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Abstract

The reactions of ground-state boron atoms, B(sz), with benzene, C(,H(,(XlAlg), and deuterated benzene C6D6(X1A1g), were studied in
crossed molecular beam experiments. The reactions were indirect and involved an addition of atomic boron to one carbon atom of ben-
zene following isomerization of the intermediate to the phenylboryl radical, C¢HsBH/CsDsBD. The latter decomposed via tight exit tran-
sition states by cleavage of the ortho-carbon-hydrogen/deuterium bonds and concomitant ring closures to the aromatic C4HsB/C¢DsB
isomers, i.e. benzoborirene (p1), plus atomic hydrogen/deuterium. We also detected the !'BC¢Ds adduct. The derived reaction mecha-

nism is also discussed in light of the isoelectronic C;H{ surface.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Considering the potential application of boron as a
semi-conductor [1] and as an additive to rocket propellants
[2,3], the chemical reactivity of atomic boron, B(sz), has
attracted considerable attention. Since the boron atom is
isoelectronic with singly ionized carbon atoms, an under-
standing of elementary boron atom reactions can also help
to understand the chemistry in weakly ionized hydrocar-
bon plasmas. Here, C+(2Pj) presents an important reactant
in these extreme environments and can contribute, for
instance, to the formation of polycyclic aromatic hydrocar-
bons (PAHs) and their cations [4-6]. Particular interest has
been devoted to the synthesis and properties of small het-
ero-aromatic systems like the cyclic borirene molecule,
C,H;B (Fig. 1). In a theoretical study of this molecule in
1962, Voipin has been the first researcher to suggest that
trivalent boron portrays the same electronic structure as
the carbon cation [7]; this study concluded that the bori-
rene molecule has 70% of the resonance energy of the iso-
electronic cyclopropenyl cation [8-10]. In 1987, Eisch et al.
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prepared trimesitylborirene and determined its structure
via X-ray diffraction [11]. These results suggested that the
borirene ring system is aromatic. Finally — in 1997 —
Lanzisera et al. successfully isolated the borirene molecule,
formed via the reaction of laser ablated boron atoms with
ethylene, in an argon matrix [12,13]. The mechanism of its
formation was revealed by Balucani et al. by conducting a
crossed beam experiment of ground-state boron atoms
with ethylene under single collision conditions [14]. Based
upon these experimental results, borirene was found to be
synthesized via the addition of B(2Pj) to the m-bond of
the ethylene molecule to form a cyclic borirane radical
intermediate. The latter underwent a hydrogen migration
from a carbon to the boron atom to yield the borirane rad-
ical. Under single collision conditions, this intermediate
lost a hydrogen atom to form the aromatic borirene mole-
cule. In a related reaction, Kaiser et al. successfully synthe-
sized a higher-order aromatic molecule, D5-benzoborirene
(Fig. 1) in the crossed beam reaction of boron atoms with
D6-benzene [15,16]. However, various aspects of this reac-
tion have remained unanswered so far. First, due to our
enhanced signal to noise in the present experimental setup,
we will investigate if only the atomic hydrogen or also the
molecular hydrogen elimination channel is open. Secondly,
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Fig. 1. Schematic structures of the aromatic borirene (1), cyclopropenyl
cation (2), benzoborirene (3), and benzocyclopropenyl cation (4).

by conducting the experiment with benzene and D6-ben-
zene at a high signal-to-noise ratio, it will be possible to
investigate potential isotope effects and how the reaction
mechanism and on the shape of the resulting center-of-
mass functions changes. Thirdly, we attempt to detect the
hitherto elusive ''BC¢H¢ and ''BC¢Dg adducts. Finally,
we will transfer these findings to the isoelectronic C; Hy
potential energy surface (PES) by formally replacing the
BH group by the CH" unit (Fig. 1) [17-19].

2. Experimental

We conducted the experiments under single collision
conditions utilizing a crossed molecular beams machine
[20]. Briefly, a pulsed boron atom beam, B(sz), was gener-
ated in the primary source via laser ablation of a boron rod
at 266 nm (30 Hz). The ablated species were seeded in neat
carrier gas (helium, 99.9999%, Airgas; 4 atm; Table 1)
released by a Proch—Trickl pulsed valve. After passing a
skimmer, a four-slot chopper wheel selected a part of the
pulsed boron beam which then crossed a pulsed, argon
seeded (740 Torr) benzene or D6-benzene beam (CgHg;
Aldrich, 99.9%; CgDg; Aldrich, 99+%); seeding fractions
of about 5% benzene/D6-benzene were obtained. We
observed the reactively scattered species using a triply dif-
ferentially pumped quadrupole mass spectrometric detec-
tor (QMS) in the time-of-flight (TOF) mode after
electron-impact ionization of the neutral molecules. The
detector was rotatable within the plane defined by the pri-
mary and the secondary reactant beams; this allowed tak-
ing angular resolved TOF spectra. By integrating the
TOF spectra, we obtained the laboratory angular distribu-
tion (LAB). Information on the chemical dynamics were
gathered by fitting the TOF spectra and the LAB distribu-
tions using a forward-convolution routine [21,22]. Best fits
of the TOF and laboratory angular distributions were

Table 1

Peak velocities (vp), speed ratios (S) and center-of-mass angles (@cwm)
together with the nominal collision energies of the boron and the benzene
reactants (E;)

Beam [ (ms™hy S E.(kJmol™")  Ocm
CeHo(X'A1)/Ar  640£10 157+ 1.0

B(*Pj)/He 2160 + 8 35401 245402 64.5+0.2
CDo(X'A1)/Ar  630£10 15.7+1.0

B(*P;)/He 2170 + 8 35+0.1 248402 65.7+0.2

achieved by refining the adjustable 7(0) and P(Et)
parameters.

3. Results

Reactive scattering signal was observed at mass-to-
charge ratios, m/z, of 88 ('"BC¢H{), 87 ('°BCsH:/
"BCg¢Hj ), and 86 (""BCs H; /!'BC¢H7) [benzene reactant]
and at m/z=93 ('"BC¢ DY), 91 ("BC¢D;), and 89
('"BC¢D7) [D6-benzene reactant] (Fig. 2). For both the
benzene and D6-benzene systems, TOF spectra at all
mass-to-charge ratios were found to be superimposable.
Therefore, signal from lower mj/z values originates from
isotopomers and/or dissociative ionization of the
"BC¢H;s and '"BC¢Ds parent molecules in the electron-
impact ionizer. Also, our findings suggest that the atomic
boron versus atomic hydrogen (deuterium) pathway is
open; the molecular hydrogen and deuterium elimination
channels are closed. These TOF data can now be integrated
and scaled to extract the laboratory angular distributions
of the "BC¢Hs and "BC¢Ds products (Fig. 2). Here, the
LAB distributions peak at 64° and 65.5° close to the cen-
ter-of-mass angles of 64.5° and 65.7° for benzene and
Do-benzene, respectively. In addition, the narrow ranges
of the LAB distributions of about 30° suggest that the aver-
aged translational-energy releases are relatively small.
Most importantly, for deuterated benzene, signal was also
observed at m/z =95, i.e. "BC¢D{ (Fig. 3). The existence
of an adduct — which has also been observed in the related
reactions of ground-state oxygen (O(3Pj)) [23] and carbon
atoms (C(3Pj)) [24] with benzene — proves unassailably that
this reaction proceeds via an indirect reaction mechanism.
It should be stressed that the intensity of signal of the
adduct at m/z =95 was a factor of about 50 weaker than
the signal at m/z = 93; also, the adduct could be monitored
only at the center-of-mass angle of 65.5°. No signal was
found at 63° and at 67°. This is not surprising. In the
related reaction of carbon atoms with benzene, the forma-
tion of the adduct could also be verified. Here, the adduct
was spread over an angular range of only 5°. However, the
signal of the C;D{ adduct was stronger by a factor of 5
compared to the '""BC¢D{ adduct. Based on the signal-to-
nose ratio of signal at m/z =95, we would not expect to
see any '"BC¢D at laboratory angles larger or smaller
than the center-of-mass angle.

The translational energy distributions in the center-of-
mass frame, P(ET)s, are depicted in Fig. 4. As evident from
the patterns, both P(ET)s are very similar and were fitted
with similar parameters with less than 6% change due to
the mass differences of the reactants and product mole-
cules. Best fits of the laboratory could be achieved with a
single P(ET) for each system extending to maximum trans-
lational energy releases (E.x) of about 80-95kJ mol ™.
Note that E,,,, presents the sum of the reaction exoergicity
and the collision energy. Therefore, by subtracting the col-
lision energy from the high-energy cutoff, we are left with
experimental exoergicities of about 63 + 8 kJ mol~'. This
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Fig. 2a. Time-of-flight data at m/z = 88 (!'BC¢H?) recorded for the reaction ”B(sz) with CeHe(X'A4 ¢) at various laboratory angles at a collision energy
of 24.5 kJ mol~". The circles represent the experimental data, and the solid line represents the fit. Each TOF spectrum has been normalized to the relative

intensity of each angle.

experimental data can later be compared to ab initio calcu-
lations to identify the nature of the product isomer(s). We
would like to stress that the fits were found to be very sen-
sitive to the peak position. The P(Et) peak away from zero
translational energy and show a plateau between 15 and
20 kJ mol~'. This finding indicates the presence of an exit
barrier and a tight exit transitions state.

The center-of-mass angular distributions, 7(6)s, also
give valuable information on the reaction mechanism
(Fig. 4). Both distributions show intensity over the com-
plete angular range and are symmetric around 90°. This
feature implies that the lifetime of the decomposing com-
plex(es) is(are) longer than the rotational period. Also,

both center-of-mass angular distributions show maxima
at 90°. Ratios of the flux intensities at 0° versus 90° are
1.3+ 0.1 and 1.6 + 0.1 for the benzene and D6-nbenzene
reactants, respectively. The maxima at 90° strongly suggest
geometrical constraints of the decomposing complex, here,
a preferential H(D) atom ejection perpendicular to the
molecular plane of the BC4Hs/!'BC¢Ds moieties almost
parallel to the total angular momentum vector [16].

4. Discussion

The first step in finding the actual reaction mechanism is
to identify the reaction product(s). For this, we contrast the
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Fig. 2b. Time-of-flight data at m/z = 93 (1'BC¢DY) recorded for the reaction 11B(ZPJ-) with CeDg(X'A, ) at various laboratory angles at a collision energy
of 24.8 kJ mol~!. The circles represent the experimental data, and the solid line represents the fit. Each TOF spectrum has been normalized to the relative

intensity of each angle.

experimentally determined reaction energy with those for
different isomers determined from ab inito calculations.
The translational energy distributions show that the forma-
tion of the ''BC¢Hs/!'BC¢Ds isomer(s) is exoergic by
63 + 8 kJ mol~". Previous electronic structure calculations
located three ''BC¢Hs/''BC¢Ds isomers, pl—p3 (Fig. 5).
Only the reaction to form pl was found to be exoergic
by 704+ 10kJ mol '(!"BC¢Ds) [15] and 80+ 10kJ
mol'(""BC¢Hs) [16]. These data match well with our
experimental findings. The reactions to synthesize p2/
p3+H were found to be endoergic by about 62 and
106 kJ mol ™!, respectively. Considering the collision ener-
gies in our experiments (Table 1), these data make the for-

mation of p2/p3 energetically not feasible. Consequently, it
is obvious that p1 is the only likely reaction product formed
via an ''B versus atomic hydrogen/deuterium exchange
pathway. Based on these energetics and the translational
energy distributions, we can compute the fraction of energy
channeling into the translational motion of the products to
be 33 + 3%. This order of magnitude suggests also the pres-
ence of indirect scattering dynamics. Also, we would like to
recall that the P(ET)s suggested the existence of an exit bar-
rier once the '"BC¢H¢/!'BC¢Dy intermediates decompose
to p1 + H/D. Since p1 presents an unsaturated closed-shell
product (as a matter of fact pl is an aromatic mole-
cule) [16], the principle of microscopic reversibility of an
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Fig. 2d. Lower: Newton diagram for the reaction 11B(sz) + CGDG(XIAIE)
at a collision energy of 24.8 kJmol™!. Upper: Laboratory angular
distribution of the '"BC¢Ds product at m/z = 93. Circles and 1o error
bars indicate experimental data, the solid line the calculated distribution.
The solid lines originating in the Newton diagram point to distinct
laboratory angles whose times of flight are shown in Fig. 2b.

addition of a hydrogen/deuterium atom to a closed shell
aromatic system dictates that this reverse process should
have an entrance barrier. The experimentally derived peak-
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Fig. 3. Time-of-spectrum of the 'BC¢Dg adduct recorded at m/z = 95 ata
laboratory angle of 65.5°. In the fitting routing, the lab data (dashed line)
has been fitted (solid line) with a mass combination of 94.999 amu and
0.001 amu; the translational energy distribution peaked at zero transla-
tional energy and extended to a few kJ mol™".

ing of the P(Et)s of 1520kJmol™' is similar to the
entrance barrier found in the addition of a hydrogen atom
to benzene, i.e. 37 kJ mol ™' [25].

Having established the formation of the benzoborirene
molecule, p1, we attempt now to solve the underlying reac-
tion dynamics to form this isomer on the doublet "BC¢Dg
and ''"BCgHjg surfaces. First, the detection of the 'BC¢Dg
adduct in the boron — D6-benzene system and the shapes
of the center-of-mass angular distributions clearly indicate
that the reactions of atomic boron with benzene and D6-
benzene are indirect and proceed through a long-lived
intermediate via an boron addition — hydrogen/deuterium
atom elimination pathway. As expected from reactions of
electron deficient boron atoms with unsaturated hydrocar-
bons [14,26-29], the intermediate results from the addition
of a boron atom to the benzene ring. In principle, three ini-
tial addition products exists (Fig. 5): addition to the corner
of the benzene molecule (il), to the edge of the benzene
molecule involving the C1 and C2 positions (i2), and across
the benzene ring adding to C1 and C4 (i3). Theoretical cal-
culations show that i2 is not a local minimum but a transi-
tion state for a boron migration across the benzene ring,
for example a migration from the Cl atom in il to C2
[16]. Likewise, the transannular intermediate i3 must be
classified as a transition state. Here, the boron atom in
the initial C,, symmetric intermediate can be tilted toward
one of the carbon—carbon double bonds thus effec-
tively reducing the symmetry to C,. However, this process
involved second order stationary points. Consequently,
no low-lying path exists in the relaxation from C,, to C;
symmetry. Therefore, among three feasible addition com-
plexes, only the initial adduct il turns out to be a local
mimimum. The isomerization of il ultimately lead to the
phenylboryl radical i6 and does not involve barriers higher
than the energy of the separated reactants. Phenylboranyl
was found to decompose via cleavage of an ortho-car-
bon-hydrogn bond and concomitant ring-closure to yield
ultimately the benzoborirene product via a tight exit tran-
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sition state located about 29 kJ mol~! above the products.
The existence of this exit barrier is well supported by our
experimental data, i.e. a peaking of the center-of-mass
translational energy distributions at 15-20 kJ mol~". Also,
the center-of-mass angular distributions verify the com-
puted geometry of the exit transition state.'® Recall that
the distributions peak at 90°, which is indicative of a
reversed addition of a hydrogen/deuterium atom perpen-
dicularly to the molecular plane of the "BC¢Hs/!'BC¢Ds
benzoborirene molecules. Here, the hydrogen/deuterium
atom adds to the m-electron density of the aromatic benzo-
borirene species at the bridge-carbon atom perpendicularly
to the molecular plane. This approach geometry leads to
the largest orbital overlap and hence presents the lowest
energy pathway via addition.

Finally, we would like to comment briefly on the polar-
ization of the center-of-mass angular distributions. It is
well established that when a long-lived complex is formed
during a reaction, 7(6) is characterized by forward-back-
ward symmetry, i.e. the angular distribution is symmetric
with respect to 0 = 90° [30]. The shape of the 7(0) is deter-
mined by the disposal of the total angular momentum J
and a variety of shapes are indeed possible. In crossed
beam experiments, the reactant molecules undergo a super-
sonic expansion and a substantial rotational cooling
occurs; therefore, the total angular momentum is mainly
given by the initial orbital angular momentum L. The
products can be rotationally excited, however, so that Eq.
(1) is valid:

Jr~L~L +f (1)

with the rotational angular momenta of the products j,
and the initial and final orbital angular momenta L and
L'. The final recoil velocity vector, V', is in a plane perpen-
dicular to L’ and therefore, when the rotational excitation
of products is significant, v’ is not in a plane perpendicular
to J. When j’ is not zero, the probability distribution for
the scattering angle 0, which is the center-of-mass angle be-
tween the initial relative velocity v and v/, depends on the
values of J, M and M’ where M and M’ are the projections
of J on the initial and final relative velocity, respectively.
For instance, if the complex dissociates preferentially with
low M’ values, the final velocity v’ is almost perpendicular
to J and therefore v/ and v are almost parallel; in this case,
the product intensity will be mainly confined to the poles,
0 =0° and 6= 180°, similarly to the case of no product
rotational excitation. On the contrary, when the collision
complex dissociates mainly with high M’ values, the
final relative velocity will be almost parallel to J and
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perpendicular to v and the products will be preferentially
scattered at 0 = 90°. Usually, a distribution of M’ values is
possible; in some cases, however, the geometry of the decom-
posing complex may imply a most probable M’ value.

In the present systems, the 7(6)s exhibit a symmetric
shape and a peaking at 6 = 90° suggesting that the H(D)
atom is ejected more favorably in a direction close to the
direction of the total angular momentum. As a mater of
fact, the 7(0) derived in the boron-D6-benzene system is
slightly stronger polarized than the distribution found in
the boron-benzene experiment. Since the final orbital
angular momentum L’ is simply the product of the impact
parameter, the relative velocity of the departing products,
and the reduced mass of the products, we expect that due
to the heavier mass of the deuterium atom, the final orbital
angular momentum in the boron-D6-benzene system is lar-
ger than in the boron-benzene case. Therefore, L and L’
are expected to be stronger coupled in the boron-D6-ben-
zene system which in turn is reflected in the enhanced
polarization of the corresponding 71(6).

Here, we would also like to discuss the isoelectronic ben-
zocyclopenyl cation (Fig. 1) in the light of our experimental
findings. As early as 1930, Miller and Nixon found that a
fused small ring exerted a decisive influence on the direc-
tional selectivity of the benzene nucleus in electrophilic
substitution reactions [31]. In a more recent paper, ab initio
calculation of geometric and bonding features of this
cation show a substantial aromatic character of the fused
three-membered ring; the computations suggested that
two antagonistic m-electron distribution patterns determine
the electrophilic reactivity [32]. Jursic compared the isodes-
mic energies and HOMO-LUMO gaps of the benzyl with
the benzocyclopenyl cation; the results showed that a ring
closure to a bicyclic structure produces a more stable (aro-
matic) system [33]. Experimentally, Smith et al studied the
mechanism of singly ionized carbon atoms, C*(*P), with
benzene at collision energies of 96-1150 kJ mol™' [34].
They found the benzene molecular ion was the principal
product at all collision energies; the C;H{ ion was not con-
sidered [34]. However, a C;HY{ ion of an unknown struc-
ture was detected as one of the primary dissociative
recombination products of benzene (C¢Hg) and singly ion-
ized carbon cations by Abouelaziz et al. [35]. However,
based on our experimental findings we can suggest that
the reaction of singly ionized carbon atom with benzene
produces the benzocyclopropenyl cation.

5. Conclusions

The reactions of ground-state boron atoms, B(ZPj),
with benzene, C6H6(X1A1g), and deuterated benzene
C6D6(X1A1g), were studied at a collision energies of 24.5
and 24.8 kJ mol~" using the crossed molecular beam tech-
nique. It was found that the reaction follows indirect scat-
tering reaction dynamics proceeding via an experimentally
detected '"BC¢Dg adduct. The data suggest that the reac-
tion proceeds via addition of the boron atom to one carbon

atom of the benzene ring following unimolecular isomeri-
zation to the phenylboryl radical intermediate, C{HsBH/
C¢DsBD. The latter decomposed via a tight exit transition
state by cleavage of the ortho-carbon—hydrogen bond and
concomitant ring closure to form the thermodynamically
most stable CgHsB/C¢DsB isomer, i.e. benzoborirene
(p1), plus atomic hydrogen/ deuterium. Our experiments
provide further a clean pathway to synthesize the benzobo-
rirene molecule under single collision conditions and could
pave the way to further spectroscopic studies of this impor-
tant reaction intermediate.
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