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ABSTRACT: We present a comprehensive electronic structure
analysis of structurally simple BN heterocycles using a combined
UV-photoelectron spectroscopy (UV-PES)/computational chemis-
try approach. Gas-phase He I photoelectron spectra of 1,2-dihydro-
1,2-azaborine 1, N-Me-1,2-BN-toluene 2, and N-Me-1,3-BN-toluene
3 have been recorded, assessed by density functional theory
calculations, and compared with their corresponding carbonaceous
analogues benzene and toluene. The first ionization energies of these
BN heterocycles are in the order N-Me-1,3-BN-toluene 3 (8.0 eV) <
N-Me-1,2-BN-toluene 2 (8.45 eV) < 1,2-dihydro-1,2-azaborine 1
(8.6 eV) < toluene (8.83 eV) < benzene (9.25 eV). The computationally determined molecular dipole moments are in the order
3 (4.577 D) > 2 (2.209 D) > 1 (2.154 D) > toluene (0.349 D) > benzene (0 D) and are consistent with experimental
observations. The λmax in the UV−vis absorption spectra are in the order 3 (297 nm) > 2 (278 nm) > 1 (269 nm) > toluene (262
nm) > benzene (255 nm). We also establish that the measured anodic peak potentials and electrophilic aromatic substitution
(EAS) reactivity of BN heterocycles 1−3 are consistent with the electronic structure description determined by the combined
UV-PES/computational chemistry approach.

1. INTRODUCTION
Boron(B)−nitrogen(N)-containing heteroaromatic compounds
(BN arenes) have recently emerged as a new structural motif
relevant to biomedical research and materials science.1 They are
isoelectronic and isostructural to the versatile family of arenes.
Thus, their development (i.e., 1,2-, 1,3-, and 1,4-azaborines;
Scheme 1) significantly expands the structural diversity and

potential utility of aromatic compounds. Dewar’s early work on
ring-fused polycyclic and monocyclic 1,2-BN heterocycles
pioneered the field in the late 1950s and early 1960s.2,3 Since
the turn of the millennium, contributions by the groups of
Ashe, Piers, Kawashima, Yamaguchi, and Perepichka as well as
our group have further enriched the chemistry of these

compounds. Ashe developed new synthetic methods for the
preparation of monocyclic 1,2-azaborines4 and demonstrated
that 1,2-azaborines readily undergo electrophilic aromatic
substitution reactions.5 Piers introduced new BN internalized
ring-fused polycyclic compounds and investigated their
optoelectronic properties.6 Kawashima made extended BN-
acenes involving a 1,4-azaborine.7 More recently, Yamaguchi,8

Perepichka,9 and Nakamura10 synthesized new 1,2-azaborine
structures for potential materials science applications.
Our group developed a general method for B-substituted 1,2-

azaborines,11 which ultimately led to the isolation of its parent
compound 1 (Scheme 1).12 We have also provided
experimental and computational evidence describing the
aromatic character of 1,2-azaborines.12,13 Very recently, we
established the first synthesis of a 1,3-azaborine derivative A
(Scheme 1).14

To improve our understanding of the electronic structure of
the heterocyclic core of aromatic BN heterocycles, we have
been focusing on the investigation of monocyclic BN
heterocycles that minimize the influence of substituent effects.
The experimental access to these simple structures allows a
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Scheme 1. BN Isosteres of Benzene
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direct comparison between BN arenes and their classic organic
counterparts (e.g., benzene and toluene). In this work, we
provide a comprehensive electronic structure analysis of BN
heterocycles 1, 2, and 3 shown in Scheme 215 in direct
comparison with their carbonaceous derivatives using a
combined UV-photoelectron spectroscopy (UV-PES)/compu-
tational chemistry approach.

The UV-PES technique allows the determination of accurate
values of ionization energies for electronic structure character-
ization of molecules and ions. Since the pioneering work by
Turner and Baker16 in the early 1960s, UV-PES has been
developed into a well-established method that provides
ionization band patterns as “molecular fingerprints” of occupied
MOs of organic and organometallic compounds in the gas
phase.17 Simply put, UV-PES is the experimental technique for
determining the energies of occupied MOs. To the best of our
knowledge, the only examples of UV-PES analysis of
heteroaromatic carbon−boron−nitrogen-containing organic
molecules are those of diazaborolidines, diazaboroles, and
benzodiazaboroles.18

For a reliable assignment of UV photoelectron spectroscopic
bands and for the interpretation of spectra, a combined UV-
PES/theoretical approach is necessary. The Chrostowska group
has calibrated different computational methods [e.g., the
standard outer valence green function (OVGF), density
functional theory (DFT), self-consistent field/time-dependent
density functional theory (ΔSCF/TD-DFT), TD-DFT, com-
plete active space second-order perturbation theory (CASPT2),
and statistical average of different orbital model potential
exchange−correlation functional (SAOP XC)] against the
experimentally determined UV-PES ionization energies
(IE).19 The combined UV-PES/computational modeling
approach developed by Chrostowska and co-workers is used
to investigate the electronic structure of the compounds
illustrated in Scheme 2.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
Coupled UV-Photoelectron Spectroscopy−Mass Spectrom-

etry Measurements. The UV-PES spectra were recorded on a
home-built (IPREM/ECP), three-part spectrometer equipped with a
main body device, He−I radiation source (21.21 and/or 48 eV) and a
127° cylindrical analyzer. The spectrometer works at constant analyzer
energy under 5 × 10−6 Torr working pressure and ≤10−7 Torr for
channeltron (X914L) pressure. The monitoring is done by a
microcomputer supplemented by a digital analogue converter (AEI
spectrum). The spectra resulting from a single scan are built from 2048
points and are accurate within 0.05 eV. Spectra are calibrated with
lines of xenon (12.13 and 13.44 eV) and of argon (15.76 and 15.94
eV). The accuracy of the ionization potentials is ±0.03 eV for sharp
peaks and ±0.05 eV for broad and overlapping signals. Mass spectra
were recorded on a modified quadrupole mass spectrometer
(PFEIFFER Prisma QMS200) with an electron impact at 50 eV
(mass range: 200 amu; detection limit: ≤10−14 Torr; working pressure:
2 × 10−7 Torr; operating temperature: 200 °C; electronic amplifier in
working conditions: 10−10 A, QUAD STAR422 software for recording

and treatment of MS data). The samples were slowly vaporized under
low pressure (10−6 Torr) inside a handmade three-valve injector (3/4
in. diameter; 10 cm length; working temperature: −190 °C ≤ T ≤
+300 °C), and the gaseous flow was then continuously and
simultaneously analyzed by both UV-photoelectron and mass
spectrometers.

Computational Methods. All calculations were performed using
the Gaussian 0920 program package with the 6-311G(d,p) basis set.
DFT has been shown to predict various molecular properties of similar
compounds successfully.21 All geometry optimizations were carried out
with the CAM-B3LYP22 functionals and were followed by frequency
calculations in order to verify that the stationary points obtained were
true energy minima. Ionization energies were calculated with ΔSCF-
DFT, which means that separate SCF calculations were performed to
optimize the orbitals of the ground state and the appropriate ionic
state (IE = Ecation − Eneutral). The advantages of the most frequently
employed ΔSCF-DFT method of calculations of the first ionization
energies have been demonstrated previously.23 The TD-DFT19,24

approach provides a first-principal method for the calculation of
excitation energies within a density functional context taking into
account the low-lying ion calculated by the ΔSCF method. The
vertical ionization energies were also calculated at the ab initio level
according to OVGF25 (in this case the effects of electron correlation
and reorganization are included beyond the Hartree−Fock approx-
imation, and the self-energy part was expanded up to third order) and
symmetry adapted cluster/configuration interaction26 [(SAC-CI)
methods of Nakatsuji and co-workers which describes accurately and
efficiently the electronic structures of the excited, ionized, and
electron-attached states of molecules] methods. Finally, the so-called
“corrected” IEs19 were evaluated applying a uniform shift, x = −IEv

exp

− εKSHOMO, where ε
KS

HOMO is the CAM-B3LYP/6-311G(d,p)) Kohn−
Sham energy of the highest occupied MO of the molecule in the
ground state, and IEv

exp is the lowest experimental ionization energy of
this species, as was suggested previously by Stowasser and Hoffmann27

and in our studies on different methods for the calculation of IEs.17

MOLEKEL28 was used as a visualization tool for all MOs.

3. RESULTS AND DISCUSSION

Synthesis. We recently disclosed the first synthetic example
of a 1,3-azaborine, i.e., compound A (Scheme 1).14 For
electronic structure characterization focusing on the aromatic
heterocyclic core, compound A is a relatively complex
disubstituted molecule. To reduce the complexity of hetero-
cycle A, we thought to convert the NiPr2 group on boron into a
simple hydrogen substituent. Gratifyingly, treatment of A with
acetic acid followed by addition of LiAlH4 afforded the desired
BN toluene 3 (Scheme 3, top sequence). Compound 3 is the
most simple derivative of the 1,3-azaborine family reported to
date. In order to provide a direct electronic structure
comparison with 3, which we could not further simplify
synthetically,29 we prepared the corresponding N-Me-1,2-BN-
toluene 2 (Scheme 3, bottom sequence).11 Condensation of the
in situ generated allylboron dichloride with methylallyl amine
produced diene 4 in 66% yield. Ring closing metathesis of
compound 4 catalyzed by Grubbs first generation catalyst
yielded the ring-closed BN heterocycle 5. Dehydrogenation of
5 with catalytic amounts of Pd/C followed by treatment with
LiAlH4 ultimately furnished the desired N-Me-1,2-BN-toluene
2.

UV-PES Analysis. Having BN arenes 1−3 and the
commercially available benzene and toluene in our hands
(see Scheme 2), we subjected these five arenes to UV-PES
conditions with simultaneous monitoring via mass spectrom-
etry. The concomitant use of mass spectrometry ensures the
correct identity and purity of the gas-phase molecule being
analyzed. The UV-PE spectra for benzene and toluene have

Scheme 2
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been reported about half a decade ago.30 For sake of
consistency and to allow a direct comparison between the
compounds under current investigation, we have recollected
the UV-PES data for benzene and toluene at a higher
resolution. For the reliable assignment of PE bands, DFT
[ΔSCF/TD-DFT (CAM-B3LYP)] and ab initio (OVGF and

SAC−CI) calculations of ionization energies using the 6-
311G(d,p) basis set have been carried out on optimized
geometrical parameters of benzene, toluene, and BN arenes 1−
3. In addition, the experimental PE data were compared to
‘‘corrected’’ IEs derived from a ‘‘shifting’’ of calculated Kohn−
Sham energies by an experimentally determined correction
value. The comparison of the theoretically predicted IEs and
experimental data is summarized in Tables S1−S5, Supporting
Information for benzene, 1,2-dihydro-1,2-azaborine 1, toluene,
N-Me-1,2-BN-toluene 2, and N-Me-1,3-BN-toluene 3, respec-
tively.31 The chosen computational models agree well with the
experimentally determined IEs.
Figure 1a−e illustrates the UV-PE spectra and the highest

occupied MOs (HOMOs) corresponding to the experimentally
determined IEs of each of the five molecules. As can be seen
from Figure 1a, the photoelectron spectrum of benzene exhibits
a low-energy band at 9.25 eV, which corresponds to its
degenerate HOMOs of π symmetry (e1g, π1, and π2). This is
followed by a band at 11.53 eV, which corresponds to a set of
degenerate orbitals of σ symmetry (e2g). The symmetrical fifth
MO of π symmetry (a2u, π3) is attributed to the PE band at
12.38 eV. The first two bands of the UV-PES of benzene are
relatively broad and exhibit vibrational structure. This is due to
the Jahn−Teller splitting that lifts the degeneracy of these IE
levels.32

For 1,2-dihydro-1,2-azaborine 1, the first PE band at 8.6 eV is
attributed to the ejection of an electron from the HOMO
(Figure 1b). The nature of this MO can be described as A′′
symmetry (πCBN − πCC) and is comparable with the π1

Scheme 3. Synthesis of N-Me-1,3-BN-Toluene 3 and N-Me-
1,2-BN-Toluene 2

Figure 1. UV-PE spectra of (a) benzene, (b) 1,2-dihydro-1,2-azaborine 1, (c) toluene, (d) N-Me-1,2-BN-toluene 2, and (e) N-Me-1,3-BN-toluene 3.
The y-axis is defined as the negative value of the experimentally determined ionization energy (−IE). The top seven occupied MOs associated with
the corresponding energy levels for each of the molecules are also depicted.
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HOMO of benzene. The second IE located at 10.3 eV
(HOMO-1) is attributed to the MO featuring the nitrogen lone
pair and π-bonding interactions between the C3−C4−C5 atoms,
also of A′′ symmetry (πCC − nN

π). This orbital correlates with
the π2 of benzene. The third and fourth PE bands at 11.1 and
12.0 eV, respectively, reflect the ionizations of different σ-
symmetry orbitals. The fifth ionization band of the 1,2-dihydro-
1,2-azaborine spectrum at 12.7 eV is due to a MO
corresponding to the π bonding interaction between all carbons
in benzene (π3).
As can be seen from the comparison between Figure 1a and

b, the replacement of two adjacent carbon atoms in benzene by
nitrogen and boron, as in 1,2-dihydro-1,2-azaborine 1, causes a
significant change in the electronic structure. In heterocycle 1,
the degeneracy found in benzene is lifted and results in a 0.65
eV destabilization of the HOMO and 1.05 eV stabilization of
the HOMO-1 (vs benzene’s degenerate HOMO level at −9.25
eV). This lifting of degeneracy is also observed for HOMO-2
and HOMO-3 of 1,2-azaborine 1, which leads to a 0.43 eV
destabilization and a 0.47 eV stabilization vs benzene’s
degenerate σ MOs at −11.53 eV, respectively. The fifth MO
in 1 is stabilized by 0.32 eV compared to the corresponding π3
MO of the benzene molecule.
A comparison of Figure 1c (toluene) vs a (benzene) shows

that the presence of a methyl substituent on the six-membered
ring leads to a more electron-rich system than the parent
benzene molecule. A lifting of degeneracy of orbitals is also
observed. The HOMO is found at −8.83 eV, 0.42 eV higher
than the corresponding HOMO π2 in benzene at −9.25 eV,
whereas the HOMO-1 (corresponding to π1 in benzene) is
stabilized by 0.11 eV. The toluene MO associated with the
totally symmetrical π3 MO of benzene is also destabilized by
0.4 eV.
Figure 1c−e illustrates the changes in the electronic structure

associated with the two different variants of BN/CC isosterism
of toluene, i.e., 1,2- and the 1,3-isosteres. In N-Me-1,2-BN-
toluene 2, the HOMO is destabilized by 0.38 eV compared to
toluene. In N-Me-1,3-BN-toluene 3, the destabilization of
HOMO is even more pronounced, with the HOMO energy
level difference between 3 and toluene being 0.83 eV. On the
other hand, a stabilization of the HOMO-1 and π3-type π-
symmetry orbitals is observed for the BN toluenes. Relative to
toluene, the HOMO-1 is stabilized by 0.49 and 0.39 eV for 2
and 3, respectively. Similarly, the π3-type orbitals for BN
toluenes 2 and 3 are lowered in energy compared to toluene by
0.52 and 0.72 eV, respectively. Interestingly, the HOMO is of
π1-type symmetry for 1,2-azaborines (see Figure 1b,d), whereas
it is of π2-type symmetry for toluene and 1,3-azaborines (see
Figure 1c,e).
Additional Computational Results. We have also

computationally investigated the ground-state dipole moments
of the five arenes. As can be seen from Table 1, CAM-B3LYP/
6-311G(d,p) calculations predict the following trend in
molecular dipole moments in the order of increasing strength:
benzene (0 D), toluene (0.349 D), 1,2-dihydro-1,2-azaborine 1
(2.154 D), N-Me-1,2-BN-toluene 2 (2.209 D), and N-Me-1,3-
BN-toluene 3 (4.577 D). Thus, BN/CC isosterism leads to
molecules with stronger molecular dipole moments.33 Note-
worthy is also the prediction that the 1,3-BN toluene isostere is
significantly more polar than the 1,2-BN toluene isostere (4.577
vs 2.209 D, respectively). Furthermore, TD-DFT calculations
suggest that the direction and magnitude of the dipole
moments do not significantly change upon excitation of the

ground state to the first excited state for benzene, toluene, and
N-Me-1,3-BN-toluene 3. On the other hand, an increase of ∼1
D is predicted for 1,2-azaborine structures 1 and 2 upon
excitation to the first excited state.
The direction and magnitude of the dipole moments are

consistent with the calculated electrostatic potential surface
maps for the five arenes at the 0.001 electron au−3 density
isocontour level. The color red indicates negative charge,
whereas the color blue represents positive charge. The
symmetrical nature of the charge distribution in benzene and
toluene is consistent with resulting low dipole moments. For
the 1,2-BN isostere, the negative charge is more localized at the
C(3), C(5), and at the B−H hydride positions, while the
positive charge is located at the N-substituent. For the 1,3-BN
isostere, the negative charge is concentrated at the vicinity of

Table 1. CAM-B3LYP/6-311G(d,p) Ground- and First
Excited-State Dipole Moments (Debye) and MP2/6-
31+G(d,p) Electrostatic Potential Surface Map at the 0.001
Electron au−3 Density Isocontour Level (from +12.55 to
−12.55 kcal/mol), ΔSCF IE, HOMO, LUMO Energies and
HOMO−LUMO Gap, EA (calculated with 6-311++G(d,p)),
Δ(EA + IE), First HOMO → LUMO UV Transition
(calculated with 6-311++G(d,p)) for Benzene, 1,2-Dihydro-
1,2-azaborine 1, Toluene, N-Me-1,2-BN-Toluene 2, and N-
Me-1,3-BN-Toluene 3
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the boron atom, whereas the positive charge is again localized
at the N-substituent. The concentration of negative charge at
the boron atom in the 1,3-BN system is somewhat surprising as
boron is the least electronegative element in the molecule. This
may suggest that in addition of simple inductive arguments,
strong resonance/π electron delocalization effects are at play
for the 1,3-BN system that provides the boron atom with an
extra negative charge. As can be seen from Figure 2, both
limiting resonance structures for N-Me-1,2-BN-toluene 3 have
a formal negative charge on the boron atom and a formal
positive charge at the nitrogen atom.

Noteworthy is also the predicted electron affinity of the
different arenes. A comparison of the electron affinities of
benzene, 1, toluene, N-Me-1,2-BN-toluene 2, and N-Me-1,3-
BN-toluene 3 indicates that the 1,2-azaborine system exhibits
the most negative electron affinity followed by the carbona-
ceous arenes and then the 1,3-azaborine system.
Correlation of Experimental Characterization with

UV-PES/Computational Electronic Structure Data. Thin-
Layer Chromatography (TLC). In order to evaluate the relative
polarity of toluene, N-Me-1,2-BN-toluene 2, and N-Me-1,3-BN-
toluene 3, we have conducted simple TLC experiments using
silica gel as the stationary phase and the nonpolar pentane as
the eluent. The resulting Rf values for toluene, 2, and 3 are
>0.9, 0.7−0.8, and <0.1, respectively. This experimental
observation is consistent with the computationally determined
molecular dipole moments for toluene (0.349 D), 2 (2.209 D),
and 3 (4.577 D).
UV−vis Absorption Spectra. The experimental UV−vis

absorption spectra and the calculated absorption maxima of
benzene, 1,2-dihydro-1,2-azaborine 1, toluene, N-Me-1,2-BN-
toluene 2, and N-Me-1,3-BN-toluene 3 are displayed in Figure
3. The λmax for 1 is calculated to be at 241 nm and corresponds
to the energy of the HOMO → LUMO transition. This band is
observed in the UV−vis spectrum at λmax = 269 nm (Figure 3,
entry 2). In the case of heterocycle 2, the λmax is calculated to be
at 248 nm and is experimentally observed at λmax = 278 nm
(Figure 3, entry 4). For compound 3, this lowest-energy
absorption band is calculated to be at 272 nm and is observed
at λmax = 297 nm (Figure 3, entry 5). In comparison to the
theoretically derived gas-phase values, the experimentally
observed λmax values are bathochromically shifted by ∼30 nm,
showing some limitations of the TD-DFT method in predicting
absorbance spectra.
Electrochemistry. Cyclic voltametry reveals electronic differ-

ences between carbonaceous arenes and BN arenes. As
established by UV-PES experiments, BN/CC isosterism of
benzene and toluene leads to heterocycles with higher HOMO
levels (Figure 1a vs b and c vs d and e). Figure 4 illustrates that
all oxidations are irreversible and that 1,2-dihydro-1,2-azaborine
1 has an oxidation wave peaking at ∼1.4 V vs Ag/Ag+. N-Me-
1,2-BN-toluene 2 exhibits an oxidation peak at a slightly lower
potential at 1.31 V. This is in stark contrast to the cyclic
voltammogram for N-Me-1,3-BN-toluene 3, which shows a

peak at a much lower potential (0.94 V). The lower oxidation
potential measured for the 1,3- vs the 1,2-BN isostere is
consistent with a higher energy HOMO for 3 vs 2 determined
by UV-PES (Figure 1d vs e). Under the same conditions,
benzene and toluene show anodic peak potentials at
significantly higher potentials than their BN isosteres (2.35
and ∼2.1 V, respectively).34

Chemical Reactivity. We have previously determined that
1,3-azaborine A undergoes electrophilic aromatic substitution
(EAS) reactions with dimethyl(methylene)ammonium chloride
preferencially at the six-position (Figure 5, eq 1).14 The
regioselectivity is consistent with the π-orbital coefficient
distribution in the HOMO, which indicates a large orbital
coefficient at the six-position in addition to the two- and four-
positions (Figure 5a). The preference for the EAS reaction of
compound A at the six-position over the two- or four-positions
is consistent with simple steric arguments, i.e., the diisopropy-

Figure 2. Limiting resonance structures for 3 highlighting the
localization of formal charge.

Figure 3. Comparison of TD-DFT calculations (CAM-B3LYP/6-311+
+G(d,p)) and observed UV−vis absorption spectra for benzene, 1,2-
dihydro-1,2-azaborine 1, toluene, N-Me-1,2-BN-toluene 2, and N-Me-
1,3-BN-toluene 3.

Figure 4. Cyclic voltammograms of (a) benzene and (b) 1,2-dihydro-
1,2-azaborine 1, (c) toluene, (d) N-Me-1,2-BN-toluene 2, and (e) N-
Me-1,3-BN-toluene 3 (0.1 M TBABF4 in CH3CN; scan rate, 50 mV/
s).
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lamino group blocks the electrophile from attacking the two-
and four-positions.

4. CONCLUSION

In summary, we described a comprehensive electronic structure
analysis of structurally simple BN heterocycles using a
combined UV-PES/computational chemistry approach. This
analysis provided an in-depth look into the electronic structure
changes associated with BN/CC isosterism of the classic arenes
benzene and toluene. As part of this study we prepared the
most simple 1,3-dihydro-1,3-azaborine derivative to date, i.e.,
N-Me-1,3-BN-toluene 3. UV-PES/computational chemistry
revealed the character of the HOMOs of the compounds
investigated. We determined the following trends in: (1)
HOMO energies (via UV-PES; highest to lowest): N-Me-1,3-
BN-toluene 3 (−8.0 eV) > N-Me-1,2-BN-toluene 2 (−8.45 eV)
> 1,2-dihydro-1,2-azaborine 1 (−8.6 eV) > toluene (−8.83 eV)
> benzene (−9.25 eV); (2) molecular ground-state dipole
moment (strongest to weakest): 3 (4.577 D) > 2 (2.209 D) > 1
(2.154 D) > toluene (0.349 D) > benzene (0 D); (3) λmax in
the UV−vis absorption spectrum (longest to shortest wave-
length): 3 (297 nm) > 2 (278 nm) > 1 (269 nm) > toluene
(262 nm) > benzene (255 nm); and (4) anodic peak potential
in CV (lowest to highest): 3 (0.94 V) < 2 (1.31 V) < 1 (∼1.4
V) < toluene (∼ 2.1 V) < benzene (2.35 V). We also
established that polarity measurements via TLC and EAS
reactivity of BN heterocycles 1−3 are consistent with the
electronic structure description determined by the UV-PES/
computational chemistry approach. The data provided by this
work should provide the foundation for further development of
BN arenes for potential applications in biomedical research and
materials science.
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