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ABSTRACT: The reactions of the boron monoxide (11BO; X2Σ+) radical with 1,3butadiene (CH2CHCHCH2; X1Ag) and its partially deuterated counterparts, 1,3butadiene-d2 (CH2CDCDCH2; X1Ag) and 1,3-butadiene-d4 (CD2CHCHCD2; X1Ag),
were investigated under single collision conditions exploiting a crossed molecular beams
machine. The experimental data were combined with the state-of-the-art ab initio
electronic structure calculations and statistical RRKM calculations to investigate the
underlying chemical reaction dynamics and reaction mechanisms computationally. Our
investigations revealed that the reaction followed indirect scattering dynamics through the
formation of 11BOC4H6 doublet radical intermediates via the barrierless addition of the
11
BO radical to the terminal carbon atom (C1/C4) and/or the central carbon atom (C2/
C3) of 1,3-butadiene. The resulting long-lived 11BOC4H6 intermediate(s) underwent
isomerization and/or unimolecular decomposition involving eventually at least two
distinct atomic hydrogen loss pathways to 1,3-butadienyl-1-oxoboranes
(CH2CHCHCH11BO) and 1,3-butadienyl-2-oxoboranes (CH2C (11BO)CHCH2) in overall exoergic reactions via tight exit
transition states. Utilizing partially deuterated 1,3-butadiene-d2 and -d4, we revealed that the hydrogen loss from the methylene
moiety (CH2) dominated with 70 ± 10% compared to an atomic hydrogen loss from the methylidyne group (CH) of only 30 ±
10%; these data agree nicely with the theoretically predicted branching ratio of 80% versus 19%.
incorporating ﬂuorine for an enhanced boron combustion.15−23
Although the kinetic models developed by Zhou et al.15 and
Brown et al.19 are the most comprehensive to date, they require
experimental input parameters such as reaction products and
their kinetics (rate constants). Recently, Hussmann et al.
proposed a simpliﬁed boron combustion model with the help
of the kinetics established by Zhou et al.15 and the experiments
done by Kuo et al.10,24,25 concluding that more accurate
experimental parameters were crucial to execute the full
chemical kinetics model. Therefore, experimental and theoretical investigations of the basic bimolecular reactions relevant to
boron-based combustion processes are required. Previously, our
group systematically investigated the reaction dynamics of the
formation of organo-boron species26 utilizing the crossed
molecular beam technique. These studies accessed the B/C/H
system via the reaction of ground state boron atoms with key
hydrocarbons such as acetylene (C2H2),27 ethylene (C2H4),28
methylacetylene (CH3CCH),29 allene (H2CCCH2),30 dimethy-

1. INTRODUCTION
During the past decade, the formation mechanisms of boron−
oxygen bearing molecules has received considerable attention
from the experimental and computational viewpoints in the
ﬁelds of boron combustion chemistry,1,2 reaction dynamics,3
and physical−organic chemistry (isoelectronic reactants).3−6
Boron combustion chemistry in particular has been studied in
depth due to the potential applications of boron as a fuel
additive to rocket, ramjet, and scramjet propulsion systems.
Here, the oxidation of boron holds the highest energy density
value of (58.7 kJ g−1 and 137.5 kJ cm−3)1,2 and therefore is
considered as a high energy propellant compared to hydrocarbon based jet propellants.7 However, the oxidation of boron
is primarily unable to reach full energy release due to the
formation of an inert layer of diboron trioxide (B2O3) coating
the nonreacted boron. 1,2 Extensive investigations, both
experimentally and theoretically, have been performed to
understand these boron combustion processes2,7−15 ultimately
developing chemical models to understand the gasiﬁcation of
the diboron trioxide (B2O3) layer.15−23 Previous chemical
models considered the incorporation of hydrocarbons and
expanded the models to the B/C/H/O system also
© 2015 American Chemical Society
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lacetylene (CH3CCCH3),31 and benzene (C6H6).32 However,
due to the presence of oxygen in combustion processes,
experimental parameters for the B/C/H/O system are also
required to develop chemically complete boron combustion
models. Note that the boron monoxide radical (BO) is the very
ﬁrst intermediate formed in the boron combustion system,19,23,33 which can react then with the components of the
hydrocarbon fuel to form B/C/H/O bearing molecules.
Recently, our group has been systematically investigating the
elementary reactions between boron monoxide and small
unsaturated hydrocarbons such as acetylene (C2H2),34 ethylene
(C2H4),35 methylacetylene (CH3CCH),36 allene
(H 2 CCCH 2 ), 37 propylene (C 3 H 6 ), 38 dimethylacetylene
(CH3CCCH3),39 diacetylene (HCCCCH),40 and benzene
(C6H6)41 using the crossed molecular beams technique.
Besides the combustion community, the synthesis and
characterization of organyloxoboranes (RBO) has attracted
considerable interest due to the presence of reactive boron−
oxygen multiple bonds.42,43 Preliminary experimental studies
on organyloxoboranes depicted evidence of very strong boron−
oxygen triple bond holding bond energies of typically 799 kJ
mol−1.3,44−47 However, due to their intrinsic electron deﬁciency
and polar nature, RBO undergoes cyclooligomerization at very
low temperatures even at 50 K.48 Therefore, organyloxoboranes
were reported either as reactive intermediates or in cold
matrixes.44,46,49 The synthesis and characterization of organyloxoborane (RBO) as well as experimental evidence of stable
oxoboranes is still sparse.50,51 In addition, the reaction of boron
monoxide radicals (BO) draws considerable interest from the
physical organic community as it is isoelectronic with the cyano
radical (CN).4−6 Previously, the reaction of cyano radicals with
hydrocarbons such as acetylene (C2H2),52 ethylene (C2H4),53
methylacetylene (CH3CCH),54 allene (CH2CCH2),55 propylene (CH3CHCH2),56 dimethylacetylene (CH3CCCH3),57 1,3butadiene (CH2CHCHCH2),58 and benzene (C6H6)59 were
explored experimentally and theoretically to unravel the
chemical reaction dynamics together with the thermodynamic
properties (reaction exoergicity) of the nitrile products.3,34−41,60
Here, we expand the studies of boron monoxide reactions
and investigate the reaction dynamics of boron monoxide with
1,3-butadiene (CH2CHCHCH2; X1Ag) together with its
partially deuterated counterparts (CH 2 CDCDCH 2 ;
CD2CHCHCD2) to systematically elucidate the reaction
dynamics of boron monoxide with unsaturated hydrocarbons
under single collision reaction conditions. The present work
utilizes the crossed molecular beams technique61−66 along with
ab initio electronic structure calculations and statistical RRKM
calculations to investigate the reaction dynamics and the
products of the title reaction. In addition, the reaction dynamics
and potential energy surface of the boron monoxide 1,3butadiene (CH2CHCHCH2) system are compared with its
isoelectronic reaction of cyano radicals (CN) with 1,3butadiene (CH2CHCHCH2) studied earlier in our laboratory.58

BOC gases).67 The fourth harmonic output of a Spectra-Physic
Quanta-Ray Pro 270 Nd:YAG laser (266 nm) operating at a
repetition rate of 30 Hz with an output power of 15−20 mJ per
pulse was focused on the rotating boron rod using a lens of
1500 mm focal length. The carbon dioxide gas was released by
a Proch-Trickl pulsed valve with a nozzle diameter of 1 mm
operating at 60 Hz with 80 μs pulse width and −350 V pulse
amplitude.68 A backing pressure of 4 atm was used, which
yielded a pressure of 5 × 10−4 Torr inside the primary source
chamber. The ablated boron reacted with the carbon dioxide to
produce BO(X2Σ+) possibly via atomic oxygen abstraction; the
beam passed through a skimmer of diameter 1 mm. A four-slot
chopper wheel operating at 120 Hz was placed 18 mm
downstream from the skimmer and selected a 11.2 μs segment
of the BO(X2Σ+) beam with a peak velocity (vp) of 1430 ± 40
ms−1 and speed ratio (S) of 2.3 ± 0.3. The ro-vibrational levels
of the boron monoxide radical were characterized in situ via
laser-induced ﬂuorescence (LIF) spectroscopy.69 Brieﬂy, the
2 +
Σ electronic ground state of the boron monoxide radical was
probed via the A2Π−X2Σ+ transition. The (0,0) vibrational
band near 425 nm was recorded by using a Nd:YAG pumped
Lambda Physik Scanmate dye laser output of 10 μJ per pulse.
The spectra were analyzed using the diatomic spectral
simulation program developed by Tan.70 The rotational
temperature was determined to be 250 K.69 This indicates
that the 11BO radicals have a maximum of 2 kJ mol−1 of internal
energy.35,69 The LIF spectrum of the 11BO radical did not show
any (1,1) vibrational band; on the basis of the noise, less than
5% of the 11BO radical was suggested to reside in the ν = 1
level.69
The selected segment of the primary beam was crossed by a
second pulsed molecular beam of 1,3-butadiene
(CH2CHCHCH2, CD2CHCHCD2, and CH2CDCDCH2)
perpendicularly in the interaction region. Neat 1,3-butadiene
(Aldrich 99%+ and C/D/N Isotopes 98%) was released by a
second Proch-Trickl pulsed valve operating at a repetition rate
of 60 Hz with an 80 μs pulse width from a backing pressure of
550 Torr characterized by a peak velocity of 760 ± 20 ms−1 and
speed ratio (S) of 8.0 ± 0.5. The collision energy between
11
BO(X2Σ+) and 1,3-butadiene was determined to be 23.6 ±
1.5 kJ mol−1. Note that both pulsed valves, the laser pulse, and
the chopper wheel were synchronized by three digital pulse
generators (Stanford Research System, DG535) with the help
of two frequency dividers (Pulse Research Lab, PRL-220A).
The time zero trigger originates from a photodiode, mounted
on the top of the chopper wheel. The primary and the
secondary pulsed valves were triggered at 1890 and 1865 μs,
respectively, after the time zero trigger pulse. The laser was
triggered 146 μs after the trigger pulse of the primary pulsed
valve.
The reactively scattered products were monitored using a
triply deferentially pumped quadrupole mass spectrometer
(QMS) in the time-of-ﬂight (TOF) mode after electron-impact
ionization of the neutral species at 80 eV electron energy with
an emission current of 2 mA. The extracted ions pass through a
quadrupole mass ﬁlter (Extrel QC 150) operated with an
oscillator frequency of 2.1 MHz. Only ions with selected massto-charge (m/z) passes through the quadrupole mass ﬁlter and
were accelerated toward a stainless steel target coated with a
thin layer of aluminum maintained at a voltage of −22.5 kV.
The ions hit the surface and initiate an electron cascade until it
reaches an aluminum coated organic scintillator, whose photon
cascade is detected by a photomultiplier tube (PMT, Burle,

2. EXPERIMENTAL AND DATA ANALYSIS
The reaction of the ground state boron monoxide radical (BO;
X2Σ+) with 1,3-butadiene (CH2CHCHCH2; X1Ag) was
conducted in a universal crossed molecular beams machine
under single collision conditions.61−66 Brieﬂy, a supersonic
beam of ground state boron monoxide (BO) was produced in
situ via laser ablation of a boron rod at 266 nm and seeding the
ablated boron in pure carbon dioxide carrier gas (CO2, 99.99%,
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Figure 1. Time-of-ﬂight spectra recorded at m/z = 80 (11BOC4H5+) at various angles for the reaction between boron monoxide (11BO; X2Σ+) with
1,3-butadiene (CH2CHCHCH2; X1Ag) at a collision energy of 23.6 ± 1.5 kJ mol−1. The circles indicate the experimental data, and the solid lines
indicate the calculated ﬁt.

Model 8850) operated at −1.35 kV. The signal from the PMT
was then ﬁltered by a discriminator (Advanced Research
Instruments, Model F-100TD, level: 1.6 mV) prior to feeding
into a multichannel scaler (Stanford Research System SR430)
to record the time-of-ﬂight spectra.63,65 The detector is
rotatable within the plane deﬁned by the primary and the
secondary reactant beams to allow taking angular resolved TOF
spectra. At each angle, up to 1.3 × 105 TOF spectra were
collected to probe the hydrogen loss channel. The recorded
TOF spectra were then integrated and normalized to extract
the product angular distribution in the laboratory frame. To
gain information on the reaction dynamics, the experimental
data must be transformed into the center-of-mass reference
frame utilizing a forward-convolution routine.71,72 This iterative
method assumes an initial choice of angular ﬂux distribution,
T(θ), and the product translational energy distribution, P(ET)
in the center-of-mass frame. Laboratory TOF spectra and the
laboratory angular distribution were then calculated from the
T(θ) and P(ET) functions and were averaged over a grid of
Newton diagrams to account for the apparatus functions and
the beam spreads in velocity and direction. Best ﬁts were
obtained by iteratively reﬁning the adjustable parameters in the
center-of-mass functions within the experimental error limits of,
for instance, peak velocity, speed ratio, error bars in the
laboratory angular distribution. The product ﬂux contour map,
I(θ,u) = P(u) T(θ), reports the intensity of the reactively
scattered products (I) as a function of the CM scattering angle
(θ) and product velocity (u). This plot is called the reactive
dif ferential cross section and gives an image of the reaction. The
branching ratios of the channels were calculated using the
method proposed by Krajnovich et al.73

3. THEORETICAL
Probable reaction paths in the reaction of boron monoxide
(BO(X2Σ+)) with 1,3-butadiene (CH2CHCHCH2, X1Ag) are
explored by ab initio electronic structure calculations. The
intermediates, transition states, and dissociation products are
characterized such that their optimized geometries and
harmonic frequencies are obtained at the level of the hybrid
density functional theory, the unrestricted B3LYP/c-pVTZ.74,75
The energies are reﬁned with the coupled cluster76−79
CCSD(T)/cc-pVTZ with B3LYP/cc-pVTZ zero-point energy
corrections. The GAUSSIAN-03 program was utilized in the
electronic structure calculations.80 Further, assuming the energy
is equilibrated among the molecular degrees of freedom before
the reaction occurs, and provided the energy is conserved, such
as in molecular beam experiments, the rate constants for the
individual steps were predicted via RRKM theory. For a
k

reaction A* → A⧧ → P, where A* is the energized reactant, A⧧
represents the transition state, and P represents the products,
the rate constant k(E) may be expressed as
k(E) =

σ W ⧧(E − E ⧧)
ρ (E )
h

(1)
⧧

where σ is the symmetry factor, W is the number of states of
the transition state, E⧧ is the transition state energy, and ρ is the
density of states of the reactant. ρ and W⧧ are computed by the
saddle-point method; molecules are treated as collections of
harmonic oscillators whose harmonic frequencies are obtained
by B3LYP/cc-pVTZ as described above.81 These rate constants
were also exploited to predict the branching ratios of the
reaction.81
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4. RESULTS
4.1. Experimental Results. The reactive scattering signal
for the reaction of boron monoxide (11BO; X2Σ+) (27 amu)
with 1,3-butadiene (CH2CHCHCH2; X1Ag) (54 amu) was
recorded at the mass-to-charge ratios of m/z = 80 (11BOC4H5+)
and m/z = 79 (11BOC4H4+/10BOC4H5+) for the atomic
hydrogen and/or molecular hydrogen loss pathways. After
scaling, the TOF spectra recorded at m/z = 79 depicted an
identical proﬁle with the TOF spectra recorded at m/z = 80
(Supporting Information, Figure S1). These observations alone
indicate that the ions at m/z = 79 originated from the
dissociative ionization of the parent at m/z = 80 (11BOC4H5+)
in the electron impact ionizer of the detector. Therefore, we
can conclude that in the reaction of 11BO(X2Σ+) with 1,3butadiene (CH2CHCHCH2; X1Ag), the boron monoxide versus
atomic hydrogen loss channel leading to the formation of
11
BOC4H5 isomer(s) is open; further, the molecular hydrogen
loss channel is closed. Selected TOF spectra for the atomic
hydrogen loss channel recorded at a m/z = 80 at a collision
energy of 23.6 ± 1.5 kJ mol−1 are depicted in Figure 1. We also
attempted to monitor the products at mass-to-charge (m/z) of
66 (11BOC3H3+) to 63 (11BOC3+/10BOC3H+), which potentially arise from a methyl group loss, but did not observe any
reactive scattering signal. This indicates that, in the reaction of
boron monoxide ( 11 BO; 27 amu) with 1,3-butadiene
(CH2CHCHCH2; 54 amu), any methyl loss channel is found
to be closed or below the detection limit.
The laboratory angular distribution of the atomic hydrogen
loss channel was obtained by integrating the TOF spectra taken
for the 11BOC4H5 product(s) at m/z = 80 (Figure 2). Here, the

Having identiﬁed the atomic hydrogen loss pathways, we are
focusing our attention now on the position of the atomic
hydrogen loss. Note that the chemical structure of 1,3butadiene (CH2CHCHCH2) reactant contains two chemically
diﬀerent sets of hydrogen atoms, four methylene hydrogens
(CH2) positioned at two terminal carbon atoms (C1 and C4),
and two methylidyne hydrogens (CH) located at the central
carbon atoms (C2 and C3). Therefore, to determine the
position of the atomic hydrogen loss, we utilized partially
deuterated reactants, 1,3-butadiene-2,3-d2 (CH2CDCDCH2;
X1Ag) and 1,3-butadiene-1,1,4,4-d4 (CD2CHCHCD2; X1Ag).
First, we carried out the reaction between CH2CDCDCH2 (56
amu) and 11BO (27 amu) and recorded the TOF spectra at m/
z = 82 (11BOC4D2H3+) for the atomic hydrogen loss channel
from the terminal carbon atoms (C1 and C4) of 1,3-butadiene.
The TOF spectra are depicted in Figure 3, clearly conﬁrming

Figure 3. Time-of-ﬂight data at the center-of-mass angles recorded for
the hydrogen loss pathway in the reactions of boron monoxide (11BO;
X2Σ+) with partially deuterated 1,3-butadiene (left) CH2CDCDCH2
(X1Ag) and (right) CD2CHCHCD2 (X1Ag) at m/z = 82 and m/z = 84,
respectively.

the existence of the atomic hydrogen loss channel from the
terminal carbon (C1 and C4) of 1,3-butadiene
(CH2CHCHCH2). Second, we explored a potential atomic
hydrogen loss from the methylidyne group (CH) of 1,3butadiene (CH2CHCHCH2). For this, we conducted the
crossed beam reaction of CD2CHCHCD2 (58 amu) with 11BO
(27 amu); a hydrogen loss from the methylidyne group (CH)
should lead to the formation of 11BOC4D4H product(s) with a
mass of 84 amu. The TOF spectra taken at m/z = 84
(11BOC4D4H+) as depicted in Figure 3 conﬁrm the presence of
the atomic hydrogen loss channel from the central carbon atom
(C2 and C3) of 1,3-butadiene (CH2CHCHCH2). Note that a
competing deuterium loss can only be detected at mass-tocharge ratios (m/z) of 81 ( 11 BOC 4 DH 4 + ) and 83
(11BOC4D3H2+) for 1,3-butadiene-d2 and -d4 systems, respectively. However, in these two systems, we have only recorded
the TOF spectra for the atomic hydrogen loss channels at m/z
= 82 and m/z = 84, respectively. Therefore, deuterium loss
channels do not contribute to our recorded TOF spectra. Note
that, for both partially deuterated 1,3-butadienes, we recorded
the TOF spectra only at the center-of-mass angle because of
low signal counts and the high cost of these chemicals. We
analyzed the branching ratios of the two atomic hydrogen loss

Figure 2. Laboratory angular distribution (LAB) of 11BOC4H5 product
(m/z = 80) for the reaction of boron monoxide (11BO; X2Σ+) with
1,3-butadiene (CH2CHCHCH2; X1Ag) at a collision energy of 23.6 ±
1.5 kJ mol−1. The circles and error bars indicate the experimental data,
and the solid line indicates the calculated distribution.

laboratory angular distribution is extended by at least 50° in the
scattering plane deﬁned by the primary and the secondary
molecular beams. The distribution peaks at 48.3 ± 1.5° close to
the center-of-mass (CM) angle of 46.7 ± 2.0°. The distribution
is nearly symmetric around the center-of-mass angle, which
suggests that the reaction proceeds via indirect (complex
forming) scattering dynamics involving 11BOC4H6 reaction
intermediate(s).
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channels by integrating the TOF spectra.73 The branching
ratios for the atomic hydrogen loss channels from methylene
(CH2) hydrogen (C1 and C4 carbon atoms) and methylidyne
(CH) hydrogen (C2 and C3 carbon atoms), were determined
to be 70 ± 10% and 30 ± 10%, respectively.
4.2. Center-of-Mass System. To elucidate the chemical
dynamics of the boron monoxide−1,3-butadiene system, the
laboratory data were transformed into the center-of-mass
reference frame utilizing a forward convolution routine as
elucidated in section 2. The laboratory data, TOF spectra and
laboratory angular distribution, were ﬁt using a single channel
with a product mass combination of 80 amu (11BOC4H5) and 1
amu (H). Figure 4 shows the center-of-mass angular and

The center-of-mass angular distribution, T(θ), as shown in
Figure 4 (bottom), provides additional information on the
reaction dynamics of the title reaction. The distribution shows
intensities over the whole angular range from 0° to 180° and is
forward−backward symmetric with respect to 90°. The
intensity over the complete scattering range is indicative of
indirect scattering dynamics involving the formation of
11
BOC4H6 collision complex(es) for the boron monoxide−
1,3-butadiene system.83 The forward−backward symmetry
suggests that the lifetime of the decomposing 11BOC4H6
complex(es) is(are) longer than their rotation period or a
symmetric exit transitions state.83 In the case of a symmetric
exit transitions state, the rotation should interconvert the
emitting hydrogen atom in the decomposing complex via a
proper rotation axis; hence, the probability of the leaving
hydrogen atom from the decomposing complex is equal from θ
and π − θ.83 Finally, the best ﬁt depicts a heavily angular
distribution maximum at 90°. These ﬁndings suggest geometrical constraints in the exit channel(s).83 In this atomic
hydrogen loss channel, the hydrogen atom is suggested to be
emitted almost perpendicularly to the plane of the decomposing 11BOC4H6 complex, i.e., nearly parallel to the total angular
momentum vector (“sideways scattering”). These ﬁndings are
also compiled in the ﬂux contour map (Figure 5).

Figure 4. Center-of-mass translational energy distribution (top) and
center-of-mass angular distribution (bottom) for the hydrogen loss
channel of the reaction between boron monoxide (11BO; X2Σ+) with
1,3-butadiene (CH2CHCHCH2; X1Ag). The hatched areas indicate the
acceptable lower and upper limits of the ﬁts, and the solid red lines
deﬁne best ﬁt functions.

Figure 5. Flux contour maps of the atomic hydrogen loss pathway in
the crossed beam reaction of boron monoxide radicals with 1,3butadiene leading to the formation of 1,3-butadienyl-1-oxoborane
(CH2CHCHCH11BO) and 1,3-butadienyl-2-oxoborane (CH2C(11BO)CHCH2).

translational energy distributions for the title reaction. Here, the
best ﬁt center-of-mass translational energy distribution, P(ET),
shows that the maximum of the ﬂux distribution is located away
from zero translational energy between 10 and 16 kJ mol−1.
This ﬁnding suggests the presence of a tight exit transition state
(repulsive bond rupture with a signiﬁcant electron rearrangement) from the decomposing complex to the product.82 Also,
as can be seen from the P(ET), the maximum translational
energy (Emax) value is found to be 71 ± 12 kJ mol−1. From the
conservation of energy, we can calculate the reaction exoergicity
by subtracting the collision energy (23.6 ± 1.5 kJ mol−1) from
Emax. Here, we deduce that the reaction forming 11BOC4H5
isomer(s) plus hydrogen (H) is exoergic by 47 ± 14 kJ mol−1.
Finally, the average energy released into the translational
degrees of freedom is found to be 24 ± 5 kJ mol−1, about 34 ±
3% of the total available energy. This order-of-magnitude is
indicative of indirect (complex forming) scattering dynamics
involving 11BOC4H6 intermediates.82

5. THEORETICAL RESULTS
The title reaction was also investigated computationally using
ab initio electronic structure theory. The potential energy
surface of the 11BO plus 1,3-butadiene systems is shown in
Figure 6 with the relevant structures depicted in Figures 7−9.
The computation predicts that the reaction between boron
monoxide and 1,3-butadiene proceeds via the barrierless
addition of the boron monoxide radical with its radical center
located on the boron atom to either the terminal carbon atom
(C1, C4) or the central carbon atom (C2, C3) of 1,3-butadiene
reactant (CH2CHCHCH2) forming 11BOC4H6 intermediates
i1 (−219 kJ mol−1) and i3 (−150 kJ mol−1), respectively. Note
that 1,3-butadiene remains in its trans form in the molecular
beam with negligible contributions from the higher energy cis/
1098
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Figure 6. Schematic representation of the computed 11BOC4H6 potential energy surface (PES).

gauche isomers.84 The calculation also predicts a barrierless
addition of the boron monoxide radical to the terminal carbon
atom of the cis isomer of 1,3-butadiene forming intermediate i2
(−217 kJ mol−1). In addition, intermediate i1 can rapidly
isomerize to i2 due to the low lying transition state (−160 kJ
mol−1) with a barrier height of only 59/57 kJ mol−1 above i1/
i2. Therefore, even though the population of the higher energy
cis/gauche isomers is negligible, i2 can still be accessible.
Intermediates i1 and i2 hold the boronyl group at the terminal
carbon atom of the hydrocarbon moiety. A boronyl (11BO)
group migration from the terminal carbon atom of i1 to the
central carbon atom to form i3 is associated with a high energy
barrier, which is located 62 kJ mol−1 above the separated
reactants. Considering the experimental collision energy of 23.6
kJ mol−1, the boron monoxide migration reaction pathway is

most likely restricted. However, intermediates i1 and i2 can
isomerize to i3 via intermediates i4 and i11. Here, i1 and i2
may undergo atomic hydrogen migration to form i4 (−175 kJ
mol−1) via an energy barrier of 176 kJ mol−1. Subsequently, i4
undergoes cyclization to intermediate i11 (−150 kJ mol−1) via
the formation of a new C1−C3 single bond; eventually i11
isomerizes via C2−C3 bond breaking to form i3.
We discuss now the predicted reaction pathways related to
intermediates i1, i2, and i4. Intermediate i1 can undergo three
competing unimolecular decomposition pathways via atomic
hydrogen loss from the C1 and C3 carbon atoms of the 1,3butadiene moiety. The atomic hydrogen elimination from the
terminal C1 carbon atom can lead to the formation of
substituted trans-1,3-butadiene products (Z)- and (E)-1,3butadieneyl-1-oxoborane (CH2CHCHCH11BO; p1 and p2)
1099
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Figure 7. Structures of products and intermediates relevant to the 11BOC4H6 potential energy surface (PES). Angles and bond lengths are given in
degrees and angstroms, respectively.

Figure 8. Structures of the transition states relevant to the 11BOC4H6 potential energy surface (PES). Angles and bond lengths are given in degrees
and angstroms, respectively.
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Figure 9. Geometries of the relevant exit transition states of the 11BOC4H6 potential energy surface (PES). Angles are given in degrees.

with overall reaction exoergicities of 45 kJ mol−1. Additionally,
atomic hydrogen loss from the central C3 carbon atom of i1
can lead to the formation of substituted allene, 2,3butadienyloxoborane (CH2CCHCH211BO; p3) in an overall
endoergic reaction (19 kJ mol−1). The reactions leading to p1,
p2, and p3 proceed via tight exit transition states residing 8, 8,
and 19 kJ mol−1, respectively, above the separated products.
Intermediate i2, can also undergo unimolecular decompositions
via atomic hydrogen elimination from the terminal carbon atom
(C1) of the butadiene moiety forming substituted cis-1,3butadiene products, (Z)- and (E)-1,3-butadieneyl-1-oxoborane
(CH2CHCHCH11BO; p10 and p11). These reactions proceed
through tight exit transition states located 13 and 10 kJ mol−1
above the separated products, respectively, and are exoergic by
38 kJ mol−1. An atomic hydrogen elimination from i4 can result
the formation of substituted trans-1,3-butadiene products, p1
and p2 ((Z)- and (E)-1,3-butadieneyl-1-oxoborane), as well.
These reactions also proceed through tight exit transition states
located 25 kJ mol−1 above the separated products.
Besides the above-mentioned decomposition pathways,
intermediates i1, i2, and i4 may isomerize to the intermediates
i5−i10 located within −124 and −134 kJ mol−1 below the
separated reactants. Note that these isomerization reactions are
associated with high energy barriers with transition states
located 24−52 kJ mol−1 above the separated reactants.
Considering the low energy barriers for the competing atomic

hydrogen elimination pathways associated with i1, i2, and i4
and the experimental collision energy of 23.6 kJ mol−1,
intermediates i5−i10 are most likely inaccessible. Therefore,
atomic hydrogen loss pathways associated with i5−i10 to form
p3 (2,3-butadienyloxoborane; CH2CCHCH211BO), p4 (3butynyloxoborane; HCCCH2CH211BO), p12 (2-butynyloxoborane; CH3CCCH211BO), p9 (1,2-butadienyloxoborane;
CH3CHCCH11BO), and the methyl loss pathway from i10 to
the product p13 (2-propynyloxoborane; HCCCH211BO) are
most likely unimportant pathways in the present experimental
conditions.
Now we discuss the reaction pathways associated with
intermediate i3, which can be formed via the addition of the
11
BO radical to the central carbon atom (C2 and C3) of the
1,3-butadiene reactant. i3 can undergo unimolecular decomposition via an atomic hydrogen elimination from the C2
carbon atom of the 1,3-butadiene moiety to form substituted a
1,3-butadiene product, 1,3-butadienyl-2-oxoborane (CH2C(11BO)CHCH2; p5). The reaction proceeds via a tight exit
transition state residing 44 kJ mol−1 above the separated
products with an overall exoergicity of 39 kJ mol−1 with respect
to the separated reactants. i3 can also isomerize via a [1,2]
hydrogen migration to the boron atom to form i12 (−65 kJ
mol−1), which eventually undergoes atomic hydrogen elimination to p5 (1,3-butadienyl-2-oxoborane). Further, i3 can also
isomerize via [1,2] hydrogen migration to the terminal carbon
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atom (C1) to form i13 (−236 kJ mol−1) by overcoming an
energy barrier of 121 kJ mol−1; this intermediate eventually
undergoes rapid cis−trans isomerization to form i14 (−234 kJ
mol−1) via a low lying transition state located only 49−51 kJ
mol−1 above the intermediates i14/i13. Here, both i13 and i14
can undergo unimolecular decomposition via atomic hydrogen
elimination from the terminal carbon atom (C1) to form p5
(1,3-butadienyl-2-oxoborane) by overcoming exit transition
states located 3 and 15 kJ mol−1 above the separated products.
Intermediate i14 may also undergo atomic hydrogen
elimination from the C3 carbon atom to form substituted
allene product p6 (2,3-butadienyl-2-oxoborane; CH2CC(CH3)11BO) via an overall endoergic reaction (1 kJ mol−1).
The reaction pathway is associated with a very high energy
barrier of 258 kJ mol−1 and the exit transition state is
positioned 24 kJ mol−1 above the separated reactants. Note that
the statistical RRKM calculations (Supporting Information,
Table S2) predicted that this reaction (i14 → p6) are highly
unlikely, because the rate constant of the competing
decomposition pathway to p5 is 5 orders of magnitude higher
than the rate constant of i14 → p6 pathway; hence, they are
omitted from further discussion. In addition, a [1,3] hydrogen
migration (C3 to C1 carbon atom) from i1 and/or [1,2]
hydrogen migration (C3 to C2 carbon atom) from i13 may
lead to the formation of intermediate i9 (−122 kJ mol−1).
These reactions are associated with transition states located
about 38−41 kJ mol−1 above the separated reactants.
Therefore, intermediate i9 and the related decomposition
pathways to the products p6 (2,3-butadienyl-2-oxoborane), p7
(3-propynyl-2-oxoborane; HCCCH(CH 3)11BO), and p8
(propadienyloxoborane) are most likely unimportant stationary
points at the present experimental conditions.
Statistical RRKM calculations have also been performed to
calculate the rate constants of each reaction pathway
(Supporting Information, Table S2) and to eventually predict
the branching ratios for the products (Supporting Information,
Table S3) at a collision energy of 23.6 kJ mol−1. The branching
ratios of the atomic hydrogen loss products trans-(Z/E)-1,3butadieneyl-1-oxoborane (p1, p2), cis-(Z/E)-1,3-butadieneyl-1oxoborane (p10, p11), and 1,3-butadienyl-2-oxoborane (p5)
are calculated to be 69%, 11%, and 19%, respectively. The
branching ratios are obtained by considering an initial 100%
population of either i1 or i3 and take into account that both
initial collision complexes do isomerize via i4 and i11
(Supporting Information, Table S3).

amu) and 11BOC4D4H (84 amu) isomers, respectively, with
fractions of 70 ± 10% and 30 ± 10%, via atomic hydrogen
versus boron monoxide exchange reactions. The center of mass
translational energy distribution P(ET) shows a reaction
exoergicity of 47 ± 14 kJ mol−1. The distribution shows a
peak at 8−16 kJ mol−1, suggesting the presence of a tight exit
transition state between the decomposing complex and the
product. The center-of-mass angular distribution depicts a
forward−backward symmetry, which indicates indirect scattering dynamics via long-lived 11BOC4H6 complexes holding
lifetimes longer than their rotation period. Further, the T(θ)
distribution is peaked at 90° suggesting a geometrical
constraints in the exit transition state and the atomic hydrogen
elimination occurs almost parallel to the total angular
momentum vector.
To identify the isomers of the reaction product (11BOC4H5;
80 amu), we are now comparing the predicted reaction energies
with the experimental data. The electronic structure calculation
predicts 11 11BOC4H5 isomers. As discussed earlier, among the
products, the thermodynamically accessible products are p1,
p2, p5, p10, and p11. Note that, except for these products,
alternative reaction pathways to the products are associated
with transition state(s) that are located 38−52 kJ mol−1 above
the separated reactants. Considering the experimental collision
energy of 23.6 kJ mol−1, these products are inaccessible and
hence are skipped from further discussion. The cross molecular
beam data conﬁrm a reaction exoergicity of 47 ± 14 kJ mol−1.
The experimental data agree with the computed reaction
exoergicities of p1 (−45 kJ mol−1), p2 (−45 kJ mol−1), p5
(−38 mol−1), p10 (−38 kJ mol−1), and p11 (−39 kJ mol−1).
Note that the products, p1, p2, p10, and p11, are isomers of
1,3-butadienyl-1-oxoborane (CH2CHCHCH11BO) and the
structures depict that one of the hydrogen atoms of the
terminal carbon atoms of 1,3-butadiene (CH2CHCHCH2) is
essentially replaced by the boron monoxide group. Recall that
in the reaction of the boron monoxide radical with 1,3butadiene-d2 (CH2CDCDCH2), a predominant contribution
(70 ± 10%) of the atomic hydrogen loss from the terminal
carbon atoms (C1 and C4) was determined experimentally.
Further, the scattering reactions between the boron monoxide
radical and 1,3-butadiene-d4, CD2CHCHCD2, indicated that 30
± 10% of the hydrogen atom is lost from the central carbon
atoms (C2 and C3) as well. Here, a similar comparison of the
structures of the reactants with the products reveal that isomer
p5 holds the 11BO group at the C2 carbon atom of the 1,3butadiene moiety. On the basis of the above observations, we
can conclude that, in the reaction between boron monoxide
and 1,3-butadiene, at least one of the products p1, p2, p10, and
p11 is formed via the atomic hydrogen elimination from the
terminal carbon atom (CH2 group) and p5 is formed via the via
the atomic hydrogen elimination from the central carbon atom
(CH group) of the 1,3-butadiene reactant. The formation of
these isomers is exoergic by between 38 and 45 kJ mol−1, hence
nicely correlating with the experimental ﬁndings of 47 ± 14 kJ
mol−1. Further, the exit transition states to form these isomers
are all tight (8−44 kJ mol−1); the existence of tight exit
transition states nicely correlates with the experimental
predictions based on the oﬀ-zero peaking of the center-ofmass translational energy distribution.
Having identiﬁed the 11BO versus hydrogen atom exchange
reaction products, we are now proposing the underlying
reaction pathways by combining the experimental ﬁndings with
the electronic structure and statistical calculations. The

6. DISCUSSION
To investigate the underlying pathways and reaction dynamics
involved in the collision reactions between boron monoxide
(11BO; X2Σ+) and 1,3-butadiene (CH2CHCHCH2; X1Ag), we
are now comparing the experimental results with the theoretical
data. First, let us brieﬂy summarize the experimental results.
The crossed molecular beam experiments with boron monoxide
and 1,3-butadiene conﬁrm the existence of the atomic hydrogen
loss pathway leading to 11BOC4H5 (80 amu) and H (1 amu).
Any methyl loss pathway and molecular hydrogen loss
pathways were found to be closed or below the detection
limit. The experiments with partially deuterated 1,3-butadiene
(CH2CDCDCH2 and CD2CHCHCD2) depict two distinct
atomic hydrogen loss pathways. Here, atomic hydrogen
eliminations from the methylene (CH 2 ) group of
CH 2 CDCDCH 2 and methylidyne (CH) group of
CD2CHCHCD2) lead to the formation of 11BOC4D2H3 (82
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yield p5 with associated exit transition states located 3 and 15
kJ mol−1 above the separated products, respectively. Note that
the energy barriers associated with i3 → p5 and i3 → i12 → p5
pathways are in the range 145−156 kJ mol−1 and are 50 kJ
mol−1 lower in energy than the energy barriers associated with
i13/i14 → p5 pathways (201−211 kJ mol−1). The above
statement proposes that i3 → p5 and i3 → i12 → p5 pathways
are most likely the dominating atomic hydrogen loss pathways
to the formation of 1,3-butadieneyl-2-oxoborane (p5) due to
the associated lower energy barriers. Our statistical RRKM
calculations also agreed with the above statement, and about
60−96% of p5 are formed via these reaction pathways
(Supporting Information, Table S3).
Finally, we comment on the experimental ﬁnding of the
closed methyl loss channels. The theoretical calculations predict
the formation of two methyl loss products, p8 and p13 via
overall exoergic reactions with energies of −42 and −23 kJ
mol−1, respectively. At our collision energy, these reactions are
energetically feasible. The formation of p8 and p13, is linked to
the population of the intermediates i9 and i10, respectively.
Recall that i9 can be formed via either [1,3] and/or [1,2]
atomic hydrogen migration from i3 and i13 via transition states
located 41 and 38 kJ mol−1 above the separated reactants,
respectively. Similarly, i10 can be achieved only via [1,3]
hydrogen atom migration from i1 by overcoming a transition
state located 42 kJ mol−1 above the separated reactants. These
transition states are energetically inaccessible at a collision
energy of 23.6 kJ mol−1, indicating that intermediates i9 and
i10, are unimportant intermediates at the present experimental
conditions. Therefore, the experimental ﬁnding of closed
methyl loss channels is justiﬁed.
Therefore, we can conclude that unimolecular decomposition
via atomic hydrogen loss in the reaction of boron monoxide
and 1,3-butadiene results in the formation of boronyl
substituted 1,3-butadiene products, 1,3-butadieneyl-1-oxoborane (p1, p2, p10, and p11) and 1,3-butadieneyl-2-oxoborane
(p5). Here, the dominant reaction pathways to form the
isomers of 1,3-butadienyl-1-oxoborane (p1, p2, p10, and p11)
are found to be the unimolecular decomposition pathways via
atomic hydrogen loss of the methylene hydrogens (CH2)
positioned at two terminal carbon atoms (C1 and C4) of the
1,3-butadiene reactants. Among them, p1/p2 are most likely
the dominant hydrogen loss products due to the energetically
favorable positions of the exit transition states [ts-i1p1 (−37 kJ
mol−1), ts-i1p2 (−37 kJ mol−1) versus ts-i2p10 (−25 kJ mol−1)
and ts-i2p11 (−29 kJ mol−1)]. The statistical RRKM
calculations also support the above statement and the dominant
yield of p1/p2 with fractions of 69% of the total atomic
hydrogen loss products; the contribution of p10/p11 is about
11% the total atomic hydrogen loss products. The statistical
calculations also predict that the atomic hydrogen loss channel
to form 1,3-butadieneyl-2-oxoborane (p5) is found to be only
19%. Product p5 can be formed via atomic hydrogen loss of the
methylidyne hydrogens (CH) positioned at the two central
carbon atoms (C2 and C3) of the 1,3-butadiene reactants. The
lower percentage of p5 can be explained as (i) a lower number
of methylidyne hydrogens compared to methylene hydrogens
(2 versus 4) and (ii) the energetically less favorable position of
the exit transition state [e.g., ts-i3p5 (6 kJ mol−1) versus tsi1p1 (−37 kJ mol−1)]. Recall that, from the reactions between
boron monoxide radical and partially deuterated 1,3-butadiene
(CD2CHCHCD2 and CH2CDCDCH2), a predominant contribution (70 ± 10%) of atomic hydrogen loss from the two

molecular structures of products, p1, p2, p10, and p11 (1,3butadienyl-1-oxoborane) propose an addition of the boron
monoxide radical to the terminal carbon atoms of the 1,3butadiene reactant; the structure of the product p5 depicts that
the boronyl group is attached to the central carbon atoms of the
1,3-butadiene reactant. These ﬁndings propose that the reaction
between boron monoxide radical and 1,3-butadiene follows
indirect scattering dynamics and is initiated by an addition of
the boron monoxide radical with its radical center located on
the boron atom to the C1/C4 and the C2/C3 carbon atom of
the 1,3-butadiene reactant, resulting in the formation of
11
BOC4H6 intermediates i1 and i3, respectively. Intermediate
i1 can rapidly isomerize to i2 via a low energy barrier. Both i1
and i2 decompose via atomic hydrogen loss from the terminal
carbon atom attached to the boronyl group forming isomers of
1,3-butadieneyl-1-oxoborane (CH2CHCHCH11BO), p1/p2
and p10/p11, respectively. Note that on the basis of our
experiments alone we cannot predict to what extent
intermediates i1 and i3 isomerize to each other prior to atomic
hydrogen loss.
Further, the optimized geometries of the exit transition states
(ts-i1p1, ts-i1p2, ts-i2p10, and ts-i2p11) connecting intermediates i1 and i2 with products p1/p2 and p10/p11 suggest a
direction of the atomic hydrogen emission almost perpendicularly to the molecular plane of the decomposing complex
(Figure 9). Recall that this geometry was predicted on the basis
of the shape (distribution maximum at 90°) of the center-ofmass angular distribution of the atomic hydrogen loss pathway
(Figure 4). In addition, intermediate i4, formed either via
atomic hydrogen migration from i1 and i2 and/or via addition
of 11BO radical to the central carbon atoms (i3) followed by
isomerization via the cyclic intermediate i11, may also loose
atomic hydrogen to form p1 and p2 (1,3-butadieneyl-1oxoborane). These product channels are also associated with
tight exit transition states, located 25 kJ mol−1 above the
separated products. The above observations indicate a possible
minor contribution from the reaction pathways i4 → p1 and i4
→ p2 toward the formation of p1 and p2. The above statement
also gets support from the 11BOC4H6 PES. Here, ts-i1p1 and
ts-i1p2 are stabilized by 17 kJ mol−1 compared to ts-i4p1 and
ts-i4p2 and the thermodynamically favorable positions clearly
demonstrate i1 → p1/p2 to be the dominant reaction pathways
to the formation of p1 and p2.
Now we discuss the formation pathways of the product 1,3butadieneyl-2-oxoborane (p5), which shows an addition of
11
BO group attached to the central (C2/C3) carbon of the 1,3butadiene reactant. The above information suggests that p5 can
only be formed from intermediates related to i3 where 11BO is
attached to the central carbon atom. Intermediate i3 can
undergo (i) unimolecular decomposition via atomic hydrogen
loss, (ii) isomerization to form i12 followed by decomposition
via atomic hydrogen loss, and (iii) isomerization to i13 and i14
followed by decomposition via an atomic hydrogen loss to form
p5. Here, the reaction pathway i3 → p5 is associated with a
tight exit transition state located at 44 kJ mol−1 above the
separated products. The reaction pathway i3 → i12 → p5 is
connected with an energy barrier of 145 kJ mol−1 (ts-i3i12). In
the reaction pathways i13/i14 → p5, an atomic hydrogen
migration from C2 to C1 carbon atoms of i3 resulted in the
formation of i13, which can rapidly interchange with i14 via
cis−trans isomerization by overcoming a low lying energy
barrier of 51/49 kJ mol−1. i13/i14 can undergo atomic
hydrogen elimination from the terminal methyl group to
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carbon atoms (C1/C4) and/or the central carbon atoms (C2/
C3) of 1,3-butadiene (CH2CHCHCH2) reactant, forming
11
BOC4H6 intermediates. The resulting 11BOC4H6 doublet
radical intermediates underwent isomerization and/or unimolecular decomposition involving two distinct atomic hydrogen
loss pathways forming four isomers of 1,3-butadienyl-1oxoborane (CH2CHCHCH11BO; p1, p2, p10, and p11)
together with 1,3-butadienyl-2-oxoborane (CH2C(11BO)CHCH2; p5). Utilizing the 1,3-butadiene-2,3-d2 reactant
(CH2CDCDCH2), we revealed that the addition of 11BO(X2Σ+) to the C1/C4 carbon atom of 1,3-butadiene was
followed by an atomic hydrogen loss from the methylene
(CH2) group attached to the boronyl group (11BO) leading to
the formation of major reaction products 1,3-butadienyl-1oxoborane (CH2CHCHCH11BO). The experiments with 1,3butadiene-1,1,4,4-d4 reactant (CD2CHCHCD2) exposed that
an addition of 11BO(X2Σ+) to the C2/C3 carbon atom of 1,3butadiene was terminated via an atomic hydrogen elimination
from the methylidyne (CH) group attached to the boronyl
group (11BO), leading to the product 1,3-butadienyl-2oxoborane (CH2C(11BO)CHCH2). The branching ratios for
the loss of methylene (CH2) hydrogen atom and the loss of
methylidyne (CH) hydrogen atom of 1,3-butadiene were
derived experimentally to be 70 ± 10% and 30 ± 10% and
theoretically 80% and 19%, respectively. A comparison of the
title reaction with the isoelectronic CN (X2Σ+) plus 1,3butadiene reaction revealed several similarities, such as the
formation pathways and chemical bonding of the predominant
products CH2CHCHCHCN and 1,3-butadienyl-1-oxoborane
(CH2CHCHCH11BO). The striking diﬀerence between these
isoelectronic systems are the formation of 1,3-butadienyl-2oxoborane (CH2C(11BO)CHCH2) in the present experiments;
however, a similar product was unidentiﬁed in the CN (X2Σ+)
plus 1,3-butadiene reaction.

terminal carbon atoms (methylene hydrogens) and a minor
contribution (30 ± 10%) of atomic hydrogen from the central
carbon atoms (methylidyne hydrogens) were experimentally
determined. Our statistical RRKM calculations agree with the
experimental ﬁndings with major contribution (80%) of atomic
hydrogen loss from the terminal carbon atoms (1,3butadieneyl-1-oxoborane; p1, p2, p10, and p11) and minor
(19%) contribution from the central carbon atoms (1,3butadieneyl-2-oxoborane; p5).
As we have mentioned earlier, the 11BO (X2Σ+) and CN
(X2Σ+) radicals are isoelectronic and a comparison of their
reactions with 1,3-butadiene will be interesting from the
physical organic chemistry viewpoint. The reaction of 1,3butadiene with cyano radical (CN; X2Σ+) have previously been
investigated experimentally and theoretically by our group.58
The reaction between 1,3-butadiene with CN(X2Σ+) radicals
underwent indirect scattering dynamics via barrierless addition
of the cyano radical to the terminal carbon atom of the 1,3butadiene reactant via its radical center located at the carbon
atom to form CH2CHCHCH2CN. Similarly, the reaction of
11
BO(X2Σ+) radicals with 1,3-butadiene involve indirect
scattering dynamics and a barrierless addition of the 11BO
radical with its radical center located at the boron atom to the
terminal atom of the 1,3-butadiene reactant leads to the
formation of intermediate CH2CHCHCH211BO. These doublet
radical intermediates, CH2CHCHCH2X (X = CN, 11BO), are
stabilized by 267 (X = CN) and 219 kJ mol−1 (X = 11BO), and
these energetics imply the formation of a stronger carbon−
carbon (X = CN) bond compared to a weaker carbon−boron
(X = 11BO) single bond; bond strengths diﬀer by typically 50 kJ
mol−1. For both systems, the atomic hydrogen elimination from
the terminal carbon atoms lead to the formation of substituted
1,3-butadiene product with molecular formula
CH2CHCHCHX (X = CN, 11BO). In the case of the
CN(X 2 Σ + ) plus 1,3-butadiene reaction, the product
CH2CHCHCHCN is found to be the predominant product
(∼99.9%). However, the similar product, CH2CHCHCH11BO,
formed in the 11BO (X2Σ+) + 1,3-butadiene reaction is found to
be only 70 ± 10% of the total atomic hydrogen loss products.
As discussed above, an addition of the 11BO radical to the
central carbon atoms (C2/C3) of the 1,3-butadiene reactant is
followed by atomic hydrogen elimination and can lead to the
formation of CH2C(11BO)CHCH2 with a fraction of 30 ± 10%
of the total atomic hydrogen loss products. The formation
reaction of CH2CHCHCHCN is found to be exoergic by 96 kJ
mol − 1 whereas boronyl substituted 1,3-butadiene
(CH2CHCHCH11BO and CH2C(11BO)CHCH2) are found
to be exoergic by only 38−45 kJ mol−1. The enhanced
exoergicity of the cyano radical reaction product is likely due to
the eﬀect of an enhanced carbon−carbon bond strength and
higher yield of the cyano versus atomic hydrogen exchange
channel from the C1/C4 carbon atoms compared to the weaker
carbon−boron single bond strength.

■

ASSOCIATED CONTENT

S Supporting Information
*

Time-of-ﬂight spectra, Cartesian coordinates (Å) of reactants,
intermediates, products, and transition states optimized at
CCSD(T)-fc/cc-pVTZ, and relative energies in kJ mol−1 with
respect to reactants are available. Also the rate constant of each
reaction pathway at the collision energy 23.6 kJ mol−1 and
branching ratios of the products are listed. This material is
available free of charge via the Internet at http://pubs.acs.org

■

AUTHOR INFORMATION

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was supported by the Air Force Oﬃce of Scientiﬁc
Research, grant FA9550-12-1-0213. Computer resources at the
National Center for High-Performance Computer of Taiwan
were utilized in the calculations.

7. SUMMARY
The crossed molecular beam reaction of boron monoxide
(11BO; X2Σ+) with 1,3-butadiene (CH2CHCHCH2; X1Ag) was
investigated at a collision energy of 23.6 ± 1.5 kJ mol−1 under
single collision conditions and was correlated with ab initio
electronic structure calculations and RRKM calculations. The
scattering dynamics were found to be indirect and proceeded
via barrierless addition of boron monoxide radical with its
radical center located at the boron atom to either the terminal
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