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Abstract: Four boron-carrying molecules were synthesized and purified. These were found to be (a)
relatively neutral with respect to the parent BF derivative and (b) functionalized by donor–acceptor
groups resulting in a charge transfer within the molecule. The study discusses the steric effect
and the influence of the substitution of the side rings on the surroundings of the boron atom.
Electronic structures were characterized by real-space bonding indicators. Hirshfeld surface and
energy frameworks tools were applied to examine the crystal packing features.
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1. Introduction

The rigid, organic compounds carrying the BF2 group are often fluorophores characterized by
bright fluorescence and excellent photostability [1,2]; however, their most representative examples
are BODIPY dyes, which are characterized by small Stokes shift values. Their most characteristic
structural feature is the substitution of the acidic proton present in their precursors by a BF2 group,
thanks to which a boron moiety can be easily inserted, and the compounds are highly fluorescent.
However, such acidic proton is not only present in NH-carrying compounds but also in CH acids [3–9]
and OH-carrying molecules [10–13], resulting in the formation of, for example, an NBF2O pattern
instead of NBF2N one, as in BODIPYs. The spectral features of difluoroborates may be tuned by
a variety of methods, such as the substituent effect [8,14], benzannulation [7], or elongation of the
conjugation path [15]. Another is the modification of the boron Lewis acidity center; however, the
BF2 group is generally less reactive than, for example, BCl2 [16,17]. Still, it is possible to exchange
fluorine by a methyl group in BODIPYs, but the reactivity of the boron atom should be enhanced
by the presence of the electronegative groups in the BODIPY core [18]. It is important to stress that
BODIPY dyes, although very useful and with tunable properties, are not the only ones that contain a
BF2 group: a review of non-BODIPY dyes by Ziessel et al. [13] presents and discusses various other
dyes with NBF2N, NBF2O, and OBF2O patterns. However, at that time, there was a limited number of
publications related to amide-based boron-carrying molecules compared to those where the substrate
was phenol or amine.

There is a constant need to develop new materials by the functionalization of known compounds.
In general, the boron atom [17,19] may be functionalized by reacting the BF2 group with, for example,
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AlCl3 [20] or Et2BCl [21,22], and then with another molecule to substitute chlorine. In this way, a
number of BODIPY dyes substituted with O, C, and N-terminal groups attached to the boron atom
can be obtained, inter alia (a) O-BODIPYs [23–28], C-BODIPYs [17,19,28–32], and N-BODIPYs [33,34].
A relatively small number of publications have described the reactions guided at the boron (BX)
moiety with the aim of obtaining fluorescent molecules functionalized at that atom while also carrying
a tridendate ligand characterized by a variable arrangement of electronegative atoms such as N,N,N-,
N,O,O-, or O,N,O-, and others. This type of molecule is obtained by a two-step reaction [35] with
boronic acid as the source of the boron atom. An alternative way to obtain an N,N,N-pattern to
bind the boron atom, as used in subporphyrines, is to introduce a chloro/bromo derivative (BCl/BBr)
and react it with the nucleophile [36]. It is worth mentioning that the tridendate ligand comprises
three electronegative atoms in its core. This fact can be used to tune the properties of charge-transfer
molecules by functionalization of donor and acceptor.

The way to functionalize BODIPYs and related molecules at the boron atom is the reaction of the
BF2 center with AlCl3, and then with the species reacting, with resulting BCl2 mid-product [20,37].
In addition, the reaction of the BF2 group with BCl3 and then with an alkoxy anion to substitute the Cl
atom by an OR moiety can be carried out [38].

The proper substitution of the fluorophore may enhance the properties suitable for two-photon
absorption (TPA) [39], giving molecules that can be used for bioimaging [40]. It is worth noting that
such functionalization of molecules should be relatively easy; in addition, the high TPA cross-section
values and photostability should also be achieved. The TPA cross-section value can be increased by the
introduction of electron-donating and electron-accepting groups in the structure. On the other hand,
regarding the stability of such compounds, correct isolation of the reactive part of the molecule from
interactions with the surroundings is crucial. Since these properties (TPA cross-section and reactivity)
are dependent on the geometry of the molecule, accurate knowledge about the spatial arrangement of
the groups is required for effective and correct molecular design. Moreover, steric hindrance allows
the intermolecular interactions in fluorescent solids to be controlled [41], giving materials suitable for
electronic applications [42]. However, the molecular design has some limits. One is that the reactive
center must be accessible to the needed reaction during synthesis. In some BF2-carrying molecules,
the difluoroborate group is close to a ring or group that hinders the reaction by exerting steric effects:
although such steric effects might be needed to ensure the stability of the final product, they also may
hinder effective synthesis. One of the most convenient ways to allow nucleophilic attack on the boron
atom is to use the relatively flat structure of the tridentate ONO ligand [43] of monohalogenoborate, as
has been demonstrated for N,N,N-ligands such as B-substituted subporphyrines [44–46]. So far, only
one single-crystal structure of the tridendante ONO ligand, functionalized at the boron atom, has been
described [47].

Hence, the aim of the current work is (a) to determine the effect of a substitution of the fluorine
atom by phenyl or a phenylene-carrying electron-donating group at the boron atom and (b) identify
the donor–acceptor charge transfer and its influence on the central, B-containing moiety. For such
purpose, 2,6-bis(benzoylamino)pyridines were synthesized and functionalized with BF [27], BC6H5, or
BC6H4-4-NMe2 groups. Compounds substituted at the boron atom were prepared by the reaction of
BCl precursors obtained from 2,6-bis(benzoylamino)pyridines, using Grignard reagents. It is important
to note that substrate→ BCl→ B-R substitution is the first example of a one-pot, two-step reaction
leading to the B-substituted compounds. In previous publications, the synthesis was performed in the
following order: substrate→ BF2→ BCl2→ B(OR)2 [21,48,49]. The present protocol omits one step,
i.e., the synthesis of the fluoroborate derivative and its purification.

Since the charge transfer has a key influence on the properties of the donor–acceptor molecules,
including the value of the TPA cross-section [39], the donating group was introduced in two different
positions to induce distant charge transfer (in 2, vide infra) or short-path charge transfer (in 4).

To gain a deeper insight into the electronic structures of the four compounds presented here,
the study employs real-space bonding indicators (RSBI) in an approach combining Quantum Theory



Crystals 2019, 9, 662 3 of 16

of Atoms in Molecules (QTAIM) [50] and Electron Localizability Indicator (ELI-D) [51,52]. In turn,
to analyze the arrangement of the studied molecules in crystals, Hirshfeld surface analysis [53] was
applied with quantitative support derived from pairwise interaction energies [54] and their energy
frameworks [55].

2. Materials and Methods

2.1. Synthesis

The general procedure for synthesis was as follows: (a) synthesis of the 2,6-bis(benzoylamino)pyr
idine (1) derivative or (b) 2-N-(pentafluorobezoylaminno)-6-N- (4-dimethylaminobenzoyl)-pyridine
(2). Compound 2 has been obtained in a two-step reaction: a reaction of 2,6-diaminopyridine with
4-(dimethylamino)benzoyl chloride yielding 2-(4-dimethylaminobenzoyl)-6-amino-pyridine, which
was then transformed into 2 by reaction with pentafluorobenzoyl chloride. Both 1 and 2 were treated
with BF3 etherate in boiling toluene (24 h at boiling point) as before [15,43]. Compounds 3 and 4 were
obtained by a one-pot, two-step reaction of 2,6-bis(benzoylamino)pyridine with BCl3 (solution in DCM)
in dry THF and two equivalents of DIEA. The reaction mixture was stirred at 50 ◦C for 5 h. Then,
phenyl magnesium bromide or 4-(N,N-dimethyl)aniline magnesium bromide solution was added (two
molar excess) during one hour at room temperature and the mixtures was stirred overnight; water
(1–2 mL) was added, and the THF evaporated. The residues were treated with water (20–30 mL) and
extracted with chloroform. All compounds were purified by flash chromatography (SiO2) with the use
of DCM (1, 3), ethyl acetate (4), and acetonitrile (2) as eluent.

2.2. X-ray Single-Crystal Diffraction

The single-crystal X-ray diffraction experiments were performed at 100.0(1) K on an Xcalibur
diffractometer (Rigaku Oxford Diffraction, Sevenoaks, Kent, UK), equipped with a CCD detector
and a graphite monochromator (Rigaku Oxford Diffraction) with MoKα radiation and furnished
with an Oxford Cryosystem N2 gas stream device. The reciprocal space was explored by ω scans.
The reflections were measured with a radiation exposure time from 4 to 25 s, according to diffraction
intensities. The detector was positioned at a 60-mm distance from the crystal. Procession of the
diffraction data was performed using the CrysAlis CCD [56]. The structures were solved and refined
by a full-matrix least-squares method using the SHELXL14 program [57]. Lorentz and polarization
corrections were applied. Non-hydrogen atoms were refined anisotropically. In structures, H atoms
were refined using a riding model. The structure drawings were prepared using the SHELXTL [58].

Crystal data for 1 (M = 345.13 g/mol): monoclinic, space group P21/n (no. 14), a = 11.4202(7) Å, b =

11.1659(6) Å, c = 12.5775(7) Å, β = 101.550(5)◦, V = 1571.37(16) Å3, Z = 4, T = 100.0(1) K, µ(MoKα) = 0.10
mm−1, Dcalc = 1.459 g/cm3, 10452 reflections measured (3.2◦ ≤ Θ ≤ 26.0◦), 3086 unique (Rint = 0.035),
which were used in all calculations. The final R1 was 0.035 [I > 2σ(I)] and wR2 was 0.078 (all data).

Crystal data for 2 (M = 478.16 g/mol): monoclinic, space group P21/n (no. 14), a = 15.5793(10) Å, b
= 7.0596(4) Å, c = 18.7116(13) Å, β = 109.925(7)◦, V = 1934.8(2) Å3, Z = 4, T = 100.0(1) K, µ(MoKα) = 0.15
mm−1, Dcalc = 1.642 g/cm3, 12675 reflections measured (3.1◦ ≤ Θ ≤ 26.0◦), 3800 unique (Rint = 0.066),
which were used in all calculations. The final R1 was 0.046 [I > 2σ(I)] and the wR2 was 0.092 (all data).

Crystal data for 3 (M = 403.23 g/mol): orthorhombic, space group Cmc21 (no. 36), a = 21.2777(10)
Å, b = 11.8774(5) Å, c = 7.6131(3) Å, V = 1924.0(14) Å3, Z = 4, T = 100.0(1) K, µ(MoKα) = 0.09 mm−1,
Dcalc = 1.392 g/cm3, 6440 reflections measured (3.3◦ ≤ Θ ≤ 26.0◦), 1839 unique (Rint = 0.015), which
were used in all calculations. The final R1 was 0.028 [I > 2σ(I)] and the wR2 was 0.073 (all data).

Crystal data for 4 (M = 446.30 g/mol): monoclinic, space group P21/n (no. 14), a = 15.2995(6) Å, b =

8.6166(3) Å, c = 17.7823(7) Å, β = 108.625(3)◦, V = 2221.46(15) Å3, Z = 4, T = 100.0(1) K, µ(MoKα) = 0.09
mm−1, Dcalc = 1.334 g/cm3, 14516 reflections measured (3.2◦ ≤ Θ ≤ 26.0◦), 4356 unique (Rint = 0.067)
which were used in all calculations. The final R1 was 0.045 [I > 2σ(I)] and the wR2 was 0.090 (all data).
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The crystallographic data for compounds 1–4 have been deposited at the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC 1572930-1572933. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 144 1223 336
033; email: deposit@ccdc.cam.ac.uk.

2.3. Theoretical Calculations

DFT (Density Functional Theory) gas-phase geometry optimizations of 1–4 at the
B3LYP/6-311+G(2d,2p) level of theory were carried out using Gaussian09 [59] at the starting from the
atomic coordinates of the X-ray single-crystal structures. The wavefunctions files were used for a
topological analysis of the electron density with AIMAll [60], whereas ELI-D descriptors were derived
and analyzed with DGRID-4.6 [61].

2.4. Hishfeld Surface Analysis; Pairwise Energies and their Energy Frameworks

Hishfeld surface analysis, a calculation of pairwise model energies, and a visualization of their
energy frameworks, were performed using CrystalExplorer17 [62,63] software. Pairwise model
energies were estimated between molecules within a standard cluster of a radius of 3.8Å at the
B3LYP/6-31G(d,p) level of theory (CE-B3LYP model). In this model, the total interaction energy
between any nearest-neighbor molecular pairs is given in terms of four components: electrostatic,
polarization, dispersion, and exchange–repulsion, with scale factors of 1.057, 0.740, 0.871, and
0.618, respectively.

3. Results and Discussions

The compounds synthesized in this work were chosen for the reasons given in the Introduction.
The symmetric fluoroborate of 1 is regarded as a reference compound. In compound 2, the polar
center of the molecule, acting as an electron acceptor, is supported by the electronegative C6F5 moiety,
which is a group that has previously been used in a series of two-photon absorbing compounds [64].
In addition, the phenyl substituent on the opposite side is functionalized by an –NMe2 group, which
is also often used in the modification of BODIPYs [65]. To identify such donor–acceptor changes, the
present study examines both the electronic structure of the single molecules and the packing features
of the crystal structures. It also examines the effects of modifying the boron center by the replacement
of the F→phenyl group in 3 and its donor functionalization by 4-NMe2 in 4.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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3.1. X-ray Single-Crystal Analysis

The molecular structures of boron compounds 1–4 are presented in Figure 1 with the atom-
numbering scheme. Selected geometric parameters are collected in Table S1 (Supplementary Material).
Although the crystal structure of compound 1 has been reported earlier at 223 K [43], we decided to use
our data, measured at 100 K, for more consistent comparison between all four investigated structures.
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Figure 1. The molecular structures of 1–4 with an atom-numbering scheme. Anisotropic displacement
ellipsoids are drawn at the 50% probability level. The labelling scheme, A–F, applied for the least-squares
planes of rings.

In all studied compounds, the central boron atom has a tetrahedral geometry, irrespective of
substituents: fluorine atom, phenyl group, and the 4-(dimethylamino)phenyl group. The respective
sums of the two N−B−O angles and the O−B−O angle for compounds 1–4 are 326.5(1)◦, 326.9(2)◦,
320.0(2)◦, and 319.4(1)◦, which are comparable with similar structures given by Glotzbach [43].
Compounds 3 and 4 are characterized by more pronounced distortion of the tetrahedron, with the
valence angles varying from 105◦ (O1−B1−N2) to 112◦ (C1−B1−N2).

The boron atom belongs to two six-membered heterocyclic rings (A and B symbols), which are
both condensed with a benzene ring to form a tricyclic core skeleton. Based on the puckering [66] and
asymmetry [67] parameters, the conformation of the heterocyclic rings can be described as generally
intermediate between an envelope (E) and a screw boat (S), for which the (pseudo)mirror plane
passing through the B1 atom and (pseudo)twofold axis passing through the B1−O1/B1−O1A bond are
characteristic symmetry elements (Table S2 in Supplementary Material). The nitrogen atom (N2), in the
middle of the tricyclic core skeleton, deviates by 0.150(2) Å to 0.192(2) Å from the best plane formed by
the 12 surrounding atoms toward the most protruding B atom, being 0.442(3) to 0.487(3) Å away from
the best plane. The deviations demonstrated by the nitrogen and boron atoms correspond well with
those found for their corresponding atoms in the structure of 1,6-bis(2-hydroxyphenyl)pyridine boron
bis(4-N-butyl-phenyl)phenyleneamine [47].

The heterocyclic rings are substituted by phenyl groups at the C1 and C1A atoms. The molecular
conformation can be described by the mutual arrangement of planar fragments. The dihedral angle
between the best least-squares planes of central benzene (N2/C2/C3/C3A/C2A, C-symbol) and phenyl
(C5-C10 and C5A-C10A, D and E symbols) groups are 7.3(1)◦ and 20.7(1)◦ for compound 1, 33.0(1)◦,
3.6(1)◦ for 2, 13.9(1)◦ for 3, and 2.3(1)◦ and 21.2(1)◦ for 4. Compounds 3 and 4 display another
phenyl group (F symbol) substituted to the boron atom, which forms an angle of 73.4(1)◦ and 75.8(1)◦,
respectively, with the central benzene ring.

3.2. Theoretical Electron-Density Analysis

The electronic structures of the studied compounds (1–4) were studied using so-called real-space
bonding indicators (RSBIs). These are various topological and integrated descriptors derived based
on the Quantum Theory of Atoms in Molecules (QTAIM) [50] and the Electron Localizability
Indicator (ELI-D) [51,52] space-partitioning schemes based on electron and pair densities, respectively.
These concepts yield reliable atomic and bonding properties that complement each other. Interestingly,
by using a combination of the two approaches, it is possible to determine the polarity of any bond.
The Raub–Jansen index (RJI) [68,69] is calculated by overlapping ELI-D bonding basins with AIM
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atomic basins, and then integrating the electron populations: RJI equals 50% for homopolar bonds, and
this value increases with increasing bond polarity. A set of real-space bonding indicators is collected
for compounds 1–4 in Table 1. Isosurface representations of the ELI-D of 2 and 3 are displayed in
Figure 3a,b.

Table 1. Real-space bonding indicators a of 1–4.

Comp./Bond d ρbcp ∇
2ρbcp G/ρbcp H/ρbcp ε δ V001

ELI ELIpop ∆ELI RJI

1

N1–B1 1.549 1.07 4.3 1.23 −0.96 0.00 0.29 7.51 2.98 0.003 94.2
O1/1A–B1 1.461 1.12 11.3 1.57 −0.96 0.04 0.29 2.17 1.95 0.029 92.9

F1–B1 1.384 1.20 19.7 1.93 −0.77 0.01 0.31 1.11 1.18 0.007 89.6
N2–C2/2A 1.362 2.17 −24.5 0.57 −1.36 0.15 1.12 3.30 2.32 0.018 71.5

N1/1A–C1/1A 1.303 2.53 −30.5 0.59 −1.44 0.20 1.35 5.07 2.66 0.061 62.2
N2/2A–C2/2A 1.368 2.21 −23.7 0.43 −1.18 0.09 1.15 2.76 2.14 0.046 60.8
O1/1A–C1/1A 1.324 2.17 −17.0 1.03 −1.58 0.04 0.97 1.43 1.59 0.024 75.5

2

N2–B1 1.550 1.07 4.2 1.23 −0.95 0.01 0.29 7.56 2.99 0.006 94.2
O1A–B1 1.454 1.15 11.5 1.58 −0.88 0.04 0.30 2.17 1.94 0.029 92.8
O1–B1 1.473 1.09 10.8 1.55 −0.86 0.04 0.29 2.18 1.95 0.025 93.1
F1–B1 1.382 1.21 19.9 1.93 −0.78 0.01 0.31 1.11 1.19 0.007 89.6

N2–C2/2A 1.364 2.17 −24.3 0.57 −1.35 0.14 1.11 3.25 2.33 0.019 71.3
N1A–C1A 1.311 2.49 −29.8 0.56 −1.40 0.19 1.32 4.63 2.59 0.058 61.8
N1A–C2A 1.359 2.25 −24.4 0.44 −1.20 0.10 1.18 2.89 2.18 0.047 60.4

N1–C1 1.292 2.58 −31.1 0.63 −1.48 0.25 1.40 6.04 2.81 0.060 60.8
N1–C2 1.378 2.16 −22.8 0.42 −1.16 0.08 1.12 2.63 2.09 0.044 61.3

O1A–C1A 1.328 2.14 −17.0 1.02 −1.57 0.03 0.96 1.41 1.58 0.024 75.7
O1–C1 1.318 2.21 −17.8 1.03 −1.59 0.07 0.98 1.47 1.61 0.024 74.6

3
N2–B1 1.572 1.00 4.8 1.25 −0.91 0.10 0.31 7.12 2.90 0.011 94.8

O1/1A–B1 1.480 1.05 11.7 1.60 −0.82 0.13 0.31 2.17 1.94 0.037 93.7
C11–B1 1.615 1.21 −9.3 0.55 −1.08 0.02 0.46 5.69 2.28 0.007 82.9

N2–C2/2A 1.362 2.18 −24.5 0.57 −1.36 0.15 1.12 3.49 2.38 0.017 71.9
N1/1A–C1/1A 1.304 2.52 −30.4 0.58 −1.43 0.20 1.34 4.66 2.65 0.058 62.0
N2/2A–C2/2A 1.369 2.20 −23.5 0.43 −1.17 0.09 1.15 2.78 2.13 0.050 60.7

O–C 1.318 2.20 −16.7 1.06 −1.60 0.04 0.98 1.46 1.61 0.025 75.5

4

N2–B1 1.558 1.02 5.3 1.28 −0.92 0.11 0.31 6.73 2.92 0.006 94.8
O1/1A–B1 1.488 1.03 11.3 1.59 −0.81 0.14 0.31 2.11 1.92 0.037 94.0

C11–B1 1.602 1.24 −9.4 0.56 −1.09 0.04 0.46 5.47 2.31 0.010 82.9
N2–C2/2A 1.361 2.18 −24.5 0.57 −1.36 0.15 1.12 3.32 2.36 0.017 71.7

N1/1A–C1/1A 1.306 2.51 −30.3 0.58 −1.42 0.20 1.34 4.89 2.64 0.060 62.0
N2/2A–C2/2A 1.368 2.21 −23.6 0.42 −1.17 0.09 1.15 2.78 2.13 0.048 60.4

O–C 1.315 2.21 −16.9 1.07 −1.60 0.04 0.98 1.51 1.63 0.024 75.4

5

N2–B1 1.548 1.08 4.3 1.23 −0.96 0.00 0.29 7.64 3.01 0.002 94.2
O1A–B1 1.458 1.14 11.4 1.58 −0.88 0.04 0.29 2.16 1.94 0.029 92.8
O1–B1 1.464 1.12 11.2 1.57 −0.87 0.04 0.29 2.17 1.95 0.029 93.0
F1–B1 1.386 1.19 19.6 1.92 −0.77 0.01 0.31 1.11 1.18 0.007 89.7

N2–C2/2A 1.363 2.17 −24.4 0.57 −1.35 0.15 1.11 3.28 2.33 0.018 71.6
N1A–C1A 1.310 2.49 −30.0 0.57 −1.41 0.19 1.33 4.72 2.60 0.059 61.8
N1A–C2A 1.362 2.24 −24.2 0.44 −1.19 0.10 1.17 2.85 2.16 0.047 60.5

N1–C1 1.302 2.53 −30.5 0.60 −1.44 0.21 1.36 5.13 2.68 0.061 62.2
N1–C2 1.370 2.20 −23.5 0.43 −1.17 0.09 1.15 2.74 2.13 0.046 61.0

O1A–C1A 1.328 2.15 −17.1 1.02 −1.58 0.03 0.96 1.41 1.58 0.023 75.4
O1–C1 1.323 2.17 −17.1 1.03 −1.58 0.04 0.97 1.43 1.59 0.024 75.4

a Bond length (d in Å), electron density (ρbcp in eÅ−3), Laplacian of the electron density (∇2ρbcp in eÅ−5), kinetic
and total energy density over ρbcp ratios (G/ρbcp and H/ρbcp in he−1), bond ellipticity (ε), delocalization index (δ),
volume of the ELI-D basin cut at 0.001au (V001

ELI in Å3), the electron population within the ELI-D basin (ELIpop in
e), the normal distance of the attractor position from the xy axis (∆ELI in Å) and the Raub–Jansen index (RJI in %).
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Since the optimized gas-phase structure geometries correspond quite well with those obtained by
X-ray single-crystal diffraction studies (Table S1 in Supplementary Material), the RSBI analysis reflects
the experimentally determined trends.

All of the analyzed structures (1–4) contain two fused boron-containing rings differentiated by
two types of structural modification: the first at the boron atom (F versus C) and the second related to
charge transfer properties (introduction of donor and acceptor groups). Finally, while three molecular
structures—1, 3 and 4—are nearly symmetrical, structure 2 exhibits asymmetry due to structural
modifications. The N–B bonds show very similar behavior in all studied structures. The topological
parameters, such as the electron density and its Laplacian at the bond critical point (bcp), appear to be
dependent on bond length, as expected. Their polarity (RJI) is the highest observed for the analyzed
structures (94%), suggesting that the N–B interactions have a polar-dative character [70]. The bond
ellipticity [71] and the delocalization index [72,73] are slightly higher in 3–4 than 1–2. Similar trends
were found for the model structures due to the stepwise substitution of the fluorine atoms by hydrogen
atoms at the boron center [70]. Herein, it applies to the fluorine atom versus carbon atom.

As has been noted previously, the O–B bond in the N–B–O moiety is more sensitive to changes in
the substitution pattern of the boron atom [70]. Accordingly, some differences can be seen between the
topological and integrated properties of the O–B bond, especially for structure 2 (Table 1). We would
like to stress that the differentiation of the O–B bonds in 2 is accompanied by changes in the O–C and
N–C interactions; however, the N2–C bonds remain equal to each other. Accordingly, the distances
of O1A–B and N1A–C2A are shortened following the introduction of the N,N-dimethylamine group,
while O1A–C1A and N1A–C1A are lengthened. The electronegative group (–C6F5) has the opposite
influence on the corresponding boron ring on the other side of the molecule. It is worth mentioning
that while N1–C1 is the shortest observed bond, N1–C2 is the longest. Regarding the geometrical
aspects of the considered N–C bonds, the ELI-D basin of the shortest N1–C1 bond has the greatest
volume (6 Å3) and population (2.81 e), while that of the longest N1–C2 bond is characterized by the
smallest ELI-D volume (2.63 Å3) and population (2.09 e).

This is the first example of the characterization of the C–B bond in borates by RSBIs using analogs
of BODIPYs. In both analyzed structures with the C–B interaction (3–4), the carbon atom belongs to the
phenyl group. The optimized bond lengths are ca. 1.6 Å. The C–B bond is characterized by the highest
electron density at bcp. In addition, its Laplacian value is negative, indicating covalent interaction.
Its covalent and ionic contributions are also described by the highest H/ρbcp value and the smallest
G/ρbcp value [74], respectively, compared to the other studied B–X (X = N,O,F) interactions. In addition,
the rather high Raub–Jansen index (82.9%) and the delocalization index (0.46) highlight the polar
character. Since the bond descriptors are very similar for 3 and 4, it seems that the donor-functionalized
phenyl group attached to the boron B1 atom has a negligible impact on the characteristics of the
C–B bond.

Structure 2 displays more effective charge transfer than 4, which is attributed to the presence of
the N,N-dimethylamine group, despite the different relative distance between the NMe2 donor and
the boron atom. To separate the effects of the donor and acceptor groups on the electronic structure
of 2, their electron-withdrawing fluorine atoms were removed, thus creating structure 5 (Figure 2);
this model structure closely resembles compounds 1 and 2. Following the introduction of the donor
–NMe2 group in 5, the bonds constituting the boron ring (B) in compounds 2 and 5 demonstrated
similar properties; however, compounds 1 and 5 displayed similar properties with regard to the bonds
of the second boron ring (A), i.e., with the non-functionalized phenyl group attached at the C1 atom.
Furthermore, the p-chinoid structure of the 4-(dimethylamino)phenyl group [75] is more pronounced
in 2 and 5 than in 4, which further supports the transfer of electrons within the molecule.
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Figure 3. Isosurface representations of the localization domains of the Electron Localizability Indicator
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with green indicating small basins and blue indicating large ones. The protonated monosynaptic
valence basins (hydrogen basins) are transparent for the sake of clarity (MolIso representations [76]).

3.3. Intemolecular Interactions and Crystal Packing Analysis

The crystal packing of molecular crystals is often examined by the distance and directionality of
hydrogen bonding. Since there is no favorable intermolecular H-bonding interaction in our crystals, it
was decided to look at the packing forces more generally, and a combined approach was used that
examined the close contacts to the Hirshfeld surface and the energy framework.

Hirshfeld surface fingerprint plots [77] for 1–4 are depicted in Figure 4. At first glance, the plots
differ. A fingerprint plot for structure 2 demonstrates characteristic sharp spikes derived from C–H···F
(the longest spikes) and C–H···O (the shorter spikes) hydrogen bonds (Table S3 in Supplementary
Material). Since no suitable acceptor and donor atoms (apart of C atoms) exist in the crystal structures
of 1 and 3–4, typical hydrogen bonds are not formed; however, the presence of aromatic rings facilitates
the occurrence of interactions involving π electrons. The geometric parameters of the aromatic π···π
and C–H···π interactions are summarized in Tables S4 and S5 in the Supplementary Material.

Figure 5 presents the Hirshfeld fingerprint breakdown for compounds 1–4, with only the most
common contacts highlighted. It can be seen that H···H close contacts dominate the Hirshfeld surface
for all considered compounds apart from 2, with a percentage contribution higher than 40%. It is
worth noting that the shortest H···H distance is 2.21 Å between H13 and H3A( 1

2 +x, 1
2−y, 1

2 +z), which is
depicted as a central spike in the fingerprint plot of 4. The next most dominant contact type is C···H,
with a percentage contribution of 15% for 1 and close to 30% for 3–4: the chicken-wing-like features that
are present in the fingerprint plot of 3 and 4 are characteristic for H···C(π) contacts. As an exception, in
structure 2, the H···H and C···H contacts are partially replaced by F···H according to the substitution.
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Figure 5. Percentage contribution of selected intermolecular contacts to the Hirshfeld surface area of
1–4.

Moreover, 3%–11% of the surface area of 1–4 is covered by C(π)···C(π) contacts. The contributions
of the remaining contact types (for example C···N, C···O, O···H, etc.), specified as others, constitute
nearly 30% for 2 and up to 20% for 1, 3–4; however, the share of each individual type does not exceed
5%.

In order to visualize the topology of intermolecular interactions, which are expected to be mostly
non-directional in the examined crystal structures, the pairwise model energies between molecules
within a representative cluster from the crystal lattice were calculated and energy frameworks were
applied to them.

The representative diagram of energy frameworks for 1–4 is shown in Figure 6. Pairwise interaction
energies are visualized as cylinders between molecular centroids. The thickness of each cylinder
is proportional to the relative strength of interaction energies. Tables S7–S10 in the Supplementary
Material list the interaction energy values according to their electrostatic, repulsion, dispersion and
polarization components. It is notable that all of the analyzed structures are predominantly stabilized
by attractive dispersion forces. Considering all the pairwise interactions, it can be seen that the ratio of
electrostatic to dispersion energy is 1:4. For a comparison from the literature, the corresponding ratio
for isoindole derivatives is 2:3 [78]. Indeed, for 1–4, numerous non-directional interactions between
molecules resulting from the crystal packing, assisted by interactions involving π-electrons, were
observed. As the electrostatic component was negligible, only the significant dispersion component is
shown in Figure 6.
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Symmetrically substituted boron compounds, i.e., 1 and 3, exhibit a two-dimensional energy
pattern; in addition, the total energy framework reflects the framework of its dominant dispersion
component. However, 1 and 3 demonstrate different characteristic layer patterns. The dimensionality
of the attractive force network, modified by donor–acceptor substituents, increases for molecules 2
and 4.

The energy framework results suggest that structures 1 and 3 share similar dimensionality and
hence are similar; the same can be said for pair 2 and 4. However, Hirshfeld surface analysis was
not so clear. Hence, the lattice energies (ECE−B3LYP

lat ) of the compounds were calculated. They can be
estimated by direct summation of pairwise energies (EAB

tot ) [79]:

ECE−B3LYP
lat = 0.5

∑
RAB<R

EAB
tot . (1)

The expected relationship between the estimated lattice energy and the melting point is roughly
preserved. The highest negative lattice energy corresponds to the highest melting point. The lattice
energies for the functionalized compounds 2 and 4 were around 190 kJmol−1, while those for the
symmetric compounds 1 and 3 range from 150 kJ mol−1 to 170 kJ mol−1. The respective melting points
for 1–4 are as follows: 214–215 ◦C [27], 254–256 ◦C, 223–224 ◦C, and 212–214 ◦C. In the case of structure
4, the relationship of the energy to the melting point is disturbed, i.e., the melting point is lower than
indicated by the calculated lattice energy.

4. Conclusions

The present article describes the effect of substitution of various donor–acceptor groups to
the phenyl groups of selected borate compounds, as well as the influence of the resulting charge
transfer on the central B-containing moiety. Our findings characterize the electronic structures of the
molecules based on real-space bonding indicators and crystal packing by the use of Hirshfeld surface
analysis and energy frameworks. An important outcome of this study is that the donor-functionalized
phenyl group, which is attached to the central boron atom, has a negligible impact on the C–B bond
and the boron center itself; in addition, the side rings functionalized by fluorine atoms or –NMe2
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groups demonstrate long-range electron transfer effects within the molecule. Our evaluation of the
intermolecular interaction energies clearly demonstrates that their nature is much more dispersive
than electrostatic.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/12/662/s1,
Table S1: Selected geometrical parameters for structures 1–4, Table S2: Puckering and asymmetry parameters
for structures 1–4, Table S3: Intermolecular interactions for structure 2, Table S4: Aromatic π···π interactions
for structures 1–4, Table S5: C–H···π interactions for structures 3–4, Table S6: Real-space bonding indicators for
N(amine) C(phenyl) bond, Table S7: Pairwise model energies for structure 1, Table S8: Pairwise model energies
for structure 2, Table S9: Pairwise model energies for structure 3, Table S10: Pairwise model energies for structure
4, Table S11: Final Cartesian coordinates for the gas-phase structure of 1, Table S12: Final Cartesian coordinates
for the gas-phase structure of 2, Table S13: Final Cartesian coordinates for the gas-phase structure of 3, Table
S14: Final Cartesian coordinates for the gas-phase structure of 4, Table S15: Final Cartesian coordinates for the
gas-phase structure of 5.
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