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ABSTRACT: The gas phase reaction between the boron monoxide
radical (11BO; X2Σ+) and allene (H2CCCH2; X

1A1) was investigated
experimentally under single collision conditions using the crossed
molecular beam technique and theoretically exploiting ab initio electronic
structure and statistical (RRKM) calculations. The reaction was found to
follow indirect (complex forming) scattering dynamics and proceeded
via the formation of a van der Waals complex (11BOC3H4). This complex
isomerized via addition of the boron monoxide radical (11BO; X2Σ+)
with the radical center located at the boron atom to the terminal carbon
atom of the allene molecule forming a H2CCCH2

11BO intermediate on
the doublet surface. The chemically activated H2CCCH2

11BO inter-
mediate underwent unimolecular decomposition via atomic hydrogen
elimination from the terminal carbon atom holding the boronyl group
through a tight exit transition state to synthesize the boronylallene product (H2CCCH

11BO) in a slightly exoergic reaction (55 ±
11 kJ mol−1). Statistical (RRKM) calculations suggest that minor reaction channels lead to the products 3-propynyloxoborane
(CH2(

11BO)CCH) and 1-propynyloxoborane (CH3CC
11BO) with fractions of 1.5% and 0.2%, respectively. The title reaction

was also compared with the cyano (CN; X2Σ+)−allene and boronyl−methylacetylene reactions to probe similarities, but also
differences of these isoelectronic systems. Our investigation presents a novel gas phase synthesis and characterization of a
hitherto elusive organyloxoborane (RBO) monomerboronylallenewhich is inherently tricky to isolate in the condensed
phase except in matrix studies; our work further demonstrates that the crossed molecular beams approach presents a useful tool
in investigating the chemistry and synthesis of highly reactive organyloxoboranes.

1. INTRODUCTION

In recent years, boronic acids (RB(OH)2) and their derivatives
have emerged as crucial reagents in modern organic syn-
thesis1−7 acting as molecular building blocks in crystal
engineering.8−10 Suginome et al. exploited boronic acid
derivatives to synthesize sequences of oligoarenes using
Suzuki−Miyaura cross-coupling reactions.1−4 Further, Hall et
al. probed regioselective and stereoselective reactions using
boronic acid derivatives.5−7 The characterization of boronic
acid derivatives and their reactions were discussed elaborately
by Hall.11 Compared to boronic acid derivatives, the anhydrides
of boronic acidorganyloxoboranes (RBO; R = organyl)
have remained less explored. Recently, the synthesis and
characterizations of organyloxoboranes have attracted research-
ers due to the presence of strong boron−oxygen multiple
bonds.12,13 Early studies of oxoborane utilizing microwave and
infrared spectroscopy have proposed the evidence of a very
strong boron−oxygen triple bond.14−16 However, oxoboranes

are very reactive due to the highly polar boron−oxygen bond
and readily form oligomers to compensate for their intrinsic
electron deficiency.17,18 As a result, the dehydration of boronic
acids lead to the formation of oligomers of oxoborane instead
of monomers.17 Further, Bock et al. reported the synthesis of
methyloxoborane (CH3BO) via thermolysis of methyl-1,3,2-
diborolane-4,5-dione, but the product promptly underwent
cyclo-oligomerization to (CH3BO)3.

19 The cyclo-oligomeriza-
tion of RBO can be observed even at temperatures as low as 50
K;17 isolated oxoboranes were reported either as reactive
intermediates or in cryogenic matrices.15,19,20 For example,
Andrews et al. detected methyloxoborane (CH3BO) and
methyleneoxoborane (CH2BO) while studying reactions of
laser-ablated boron atoms with methanol in a low-temperature
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argon matrices.15 Recently, Braunschweig et al. synthesized a
stable oxoboryl complex, (Cy3P)2Pt(BO)Br (Cy = cyclohexyl),
for the first time.21,22 However, experimental evidence of stable
oxoboranes is still sparse, and limited theoretical investigations
exist.23,24 The gas phase synthesis of oxoboranes can lead to the
formation of a stable molecule but has never been explored
except in recent crossed molecular beam experiments probing
the reactions of boron monoxide radicals with unsaturated
hydrocarbons in our group.25−29 These studies revealed the
formation of ethynyloxoborane (HCCBO), ethenyloxoborane
(H2CCHBO), 1-propynyloxoborane (CH3CCBO), butadiyny-
loxoborane (HCCCCBO), and phenyloxoborane (C6H5BO) in
gas phase reactions with acetylene, ethylene, methylacetylene,
diacetylene, and benzene.25−29

A recent theoretical study on the oxoboryl (BO)-substituted
acetylene30 revealed that this system is comparable to
isoelectronic cyano-substituted hydrocarbons; this study
found that the oxoboryl (BO) group serves as a sigma radical
in this covalent system similar to the nitrile (CN) group in
substituted hydrocarbons. Further, the boron monoxide radical
(BO; X2Σ+) and the cyano radical (CN; X2Σ+) are
isoelectronic.31−33 Therefore, both the reactions of BO(X2Σ+)
and CN(X2Σ+) with unsaturated hydrocarbon molecules are
expected to hold similar reaction mechanisms. Note that the
bimolecular reaction of the cyano radical with hydrocarbons
such as acetylene (C2H2),

34 ethylene (C2H4),
35 methylacety-

lene (CH3CCH),36 allene (H2CCCH2),
36 propylene

(CH3CHCH2),
37 dimethylacetylene (CH3CCCH3),

38 diacety-
lene (C4H2),

39 and benzene (C6H6)
40 was explored exper-

imentally and theoretically to unravel the fundamental reaction
mechanisms and chemical bonding in the final reaction
products together with their thermodynamic properties
(enthalpies of formation). These reactions were conducted in
the gas phase under single collision conditions utilizing a

crossed molecular beam machine; here, the nascent reaction
products were formed without “alteration” from wall effects
and/or subsequent reactions. In the cyano radical reactions, the
cyano radical was found to add with its radical center located on
the carbon atom to the sterically least hindered carbon atom of
the hydrocarbon molecule without an entrance barrier. The
resulting collisional complex underwent unimolecular decom-
positionmainly via atomic hydrogen lossultimately yield-
ing nitriles (RCN) such as cyanoacetylene (HCCCN), vinyl
cyanide (C2H3CN), and cyanomethylacetylene (CH3CCCN)
in overall exoergic reactions (Figure 1).41 Recent crossed beam
studies of the reactions of boron monoxide radical with
hydrocarbons (acetylene, ethylene, methylacetylene, diacety-
lene, benzene) have shown excellent similarities (Figure 1) with
the reactions of cyano radicals with hydrocarbons such as the
reaction mechanism (indirect reaction mechanism via complex
formation),25−29 addition with the radical center located at the
boron and carbon atoms to the unsaturated hydrocarbon,
decomposition via tight exit transition states through hydrogen
loss, and overall exoergic pathways.
Here, we are expanding these studies and probe the reaction

of the boron monoxide radical with allene (H2CCCH2) to
elucidate the reaction mechanism and dynamics of the
formation of organyloxoborane under single collision reaction
conditions. Allene (CH2CCH2) is the simplest cumulene with
three carbon atoms connected via two carbon−carbon double
bonds which make it more reactive than the corresponding
alkenes. By investigating the reaction mechanism of the
formation of small boronyl-bearing organic molecules, we can
also understand the poorly explored chemical reactivity of the
boron monoxide radicals. We will also compare the chemical
reactivity of boron monoxide radicals with those of the
isoelectronic cyano radical (CN; X2Σ+)36 with allene.

Figure 1. Reactive scattering products detected previously in the gas phase under single collision conditions via the reaction of isoelectronic (left-
hand side) cyano (CN; X2Σ+) radical34−36,38−40 and (right-hand side) boron monoxide (BO; X2Σ+) radical25−29 with unsaturated hydrocarbon
(center).
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2. EXPERIMENTAL SECTION

The gas phase reactions between boron monoxide radicals
(BO; X2Σ+) and allene (H2CCCH2; X

1A1) were carried out
under single collision conditions in a universal crossed
molecular beam machine.42−46 A pulsed supersonic beam of
ground state boron monoxide radicals were produced via laser
ablation of boron rod47 and simultaneous reaction of ablated
boron atom with carbon dioxide (CO2, 99.99%, BOC gases)
carrier gas. Here, 266 nm (fourth-harmonic output of Spectra-
Physics Quanta-Ray Pro 270 Nd:YAG laser) laser pulse
operating at a repetition rate of 30 Hz was focused on a
rotating boron rod with an output energy of 15−20 mJ/pulse.
A pulsed carbon dioxide molecular beam was expanded in the
ablation region from a pressure of 4 atm by a porch trickle
pulsed valve48 operating at a repetition rate of 60 Hz. Here, the
supersonic beam of boron monoxide radical was produced most
likely via the abstraction of an oxygen atom from carbon
dioxide reactant and passed through a skimmer of diameter 1
mm followed by a four-slot chopper wheel to reach the
interaction region. The chopper wheel selected 11.2 μs segment
of the boron monoxide radical beam with a peak velocity (vp) =
1421 ± 40 ms−1 and speed ratio (S) of 2.3 ± 0.3. A second
porch trickle pulsed valve operating at a repetition rate of 60 Hz
was used to supersonically expand allene (H2CCCH2; Aldrich,
>99%) molecule from a pressure of 550 Torr in the secondary
chamber. This secondary molecular beam of allene intersects
the selected segment of the primary beam of 11BO radicals
perpendicularly in the interaction region. The segment of the
secondary molecular beam intersecting with the primary beam
was characterized by a peak velocity of 840 ± 10 ms−1 and
speed ratio (S) of 12.0 ± 0.2. The collision energy between
boron monoxide and allene was determined to be 22.0 ± 1.3 kJ
mol−1. In addition, we have also characterized the ro-vibrational
states of 11BO(X2Σ+) radicals by recording laser-induced
fluorescence (LIF) spectra by probing the A2Π−X2Σ+

transitions.49 The LIF spectra were recorded within 422−436
nm (Nd:YAG pumped Lambda Physik Scanmate dye laser)
range with 10 μJ/pulse. By comparing the LIF spectra recorded
experimentally with the best fitted simulated spectra obtained
using the diatomic spectral simulation program developed by
Tan,50 we have determined a value of 250 K as the rotational
temperature of 11BO radicals. This indicates that the 11BO
radicals have a maximum of 2.0 ± 0.3 kJ mol−1 of internal
energy, and the experiments suggested that the population of
the vibrationally excited ν = 1 level state is less than 5%.49

A rotatable triply differentially pumped quadrupole mass
spectrometer (QMS) operating in the time-of-flight (TOF)
mode was exploited to monitor the reactively scattered
products following ionization via electron-impact ionization of
about 80 eV electron energy.42−46 The TOF spectra of the
reactively scattered products were collected at an interval of
2.5° over the entire angular distribution. The recorded TOF
spectra were integrated and normalized to extract the product
angular distribution in the laboratory frame. A forward-
convolution routine was employed to transform the exper-
imental recorded data from laboratory frame into the center-of-
mass reference frame.51,52 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. The best fits were obtained by iteratively refining the
adjustable parameters in the center-of-mass functions. 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 differential cross section and gives an
image of the reaction.

3. THEORETICAL SECTION
We have also investigated the reaction of 11BO(X2Σ+) and
allene (X1A1) computationally. Here the geometries of
stationary points, reactants, products intermediates, and
transition states were optimized at the CCSD(T)-fc53−56 level
of theory using the cc-pVTZ57,58 basis set. The vibrational
frequencies and the zero point energies of the structures were
computed at the CCSD(T)-fc/cc-pVTZ level of theory. The
energies were further refined using a composite method
described elsewhere.27 The energies of 11BOC3H4 intermedi-
ates computed using the composite method are associated with
an uncertainty ±9 kJ mol−1. Here, ACES II59 and NWChem
6.160,61 were used for the ab initio calculations. In addition to
11BOC3H4 PES, we have also calculated the rate constants of
each reaction pathway and the branching ratios of the products

utilizing RRKM theory.62,63 For a reaction A* →
k

A‡ → P,
where A*, A‡, and P represent energized reactant, the transition
state, and the product, respectively, the rate constant k(E) can
be expressed as

σ
ρ

= −‡ ‡
k E

h
W E E

E
( )

( )
( )

where σ is the symmetry factor, W‡ the number of states of the
transition state, E‡ the transition state energy, and ρ the density
of states of the reactant. ρ and W‡ are computed by the saddle-
point method, and molecules are treated as collections of
harmonic oscillators whose harmonic frequencies are obtained
by the composite method as mentioned above.64

4. RESULTS
4.1. Experimental Results. Reactive scattering signal for

the reaction of boron monoxide 11BO(X2Σ+) (27 amu) with
allene (H2CCCH2, X

1A1) (40 amu) was recorded at mass-to-
charge ratios (m/z) of 66 (11BOC3H3

+) and m/z = 65
(11BOC3H2

+/10BOC3H3
+) at a collision energy of 22.0 ± 1.3 kJ

mol−1 for the atomic hydrogen and/or molecular hydrogen loss
pathways, respectively. The TOF spectra at m/z = 66
(11BOC3H3

+) clearly demonstrate that a molecular species of
formula 11BOC3H3 were formed via a 11BO radical versus
atomic hydrogen exchange pathway. After scaling, the TOF
spectra recorded at m/z = 66 and m/z = 65 were found to be
identical, indicating that the ion signal at m/z = 65 originated
from the dissociative ionization of the parent molecule
11BOC3H3 (66 amu) in the electron impact ionizer of the
detector. Hence, we can conclude that the 11BOC3H3 product
was formed in the reaction of 11BO (X2Σ+) with allene
(CH2CCH2, X1A1) via the boron monoxide versus atomic
hydrogen loss pathway; further, the molecular hydrogen loss
channel is found to be closed. The TOF spectra for the
hydrogen atom loss channels are shown in Figure 2. We also
attempted to monitor ions at m/z = 52 (C2H

11BO+) and m/z =
51 (C2

11BO+/C2H
10BO+) for the methyl loss channel as

observed in the reaction of the boron monoxide radical with
methylacetylene (CH3CCH)

27 but did not observe any reactive
scattering signal. This indicates that in the reaction of allene
(CH2CCH2; 40 amu) plus boron monoxide (

11BO; 27 amu) no
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methyl loss channel is open. For the atomic hydrogen loss
channel, the TOF spectra were recorded at various laboratory
angles in 2.5° intervals. The laboratory angular distribution as
shown in Figure 3 for the 11BOC3H3 product at m/z = 66 was
obtained by integrating these TOF spectra recorded at various
angles and the distribution extends at least 45° in the scattering
plane as defined by the primary and the secondary beams. It
should be mentioned that the primary motivations of recording
time-of-flight (TOF) spectra are to measure the time taken by

the product to reach the detector. The laboratory angular
distribution peaks at 41.2 ± 0.5° close to the center-of-mass
(CM) angle of 41.3 ± 1.0°. The above observations along with
the nearly symmetric laboratory angular distribution suggest
that the reaction proceeds through indirect (complex forming)
scattering dynamics involving the 11BOC3H4 reaction inter-
mediate(s).65 Note that the TOF spectra and the laboratory
angular distribution can be fit using a single channel with a
product combination of 66 amu (11BOC3H3) and 1 amu (H)
utilizing the center-of-mass functions as depicted in Figure 4.

The analysis of the center-of-mass translational energy
(P(ET)) and center-of-mass angular distribution (T(θ)) reveals
crucial information on the chemical dynamics of the boron
monoxide−allene system. Figure 4 (top) presents the center-of-
mass translational energy distribution, P(ET), for the

11BOC3H3
plus atomic hydrogen channel. This distribution depicts a
maximum translational energy release, Emax, of 77 ± 10 kJ
mol−1. For products formed without internal excitation, the
maximum translational energy release presents the sum of the
collision energy and the reaction exoergicity. Therefore, the
exoergicity of the hydrogen loss channel can be extracted by
subtracting the collision energy (22.0 ± 1.3 kJ mol−1) from the
maximum translational energy (77 ± 10 kJ mol−1). This leads
to a reaction exoergicity of 55 ± 11 kJ mol−1 to form 11BOC3H3
isomer(s) plus atomic hydrogen. It is worth mentioning that
laser-induced florescence (LIF) study shows that 11BO has
been efficiently cooled by the supersonic expansion and only
has a maximum of 2.0 ± 0.3 kJ mol−1 of internal energy. If the
measured internal energy of the 11BO radical (2.0 ± 0.3 kJ
mol−1) is distributed only into the translational degrees of
freedom, it could be subtracted from the reaction exoergicity
(55 ± 11 kJ mol−1) to get a value of the reaction exoergicity of

Figure 2. Time-of-flight data at various angles for the reaction between
boron monoxide (11BO; X2Σ+) with allene (CH2CCH2; X1A1)
recorded at m/z = 66 at a collision energy of 22.0 ± 1.3 kJ mol−1.
The circles indicate the experimental data, and the solid lines indicate
the calculated fit.

Figure 3. Laboratory angular distribution (LAB) of the 11BOC3H3
isomer(s) (m/z = 66) for the reaction of boron monoxide (11BO;
X2Σ+) with allene (CH2CCH2; X

1A1) at collision energy of 22.0 ± 1.3
kJ mol−1. The circles and error bars indicate the experimental data, and
the solid line indicates the calculated distribution. The inset shows the
Newton diagram of the reaction at a collision energy of 22.0 ± 1.3 kJ
mol−1.

Figure 4. Center-of-mass translational energy distribution (top) and
center-of-mass angular distribution (bottom) for the hydrogen loss
pathway of the reaction between boron monoxide (11BO; X2Σ+) with
allene (CH2CCH2; X

1A1). The hatched areas indicate the acceptable
lower and upper limits of the fits, and the solid red line defines the best
fit functions.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp501595n | J. Phys. Chem. A XXXX, XXX, XXX−XXXD



53 ± 11 kJ mol−1, assuming that allene is also efficiently cooled
due to the supersonic expansion. Further, the maximum of the
translational energy flux distribution is displaced from zero
translational energy at about 18−28 kJ mol−1. This finding
suggests that at least one of the reaction channels to form the
product 11BOC3H3 isomer(s) has an exit barrier and hence a
tight exit transition state when the 11BOC3H4 intermediate
decomposes to the product(s).66 This tight exit transition state
(repulsive bond rupture) involves a significant electron
rearrangement. Finally, the center-of-mass translational energy
distribution allows us to determine the average amount of
energy released into the translational degrees of freedom of the
products, i.e., 39 ± 7% of the total available energy.
The center-of-mass angular distribution, T(θ), delivers

additional information on the chemical dynamics of the title
reaction and is shown in Figure 4 (bottom). The distribution
shows intensity over the whole angular range from 0° to 180°;
this finding is indicative of indirect scattering dynamics
involving the formation of 11BOC3H4 collision complex(es).65

Second, the angular distribution is forward−backward sym-
metric with respect to 90°. This forward−backward symmetry
implies that the lifetime of the decomposing 11BOC3H4
complexes, which emit the hydrogen atom, is longer than
their rotation periods.65 The best fit T(θ) depicts a distribution
maximum at 90° which indicates a geometrical constraint in the
exit channel.65 Here, the distribution suggests that the
hydrogen atom is emitted almost perpendicularly to the plane
of the decomposing 11BOC3H4 complex, i.e., nearly parallel to
the total angular momentum vector.65 These findings are also
compiled in the flux contour map (Figure 5). The flux contour
map (Figure 5) gives an image of the reaction which shows an
isotropic distribution and a sideway scattering pattern peaking
at 90° as observed in Figure 4.

4.2. Theoretical Results. The optimized structures of the
reactants, products, intermediates, and transition states are
compiled in Figures 6 and 7. The computations predict the
existence of ten 11BOC3H4 reaction intermediates (i1−i10) and
six potential product channels (p1−p6) involving atomic
hydrogen loss (p1−p3), hydrogen abstraction (p4), carbon−
carbon bond rupture (p5), and methyl radical elimination (p6).
In detail, the reaction is suggested to proceed via the barrierless
formation of a weakly bound van der Waals complex i1

(11BOC3H4), which is stabilized by 9 kJ mol−1 compared to the
separated reactants. The molecular structure of i1 (Figure 7) is
characterized by a weak interaction between the boron atom of
the boron monoxide radical and the π-electron density of the
allene molecule. This van der Waals complex i1 can undergo
isomerization via an addition of 11BO with its radical center to
the C1 and/or the C2 carbon atom of the allene molecule
forming intermediate i2 (−175 kJ mol−1) and/or i3 (−264 kJ
mol−1), respectively. The inherent barriers to isomerization are
2 and 4 kJ mol−1, respectively, and hence below the energy of
the separated reactants indicating the presence of two
submerged barriers in the entrance channel. Note that i2 and
i3 are connected via a transition state located 67 kJ mol−1 above
i2. Intermediate i2 can undergo two competing unimolecular
decomposition pathways via atomic hydrogen loss from the C3
and C1 carbon atoms of the allene moiety to form 3-
propynyloxoborane (CH2(

11BO)CCH; p1) and propadienylox-
oborane (boronylallene) (CH2CCH

11BO; p2), respectively.
Both reactions proceed via tight exit transition states residing
19 and 24 kJ mol−1 above the separated products; the overall
reactions are exoergic by 29 ± 9 and 46 ± 9 kJ mol−1,
respectively. Intermediate i2 can also isomerizes to inter-
mediates i4 (−163 kJ mol−1) and i5 (−281 kJ mol−1) via
hydrogen atom migration. However, the calculated energy
barrier of the i2 → i4 pathway is very high (198 kJ mol−1) with
the corresponding transition state residing 23 kJ mol−1 above
the reactants. Considering the collision energy (22.0 ± 1.3 kJ
mol−1) and the competing decomposition of i2 to p1 and/or
p2, the pathway i2 → i4 is expected to be energetically
unfavorable. However, i5, formed by overcoming an energy
barrier of 162 kJ mol−1, can isomerize to i4 via a BO migration
(i6) followed by rapid cis/trans isomerization. From inter-
mediates i4 to i6, two atomic hydrogen loss pathways can lead
to the products p1 and p2 by overcoming tight transition states
located 28 and 24 kJ mol−1 above the separated products,
respectively. The formation of acetylene (C2H2) and the
methyleneoxoborane (CH2

11BO) radical (p5) from intermedi-
ate i4 is energetically unlikely considering the energetically
favorable isomerization of i4 to i6.
Now we shall discuss the fate of intermediate i3. Because of

the resonance stabilization of the allyl moiety, i3 is 89 kJ mol−1

more stable than i2. Note that i3 cannot be associated with any
decomposition pathway; instead, i3 can isomerize to i7 through
a [1,3] atomic hydrogen migration via an energy barrier of 253
kJ mol−1. Considering the molecular structure of i7, it is
interesting to note that this intermediate can be also accessed
via the reaction of the boron monoxide radical adding to the C2
position of the methylacetylene molecule.27 Therefore,
intermediate i7 links the boron monoxide−allene and boron
monoxide−methylacetylene systems. Intermediate i7 can
rapidly isomerize to i8. The latter can undergo a BO migration
from the C2 to the C1 carbon atom yielding i9, which in turn
can isomerize via cis−trans conversion to i10. Three products
can be reached from i8 to i10. First, an atomic hydrogen
elimination from the methyl group of i9/i10 can lead to
propadienyloxoborane (CH2CCH

11BO; p2) via exit transition
states located 15 kJ mol−1 above the separated products.
Second, i9 can undergo an atomic hydrogen elimination from
its central carbon atom to form 1-propynyloxoborane (p3)
(CH3CC

11BO; −74 ± 9 kJ mol−1) via an exit transition barrier
located 21 kJ mol−1 above the separated products. Finally,
ethynyloxoborane (p6) (HCC11BO; −86 ± 9 kJ mol−1) can be
formed via methyl loss from i8 via a tight exit transition state

Figure 5. Flux contour maps of the atomic hydrogen loss pathway in
the crossed molecular beam reaction of boron monoxide radical with
allene leading to the formation of boronylallene (CH2CCH

11BO).
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located 36 kJ mol−1 above the separated products. Finally, we
also investigated the direct hydrogen abstraction pathway from
allene forming the H11BO molecule and the CH2CCH radical
(p4). The transition state for this pathway is higher in energy
than the reactants by 25 kJ mol−1. Based on the collision energy
(22.0 ± 1.3 kJ mol−1) and the barrierless formation of
intermediates i1, the abstraction pathway should be energeti-
cally unfavorable.

5. DISCUSSION

In order to investigate the underlying reaction mechanisms of
the boron monoxide radical with allene, we are merging now
the experimental results with the computational data. First, let
us compile the experimental results. The TOF spectra recorded
at m/z = 66 are indicative of the formation of product(s) with
general formula 11BOC3H3. This clearly indicates that the
atomic hydrogen loss pathway is open. Any methyl loss channel
was found to be closed or below our detection limit. The
center-of-mass angular distribution (T(θ)) clearly depicts that
the reaction followed indirect scattering dynamics via long-lived
11BOC3H4 collision complex(es). Further the T(θ) distribution
maximum at 90° suggests a preferential atomic hydrogen loss
direction perpendicular to the rotational plane of the
decomposing complex(es). The formation of 11BOC3H3
isomer(s) plus atomic hydrogen is found to be exoergic by
55 ± 11 kJ mol−1, and at least one of the atomic hydrogen loss
pathways involve a tight exit transition barrier in the order of
18−28 kJ mol−1. Since, under single collision conditions, only
the hydrogen atom loss pathway(s) is (are) open, we are
comparing first the experimentally derived reaction energy with
the computed values to form product isomers with the general
formula 11BOC3H3. Based on electronic structure calculations,
three distinct 11BOC3H3 isomers, 3-propynyloxoborane
(CH2(

1 1BO) CCH; p1) , p ropad i eny loxobor ane
(CH2CCH

11BO; p2), and 1-propynyloxoborane (CH3CC
11

BO; p3), can be formed with overall reaction exoergicities of
29 ± 9, 46 ± 9, and 74 ± 9 kJ mol−1, respectively. The crossed
molecular beam data verify a reaction exoergicity of 55 ± 11 kJ
mol−1; this data correlates nicely with the computed reaction
exoergicity of 46 ± 9 kJ mol−1 to form propadienyloxoborane
(CH2CCH

11BO; p2) plus atomic hydrogen. Hence, p2 is the
most likely major reaction product. However, we cannot
exclude additional contributions of the thermodynamically less
favorable product p1 based on these data alone. Therefore, we
investigated the sensitivity of our single channel fits via an
artificial incorporation of an additional pathway leading to the
formation of a 11BOC3H3 isomer and a hydrogen atom. Here,
we find that a contribution of an additional reaction channel
(10−15%) with a reaction exoergicity of 29 ± 9 kJ mol−1

associated with the formation of 3-propynyloxoborane
(CH2(

11BO)CCH; p1) does not change our fits notably.
Therefore, on the basis of these observations, we propose that
p2 (CH2CCH

11 BO) is the dominant reaction product with
possible minor contributions from p1 (CH2(

11BO) CCH).
We are now proposing the underlying reaction mechanisms

by combining the experimental data with the electronic
structure and statistical calculations. A comparison of the
molecular structures of the reactants with those of the products
p2 (major) and p1 (minor) suggests the replacement of a
hydrogen atom in the allene reactant by the boron monoxide
radical. Here, the reaction proceeds via indirect scattering
dynamics via the formation of a van der Waals complex i1,
which isomerizes preferentially via addition of the boron
monoxide radical with its radical center at the boron atom
through a submerged barrier to form i2. The latter decomposes
via atomic hydrogen loss from the C1 carbon atom forming
propadienyloxoborane (CH2CCH

11BO; p2) (major) and 3-
propynyloxoborane (CH2(

11BO)CCH; p1) (minor) involving
tight exit transition states. Specifically, the computations
suggest a tight exit transition state located 24 kJ mol−1 above
the energy of the separated products. This data correlates very

Figure 6. Schematic representation of the 11BOC3H4 potential energy surface.
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well with the experimental finding that a tight exit transition
state resides about 18−28 kJ mol−1 above the separated
products. The existence of an exit barrier from intermediate i2
to p2 (24 kJ mol−1) is sensible as the reversed reaction; i.e., the
hydrogen atom addition to a closed shell substituted allene
molecule would have an associated entrance barrier. Further,
the calculated geometry of the exit transition state from i2 to
p2 (Figure 7) suggests a direction of the atomic hydrogen
emission almost perpendicularly (90.9°) to the molecular plane.
This geometry is predicted based on the detailed shape of the
center-of-mass angular distribution of the atomic hydrogen loss
pathway.
Can these findings also explain why the thermodynamically

most stable 1-propynyloxoborane isomer (p3) (CH3CC
11BO)

is not being formed? Note that the formation of p3 would
require the unimolecular decomposition of i9, which in turn is
accessed via migration of the boron monoxide moiety involving
intermediate i8. Recall that both i8 and i9 have been shown to
present central reaction intermediates in the reaction of the
boron monoxide radical with methylacetylene involving three
competing reaction mechanisms via two distinct atomic
hydrogen losses and a methyl group elimination leading to 1-
propynyloxoborane (CH3CC

11BO) (p3) and propadienylox-
oborane (CH2CCH

11BO) (p2) via atomic hydrogen loss as
well as ethynyloxoborane (HCC11BO) (p6) plus a methyl

group.27 The branching ratios of these channels forming
CH2CCH

11BO, CH3CC
11BO, and HCC11BO were derived to

be 4 ± 3%, 40 ± 5%, and 56 ± 15%, respectively. Therefore,
the existence of intermediates i7 to i10 in the reaction of the
boron monoxide radical with allene must be reflected in the
detection of the methyl loss pathway leading to p6. Since the
methyl loss channel was not observed in the reaction of the
boron monoxide radical with allene, but only in the boron
monoxide−methyl acetylene system, we can conclude that
intermediates i7 to i10 cannot be accessed in the boron
monoxide−allene system. The potential energy surface
indicates that i7 can be only accessed via intermediate i3
through hydrogen migration involving a barrier of 253 kJ
mol−1. This barrier is considerably higher than the barrier
involved in the isomerization of i3 to i2 (156 kJ mol−1), thus
making the i3 → i7 pathway less likely than the i3 → i2
isomerization. Therefore, we can conclude that i7 cannot be
accessed in the reaction of the boron monoxide radical with
allene. As a consequence, the reaction sequences i7 → i8 → i9
→ p3 and i7 → i8 → p6 are also closed, and the
thermodynamically most stable isomer p3 cannot be formed
in the reaction of the boron monoxide radical with allene. Our
statistical RRKM calculations at 22.0 kJ mol−1 fully support our
conclusions suggesting that boronylallene (H2CCCH

11BO)
presents the major product (98.3%) with 3-propynyloxoborane

Figure 7. Structures of relevant stationary points (products, intermediates, and transition states) on the 11BOC3H4 potential energy surface (PES).
Angles and bond lengths are shown in degrees and angstroms, respectively.
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(CH2(
11BO)CCH) and 1-propynyloxoborane (CH3CC

11BO)
having fractions of only 1.5% and 0.2%, respectively. The
statistical (RRKM) calculations were performed considering
100% initial population of the intermediate i1 (van der Waals
complex).
The boron monoxide radical also represents an interesting

system from the physical organic chemistry viewpoint due to its
isoelectronic character with the cyano radical (CN; X2Σ+).
Here we compare the title reaction with the reaction of the
cyano radical (CN; X2Σ+) and allene studied previously by our
group experimentally and theoretically.36 Both the reactions
proceed via de facto barrierless additions of the radical to the
C1 and/or C2 carbon atom of allene reactant forming reaction
intermediates CH2CCH2X and CH2C(X)CH2 (X = BO, CN),
respectively, via indirect scattering dynamics. These doublet
radical intermediates are stabilized by 175−264 kJ mol−1 (X =
BO) and 219−321 kJ mol−1 (X = CN), respectively; these
energetics indicate the formation of a stronger carbon−carbon
(X = CN) bond compared to weaker carbon−boron (X = BO)
bond (typically by 50 kJ mol−1). In both cases, the reaction
proceeds mostly via the addition of X (BO, CN) with its
electrophilic center (B in BO and C in CN) to the terminal
carbon atom (C1) of the allene forming CH2CCH2

11X (X =
BO, CN) intermediate. The resultant intermediate
CH2CCH2

11X undergoes unimolecular decomposition predom-
inantly via the atomic hydrogen elimination from the terminal
CH2X group which leads to the formation substituted allene
CH2CCHX (X = BO, CN) product. The decomposition
pathways to the products CH2CCHX (X = BO, CN) involve
tight exit transition states located 24 kJ mol−1 (X = BO) and 18
kJ mol−1 (X = CN), respectively, above the separated products;
finally, the products are formed via overall exoergic reactions (X
= BO: −46 kJ mol−1; X = CN: −86 kJ mol−1). The enhanced
reaction exoergicity of the cyano−allene system can be once
again related to the enhanced C−C bond strength compared to
the C−B bond in the BO−allene system. A minor product
channel is also observed in both the systems leading to the
formation of substituted methylacetylene products CH2(X)-
CCH (X = BO, CN) via atomic hydrogen elimination from the
terminal CH2 group of the intermediate CH2CCH2X (X = BO,
CN). Based on the statistical analysis, the products CH2CCHX
versus CH2(X)CCH (X = BO, CN) ratios are 66:1 (X = BO)
and 9:1 (X = CN).

6. CONCLUSION
We have investigated the gas phase reaction of boron monoxide
radical (11BO; X2Σ+) with allene (CH2CCH2; X1A1) at a
collision energy of 22.0 ± 1.3 kJ mol−1. Combined with
computed data, the experimental results suggest that the
reaction dynamics were indirect and the reaction proceeded via
the formation of a 11BOC3H4 van der Waals complex. The
resulting intermediate 11BOC3H4 undergoes isomerization
predominantly via the addition of boron monoxide with its
boron atom to the terminal carbon atom (C1) of the allene
forming CH2CCH2

11BO intermediate. The latter can undergo
unimolecular decomposition via atomic hydrogen elimination
from the terminal carbon atom holding the boronyl group
through a tight exit transition state to synthesize the
boronylallene product (H2CCCH

11BO) in a slightly exoergic
reaction (55 ± 11 kJ mol−1). Two additional minor atomic
hydrogen loss channels have also been suggested based on the
statistical RRKM calculation leading to the formation of the
products 3-propynyloxoborane (CH2(

11BO)CCH) and 1-

propynyloxoborane (CH3CC
11BO) with fractions of 1.5% and

0.2%, respectively. A comparison of the reaction of allene with
the boron monoxide radical and its isoelectronic cyano radical
revealed that both the reactions proceed via the addition
through their radical center (B in BO; C in CN) to the terminal
carbon atom of the allene molecule followed by an atomic
hydrogen elimination yielding mainly substituted allene
product CH2CCHX (X = BO, CN). The present gas phase
synthesis and characterization of organyloxoboranes (RBO) can
further be utilized as a tool to investigate the chemistry of
reactive oxoborane intermediates.
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