqueous layer was extracted with
DCM (3 × 50 mL). After drying of the collected organic layers over

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo4003745 | J. Org. Chem. 2013, 78, 4410−44184416

www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk


Na2SO4, the solvent was evaporated in vacuo, and the residue was
purified via recrystallization from ethyl acetate/heptane to give bright
yellow crystals in 90% (1.0 g) yield: mp 214 °C. 1H NMR (500 MHz;
CD2Cl2): δ 8.41−8.32 (m, 4H, -NC(‑)-ArH), 8.06 (t, JHH = 8.1 Hz,
1H, C5NHpara), 7.67−7.58 (m, 2H, -NC(‑)-ArHpara), 7.57−7.47 (m,
4H, -NC(‑)-ArH), 7.23 (d, JHH = 8.1 Hz, 2H, C5NHortho) ppm.

13C
NMR (125 MHz; CD2Cl2): δ 165.5 (CN), 150.4 (Cq,Pyridin), 145.7
(CAr,Pyridin,para), 133.5 (-NC(‑)-CAr,para), 132.9 (-NC(‑)-Cq), 129.7,
128.8 (-NC(‑)-CAr), 117.5 (CAr,Pyridin,meta) ppm. 11B NMR (160
MHz; CD2Cl2): δ 1.3 (d, JBF ≈ 33 Hz, Bquart-F) ppm.

19F NMR (470
MHz; CD2Cl2): δ −123.36 (1:1:1:1 q, JFB ≈ 33 Hz, Bquart-F) ppm.
HRMS (ESI): calcd for C19H13BFN3O2Na ([M + Na]+) 368.0980,
observed 368.0978.
Synthesis of 1b. A suspension of N,N′(pyridine-2,6-diyl)bis(4-

methylbenzamide) (13.8 g, 39.95 mmol, 1.0 equiv) in toluene (200
mL) was cooled to 0 °C, and BF3·OEt2 (15 mL, 119.0 mmol, 3.0
equiv) was added dropwise. After removal of the ice bath, the reaction
mixture was refluxed for 5 h. The reaction mixture was allowed to cool,
and a NaHCO3/DCM mixture (100/200 mL) was added to the
solution. The organic layer was collected and washed with NaHCO3
(3 × 100 mL), and the aqueous layer was extracted with DCM (3 ×
100 mL). After drying of the collected organic layers over Na2SO4, the
solvent was evaporated in vacuo, and the residue was purified via
alumina oxide B with 5% ethyl acetate and 95% toluene (Rf = 0.83) to
give a bright yellow solid in 85% (12.7 g) yield: mp 230 °C. 1H NMR
(500 MHz; CD2Cl2): δ 8.26−8.22 (m, 4H, -NC(‑)-ArHortho), 8.02
(t, JHH = 8.1 Hz, 1H, C5NHpara), 7.35−7.31 (m, 4H, -NC(‑)-
ArHmeta), 7.37 (d, JHH = 8.1 Hz, 2H, C5NHortho), 2.45 (s, 6H, CH3)
ppm. 13C NMR (125 MHz; CD2Cl2): δ 165.8 (CN), 150.7
(Cq,Pyridin), 145.7 (CAr,Pyridin,para), 144.8, 130.4 (-NC(‑)-Cq), 129.9,
129.8 (-NC(‑)-CAr), 117.3 (CAr,Pyridin,meta), 22.1 (CH3) ppm. 11B
NMR (160 MHz; CD2Cl2): δ 1.3 (d, JFB ≈ 33 Hz, Bquart-F) ppm.

19F
NMR (470 MHz; CD2Cl2): δ −123.78 (1:1:1:1 q, JFB ≈ 33 Hz, Bquart-
F) ppm. HRMS (ESI): calcd for C21H17BFN3O2Na ([M + Na]+)
396.1294, observed 396.1287.
Synthesis of 1c. A mixture of N,N′-(pyridine-2,6-diyl)bis(4-

methoxybenzamide) (383 mg, 1.01 mmol, 1.0 equiv) and triethyl-
amine (1.42 mL, 10.15 mmol, 10 equiv) in toluene (25 mL) was
cooled to 0 °C, and BF3·OEt2 (1.9 mL, 10.15 mmol, 10 equiv) was
added dropwise. After removal of the ice bath, the reaction mixture
was refluxed for 5 h. The reaction mixture was allowed to cool, and a
H2O/DCM mixture (50/100 mL) was added to the solution. The
organic layer was collected and washed with H2O (3 × 50 mL), and
the aqueous layer was extracted with DCM (3 × 50 mL). After drying
of the collected organic layers over Na2SO4, the solvent was
evaporated in vacuo, and the residue was recrystallized from a ethyl
acetate/heptane mixture to give bright yellow crystals in 72% (295
mg) yield. 1H NMR (600 MHz; CD2Cl2): δ 8.32−8.28 (m, 4H, -N
C(‑)-ArHortho), 7.99 (t, JHH = 8.1 Hz, 1H, C5NHpara), 7.12 (d, JHH = 8.1
Hz, 2H, C5NHortho), 7.02−6.9 (m, 4H, -NC(‑)-ArHmeta), 3.90 (s,
6H, CH3) ppm. 13C NMR (150 MHz; CD2Cl2): δ 165.2 (CN),
164.3 (Cq-OMe), 150.6 (Cq,Pyridin), 145.4 (CAr,Pyridin,para), 131.8 (-N
C(‑)-CAr), 125.2 (-NC(‑)-Cq), 116.6 (CAr,Pyridin,meta), 114.2 (-N
C(‑)-CAr), 55.9 (O-CH3) ppm.

11B NMR (192 MHz; CD2Cl2): δ 1.2
(d, JFB ≈ 33 Hz, Bquart-F) ppm. 19F NMR (564 MHz; CD2Cl2): δ
−124.67 (1:1:1:1 q, JFB ≈ 33 Hz, Bquart-F) ppm. HRMS (ESI): calcd
for C21H17BFN3O4Na ([M + Na]+) 428.1192, observed 428.1199.
Synthesis of Boron Compounds 2a−2d Based on NNN-

Tridentate Ligands. General Procedures. The boron complexes
based on NNN-tridentate ligands can be obtained by either reacting
one equivalent of the respective ligand 4a-4c with an equimolar
amount of boronic acid or by reacting one equivalent of the respective
ligand 4a-4c with an equimolar amount of triphenylborane. The
reaction mixture is refluxed for approximately four hours in toluene in
both cases. The purification method used for each compound is given
in in the respective experimental section.
Synthesis of 2a. A stirred suspension of phenyl boronic acid (124

mg, 1.02 mmol, 1.0 equiv) and N,N′-(pyridine-2,6-diyl)-
dibenzenecarboximidamide (322 mg, 1.02 mmol, 1.0 equiv) was
refluxed in toluene for 5 h. After cooling to room temperature, the

solvent was removed in vacuo. Purification of the residue on alumina
oxide B with 90% toluene and 10% ethyl acetate (Rf = 0.23) afforded
compound 2a in 47% (192 mg) yield as a yellow solid: mp 233 °C. 1H
NMR (500 MHz; CD2Cl2): δ 8.08−7.94 (m, 4H, -NC(‑)-ArHortho),
7.61 (t, JHH = 8.0 Hz, 1H, C5NHpara), 7.57−7.53 (m, 2H, -NC(‑)-
ArHpara), 7.51−7.45 (m, 4H, -NC(‑)-ArHmeta), 7.37 (dd, JHH = 7.9,
1.4 Hz, 2H, -B-ArHortho), 7.25−7.09 (m, 3H, -B-ArHmeta,para), 6.76 (d,
JHH = 8.0 Hz, 2H, C5NHortho), 6.30 (s, 2H, NH) ppm.

13C NMR (125
MHz; CD2Cl2): δ 162.4 (CN), 153.4 (Cq,Pyridin), 142.7
(CAr,Pyridin,para), 136.1 (-NC(‑)-Cq), 132.0 (-NC(‑)-CAr,para),
130.4 (-B-CAr,ortho), 129.2 (-NC(‑)-CAr,meta), 128.3, 127.9 (-B-
CAr,meta,para), 127.5 (-NC(‑)-CAr,ortho), 114.3 (CAr,Pyridin,meta) ppm.
(The B-Cq signal was not observed due to the quadrupolar relaxation
of the boron atom). 11B NMR (160 MHz; CD2Cl2): δ −1.2 (s, Bquart)
ppm. HRMS (ESI): calcd for C25H20BN5H ([M + H]+) 402.1889,
observed 402.1888.

Synthesis of 2b. A stirred suspension of phenyl boronic acid
(135.3 mg, 1.11 mmol, 1.0 equiv) and N,N′-(pyridine-2,6-diyl)bis(4-
methylbenzenecarboximidamide) (381.1 mg, 1.11 mmol, 1.0 equiv)
was refluxed in toluene for 5 h. After cooling to room temperature, the
solvent was removed in vacuo. Purification of the residue on alumina
oxide B with 90% toluene and 10% ethyl acetate (Rf = 0.30) afforded
compound 2b in 67% (319 mg) yield as a yellow solid: mp 240 °C. 1H
NMR (500 MHz; CD2Cl2): δ 7.92−7.87 (m, 4H, -NC(‑)-ArHortho),
7.57 (t, JHH = 8.0 Hz, 1H, C5NHpara), 7.35 (dd, JHH = 7.9, 1.4 Hz, 2H,
-B-ArHortho), 7.31−7.27 (m, 4H, -NC(‑)-ArHmeta), 7.20−2.11 (m,
3H, −B-ArHmeta,para), 6.70 (d, JHH = 8.0 Hz, 2H, C5NHmeta), 6.46 (s,
2H, NH), 2.42 (s, 6H, −CH3) ppm.

13C NMR (125 MHz; CD2Cl2): δ
162.1 (CN), 153.5 (Cq,Pyridin), 142.6 (CAr,Pyridin), 142.5 (Cq), 133.3
(Cq), 130.4, 129.8, 128.2, 127.7, 127.5 (CAr), 114.3 (CAr,Pyridin), 21.8
(CH3) ppm. (The B-Cq signal was not observed due to the
quadrupolar relaxation of the boron atom). 11B NMR (160 MHz;
CD2Cl2): δ −1.3 (s, Bquart) ppm. HRMS (ESI): calcd for C27H24BN5H
([M + H]+) 430.2202, observed 430.2208.

Synthesis of 2c. A stirred suspension of phenyl boronic acid (179
mg, 1.47 mmol, 1.0 equiv) and N,N′-(pyridine-2,6-diyl)-
dicyclohexanecarboximidamide (481 mg, 1.47 mmol, 1.0 equiv) was
refluxed in toluene for 5 h. After cooling to room temperature, the
solvent was removed in vacuo. Purification of the residue on alumina
oxide B with 80% hexane and 20% ethyl acetate (Rf = 0.72) afforded
compound 2c in 43% (261 mg) yield as a light yellow solid: mp 180
°C. 1H NMR (600 MHz; C6D6): δ 7.72−7.45 (m, 2H, ArHortho), 7.32
(t, JHH = 7.6 Hz, 2H, ArHmeta), 7.20−7.16 (m, 1H, ArHpara), 6.83 (t,
JHH = 8.0 Hz, 1H, C5NHpara), 6.58 (d, JHH = 8.0 Hz, 2H, C5NHortho),
5.15 (s, 2H, NH), 2.11 (tt, JHH = 11.9, 3.4 Hz, 2H, CyCH), 1.95 (d,
JHH = 11.9 Hz, 4H, CyCH2), 1.74−1.61 (m, 4H, CyCH2), 1.61−1.48
(m, 6H, CyCH2), 1.22−0.98 (m, 6H, CyCH2) ppm.

13C NMR (150
MHz; C6D6): δ 172.0 (CN), 153.6 (Cq,Pyridin), 142.5 (CAr,Pyridin),
130.2, 128.1, 127.6 (CAr), 112.9 (CAr,Pyridin), 47.1 (CyCH), 31.4, 31.1,
26.6, 26.5, 26.5 (CyCH2) ppm. (The B-Cq signal was not observed due
to the quadrupolar relaxation of the boron atom). 11B NMR (192
MHz; C6D6): δ −2.7 (s, Bquart) ppm. HRMS (ESI): calcd for
C25H32BN5H ([M + H])+ 414.2828, observed 414.2827.

Synthesis of 2d. A stirred suspension of 4-(octadecyloxy)phenyl
boronic acid (423.0 mg, 1.08 mmol, 1.0 equiv) and N,N′-(pyridine-
2,6-diyl)dibenzenecarboximidamide (342.0 mg, 1.08 mmol, 1.0 equiv)
was refluxed in toluene for 4 h. After cooling to room temperature, the
solvent was removed in vacuo. Purification of the residue on alumina
oxide B with 90% cyclohexane and 10% ethyl acetate (Rf = 0.12)
afforded compound 2d in 65% (470 mg) yield as a yellow solid: mp
160 °C. 1H NMR (500 MHz; CD2Cl2): δ 8.03−7.96 (m, 4H, -N
C(‑)-ArH), 7.59 (t, JHH = 8.0 Hz, 1H, C5NHpara), 7.57−7.52 (m, 2H,
-NC(‑)-ArH), 7.52−7.46 (m, 4H, -NC(‑)-ArH), 7.30−7.25 (m,
2H, -B-ArHortho), 6.74 (d, JHH = 8.0 Hz, 2H, C5NHortho), 6.73−6.69
(m, 2H, -B-ArHmeta), 6.28 (s, 2H, NH), 3.85 (t, JHH = 6.6 Hz, 2H,
- OCH 2 CH 2CH 2 (CH 2 ) 1 4 CH 3 ) , 1 . 7 4− 1 . 6 3 (m , 2H ,
-OCH 2CH 2 CH 2 ( CH 2 ) 1 4 CH 3 ) , 1 . 4 3− 1 . 3 4 (m , 2H ,
-OCH 2CH 2CH 2 (CH 2 ) 1 4CH 3 ) , 1 . 3 4− 1 . 2 2 (m , 2 8H ,
-OCH 2CH 2CH 2 (CH 2 ) 1 4 CH 3 ) , 0 . 9 5− 0 . 7 8 (m , 3H ,
-OCH2CH2CH2(CH2)14CH3) ppm. 13C NMR (125 MHz; CD2Cl2):
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δ 162.4 (CN), 159.4 (Cq-OC18H37), 153.3 (Cq,Pyridin), 142.5
(CAr,Pyridin,para), 136.2 (-NC(‑)-Cq), 131.9 (-NC(‑)-CAr), 131.6
(-B-CAr), 129.2, 127.5 (-NC(‑)-CAr), 114.3 (CAr,Pyridin,meta), 114.4
(-B-CAr), 68.3 (-OCH2CH2CH2(CH2)14CH3), 32.5, 30.3, 30.0, 29.9
(-OCH2CH2CH2(CH2)14CH3), 26.6 (-OCH2CH2CH2(CH2)14CH3),
2 3 . 3 ( - O C H 2 C H 2 C H 2 ( C H 2 ) 1 4 C H 3 ) , 1 4 . 5
(-OCH2CH2CH2(CH2)14CH3) ppm. (The B-Cq signal was not
observed due to the quadrupolar relaxation of the boron atom). 11B
NMR (160 MHz; CD2Cl2): δ −1.3 (s, Bquart) ppm. HRMS (ESI):
calcd for C43H56BN5OH ([M + H]+) 670.4658, observed 670.4660.
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