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The cyclic delocalization of � electrons, responsible for the
important concepts of aromaticity and antiaromaticity,[1] has
been fascinating ever since the discovery of benzene by
Michael Faraday almost 200 years ago.[2] The � system of
benzene can be ported to the five- and seven-membered rings

by removing or introducing a CH� unit to result in the
cyclopentadienyl anion (C5H5

�) and tropylium cation (C7H7
�

(1a),[3] Scheme 1), respectively. Volpin et al. suggested that it

Scheme 1. Structures of (potentially) � aromatic compounds.

is possible to generate heteroaromatic homologues of aro-
matic hydrocarbons by substitution of a CH� unit by an
isoelectronic BH group.[4] Borirene 2b[5] and 1H-borepin 1b,[6]

first synthesized in a low-temperature argon matrix and in
solution, thus resemble the 2�-electron cyclopropenylium
2a[7] and the 6�-electron tropylium cation 1a, respectively
(Scheme 1). Extension of the 6�-electron system onto a
second ring results in benzocyclopropenylium 3a and benzo-
borirene 3b as the simplest systems (Scheme 1). Although
studied theoretically,[8] 3a and 3b have not yet been observed
experimentally.

How could the elusive benzoborirene 3b be ™made∫ in the
laboratory? Ground-state boron and carbon atoms are known
to react with a variety of unsaturated systems in crossed-beam
experiments by an atom addition ± hydrogen elimination
mechanism.[9, 10] This protocol was used very recently to
produce 2b from atomic boron and ethene in the gas phase
through reaction (1).[9a] Here we extend this novel concept
and report on the formation of the hitherto unknown
benzoborirene 3b, the isoelectronic boron analogue of the
elusive 3a, through the atom±molecule reaction (2).

This reaction was studied in the gas phase at the molecular
level by employing a crossed molecular beam setup.[11] We
prepared a pulsed boron beam by laser ablation of a boron rod
and by entraining the ablated atoms in helium gas; this beam
perpendicularly crossed a beam of benzene seeded in argon in
a scattering chamber at a collision energy of (23.1�
0.8) kJmol�1. The reaction products were detected with a
rotatable quadrupole mass spectrometer after electron ion-
ization (EI); the ionizer was suited in an ultra-high-vacuum
chamber. Velocity distributions of the product were collected
with the time-of-flight (TOF) technique, that is, recording the
arrival time of a distinct mass-to-charge ratio (m/z) of the
ionized product, at different scattering angles (Figure 1).[11]

Integrating these TOF spectra leads to the laboratory angular
distribution.

TOF spectra were recorded at m/z 93 (11BC6D5
�) and 91

(11BC6D4
�). At both mass-to-charge ratios, superimposable

spectra were obtained suggesting that the signal at m/z 91
originates from cracking of the parent molecule (m/z 93) in
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Figure 1. The laboratory angular distribution I at m/z 93 of the 11BC6D5

product from the reaction of atomic boron with [D6]benzene; the direction
of the boron beam is defined as 0�, that of the benzene beam as 90�. The
solid line represents the angular distribution obtained from the best-fit
center-of-mass angular and translational energy distributions, the open
circles the experimental data (I : integrated counts; � : laboratory angle; � :
time of flight; C : counts). The time-of-flight spectrum recorded at the
center-of-mass angle is shown as an inset (dashed line: experimental data;
solid line: best fit from the center-of-mass functions).

the ionizer. Therefore, in accord with Equation (2), a mole-
cule with the gross formula 11BC6D5 is formed.[12] However,
our ultimate goal is not only to assign the chemical formula of
the reaction product, but to also elucidate the chemical
structure of this organoboron species. Therefore it is neces-
sary to extract information on the chemical dynamics and to
unravel the underlying reaction mechanism from the exper-
imental data. We achieved this by fitting the TOF spectra and
the laboratory angular distribution of the 11BC6D5 product at
m/z 93. This procedure yields two ™best-fit∫ functions: the
center-of-mass translational energy flux distribution P(E) and
the angular flux distribution T(�) of the products, which are
both displayed in Figure 2.[13]

Figure 2. Best fit center-of-mass angular (T, left) and translational energy
(P, right) flux distributions of the reaction of atomic boron with
[D6]benzene to form benzoborirene plus atomic deuterium. � : center-of-
mass angle; Etrans : translational energy.

The maximum translational energy (Emax� 80 ±
90 kJmol�1) can be used to identify the nature of the products.
Here, Emax is simply the sum of the reaction exoergicity plus
the collision energy. Therefore, if we subtract the latter from
Emax, the exoergicity of reaction (1) is calculated to be (62�
5) kJmol�1. The assignment of the 11BC6D5 product is possible
by comparing the experimentally determined reaction exoer-
gicity with theoretical data obtained from electronic structure
computations for the conceivable reac-
tion products [D5]-3b, [D5]-4, and [D5]-
5. Geometries were fully optimized with
Gaussian98[14a] utilizing Becke×s[14b,c]

three-parameter hybrid functional in
conjunction with the correlation func-
tional of Lee et al.[14d] and the 6-311�
G(d,p) basis set [B3LYP/6-311�G(d,p)]. Second derivatives
were obtained analytically and used to compute unscaled
harmonic vibrational frequencies and zero-point vibrational
energies for the deuterated species. Energies were refined by
single-point coupled-cluster computations involving single
and double excitations, as well as a perturbative estimate of
triple excitations[14e] in conjunction with Dunning×s[14f] corre-
lation-consistent triple-� basis set [CCSD(T)/cc-pVTZ] using
the MOLPRO program.[14g±i]

We found [D5]-3b to be the most stable isomer at the
CCSD(T)/cc-pVTZ//B3LYP/6-311�G(d,p) level of theory,
while [D5]-4 and [D5]-5 are less stable by 131 and 176 kJmol�1,
respectively. Good agreement between the experimental
[(62� 5) kJmol�1] and theoretical (69.7 kJmol�1) reaction
energies is reached only for the formation of [D5]-3b, while
the reactions yielding [D5]-4 and [D5]-5 are strongly endoergic
by 61.5 and 106.3 kJmol�1, respectively. Therefore, taking into
account the collision energy of 23.1 kJmol�1, formation of
[D5]-4 and [D5]-5 is not feasible under our experimental
conditions. Thus, we conclude that benzoborirene [D5]-3b is
the sole reaction product at m/z 93. This is the very first time
that a boron-bearing aromatic, bicyclic molecule has been
synthesized in which the six � electrons can be delocalized
over seven atoms. The geometry of [D5]-3b (Figure 3) is very
similar to those obtained in previous lower-level calcula-
tions.[8d±f] The nucleus-independent chemical shifts (NICS)[15a]

were computed 1 ä above the ring centers,[15b±d] and indicate
that the aromatic character (based on magnetic criteria) of the
six- and three-membered rings [NICS(1.0) values are �9.5
and �15.3 ppm, respectively] is slightly attenuated and
intensified, respectively, compared to that of benzene
[NICS(1.0)��10.2] and borirene [NICS(1.0)��14.4].

Figure 3. Selected bond lengths [ä] and bond angles [�] for 3b and the
transition state TS as computed at the B3LYP/6-311�G(d,p) level of
theory.
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Finally, we would like to discuss the reaction mechanism
and investigate the angular flux distribution T(�) closer. The
latter shows a symmetric profile around 90� (see Figure 2);
this indicates that the intensity of the flux distribution is the
same at a center-of-mass angle � and at the angle 180�� �.
This symmetric shape is characteristic for a bimolecular gas-
phase reaction which goes through a reactive intermediate
having a lifetime larger than its rotation period.[11] This
intermediate is a 11BC6D6 isomer. It is known from reac-
tion (1) that an initial boron addition to the � system is
followed by a deuterium migration before the accumulated
reaction energy is used for hydrogen ejection.[9] A feasible
reaction path also exists on the C6D6B potential energy
surface which involves, according to CCSD(T)/cc-pVTZ//
B3LYP/6-311�G(d,p) investigations, addition of a boron
atom to benzene to yield C6D6�B (�34.6 kJmol�1, 2A) and
subsequent [1,2]-D shift to C6D5�BD (�253.6 kJmol�1, 2A�)
with a barrier (�0.6 kJmol�1 with respect to the reactants)
well below the available collision energy of�23 kJmol�1. The
actual shape of the function T(�) reflects the direction in
which the hydrogen atom leaves the fragmenting intermediate
to form the 11BC6D5 product: the peak at 90� is indicative of
emission of a deuterium atom perpendicular to the molecular
plane of the 11BC6D5 moiety.[11] The translational energy flux
distribution P(E) (see Figure 2) provides two additional sets
of information on the ejection of the deuterium atom. First,
the distribution maximum Pmax(E) of 10 ± 20 kJmol�1 can give
the order of magnitude of the barrier height in the exit
channel.[11] This data suggests a significant geometry and
electron density change from the decomposing 11BC6D6

intermediate to the products. In other words, the reversed
reaction–the addition of a deuterium atom to the 11BC6D5

molecule–has an entrance barrier of this order of magnitude.
These experimental conclusions are confirmed by electronic
structure computations. We find that the barrier for the
addition of a deuterium atom to one of the bridgehead carbon
atoms of [D5]-3b via the transition state TS has a barrier of
27.4 kJmol�1. The attacking D atom is oriented roughly
perpendicularly to the molecular plane of [D5]-3b in this
transition state (Figure 3).

In summary, our study identified for the first time the
benzoborirene molecule in the gas phase by a combination of
crossed-beam experiments and high-level electronic structure
computations. It seems reasonable to assume that the versatile
boron ± hydrogen exchange reaction can be employed to
synthesize even more complex heteroaromatic polycyclic
boron-bearing molecules. For instance, the reaction of boron
atoms with naphthalene should likely yield a tricyclic hetero-
aromatic molecule with ten � electrons via the boron versus
hydrogen exchange channel.
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