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Abstract: A ground-state boron atom inserts into the C=C
bond of ethylene to spontaneously form the allene-like
compound H,CBCH, on annealing in solid neon. This
compound can further isomerize to the propyne-like
HCBCH; isomer under UV light excitation. The observation
of this unique spontaneous C=C bond insertion reaction is
consistent with theoretical predictions that the reaction is
thermodynamically exothermic and kinetically facile. This
work demonstrates that the stronger C=C bond, rather than the
less inert C—H bond, can be broken to form organoboron
species from the reaction of a boron atom with ethylene even at
cryogenic temperatures.

The activation of carbon-hydrogen (C—H) and carbon-
carbon (C—C) bonds, the two fundamental linkages of organic
molecules, are among the most important processes in organic
synthetic chemistry. These processes allow potentially more
useful molecules to be made from relatively inert starting
materials. It has been found that many transition-metal
complexes can break C—H bonds through formation of the
corresponding metal-carbon and metal-hydrogen bonds."™l
This reaction opened the way to the development of catalytic
methods for the controlled modification of molecules at the
site of a C—H bond.P! The analogous reaction for carbon—
carbon bonds is much rarer because C—C bonds are usually
less reactive than C—H bonds. Very few transition-metal
complexes have been found to break a carbon—carbon bond,
opening up fresh opportunities for organic synthesis.*1"
The reactions of atomic atoms with simple hydrocarbons
serve as the prototypical models to understand the thermo-
chemistry, mechanism, and periodic trends of C—H and C—C
bond activations. The elementary reactions of metal atoms
with simple hydrocarbons have been intensively investi-
gated!""'?l using matrix isolation spectroscopy, a powerful
method for delineating reaction mechanisms through the
isolation and characterization of reactive intermediates.™
These studies indicate that metal insertion into a C—H bond
is in fact a general phenomenon in the reactions of transition-
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metal atoms with the simplest hydrocarbons such as acetylene
and ethylene.""?l Metal insertion into the C—C bond is
believed to be both kinetically and thermodynamically less
favorable. Herein, we report a joint matrix-isolation infrared
spectroscopic and theoretical study of the reaction of a boron
atom with the simplest alkene, C,H,, in solid neon. We will
show that the ground-state boron atom can react sponta-
neously with ethylene to form the allene-like H,CBCH,
molecule on annealing, which can further isomerize to the
less stable propyne-like HCBCHj; isomer under UV light
excitation. The result demonstrates that the more inert C=C
bond of ethylene can be broken rather than the less inert C—H
bond in solid neon at cryogenic temperatures.

The boron atoms were produced by pulsed laser evapo-
ration of a bulk boron target and were co-deposited with
ethylene/neon mixtures onto a Csl window at 4 K. The
reaction products were characterized by infrared absorption
spectroscopy.'"! The infrared spectra in the 1800-500 cm™!
spectral region using a '°B-enriched (97 %) target and 0.1%
C,H, are shown in Figure 1. Absorption bands for new
products were produced either on sample deposition, on
annealing, or photolysis, which can be classified into several
groups based on their annealing and photochemical behaviors
(labeled as species A—C in Figure 1). Four bands for species A
were detected at 1489.4, 1258.6, 878.3, and 640.3 cm™". These
bands were detected on sample deposition, increased on
subsequent sample annealing, but markedly decreased on
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Figure 1. Infrared spectra in the 1800-500 cm ™' spectral region from
co-deposition of laser-evaporated boron atoms ('°B-enriched, 97 %)
with 0.1% ethylene in solid neon. Spectra after a) 30 min of sample
deposition at 4 K, b) after annealing to 12 K, and c) after 15 min of
280 <A <580 nm irradiation. Species A: H,CBCH,, B: H,CBCH, ", and
C: HCBCH;.
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broad-band irradiation in the wavelength range of 1 =280-
580 nm using a high-pressure mercury arc lamp. Three bands
were detected for species B at 2942.8, 1697.2, and 587.4 cm ',
which were present on sample deposition, remained almost
unchanged on subsequent sample annealing, but were
destroyed upon 280 < 4 < 580 nm light irradiation. The inten-
sities of these bands could not be recovered on subsequent
sample annealing to high temperatures. Two absorptions were
detected for species C at 3258.8 and 1758.4 cm . Both bands
were produced only under broad-band UV/visible irradiation
at the expense of the group A and B absorption bands. The
spectra in selected regions with different isotopic samples
(natural abundance boron: "B: 19.8%; ""B: 80.2%, *C,H,,
2C,D,, and “C,H, + “C,H,) are shown in Figures S1-S3 of
the Supporting Information.

The group A absorption bands are assigned to different
vibrational modes of the H,C'"BCH, molecule (Table 1). The
spectra using different isotopically labeled samples (Fig-
ure S1) clearly demonstrate that species A involves only one
boron and one ethylene subunits. The 1489.4 cm ™' absorption
with quite large boron and carbon isotopic shifts is due to an
antisymmetric CBC stretching vibration. The remaining three
absorptions have quite small boron and carbon isotopic shifts
but quite large deuterium isotopic shifts. The 1258.6 cm™
absorption band is attributed to the CH, deformation mode,
while the 878.3 and 640.3 cm ' absorptions are assigned to the
in-plane and out-of-plane wagging modes.

The group B absorptions are assigned to different vibra-
tional modes of the H,CBCH,  ion, which is isoelectronic
with allene. The 1697.2cm™' band corresponds to the
absorption reported at 1700.0cm ' that was tentatively
assigned to the anion in solid argon.™ The observed boron
(37.4 cm™") and carbon (18.2 cm™') isotopic shifts imply that
the 1697.2cm™" band is an antisymmetric CBC stretching
vibration. The much weaker 2942.8 and 587.4 cm ™' bands are
attributed to the CH stretching and out-of-plane wagging
vibrations.

Species C was produced under UV/visible irradiation at
the expense of the bands attributable to species A and B,
suggesting that species C is a structural isomer of H,CBCH,.
The band position and isotopic shifts indicate that the
1758.4 cm™" absorption is an antisymmetric CBC stretching
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vibration. The upper absorption at 3258.8 cm ! shows a very
small (1.2 cm™) boron isotopic shift. The band position is
indicative of a CH stretching vibration. Accordingly, species
C is assigned to HCBCHj;, which is isoelectronic with the
propyne cation.

To verify the experimental assignments, we carried out
quantum chemical calculations. Figure 2 shows the optimized
geometries of the experimentally observed species A—C at the
B3LYP/aug-cc-pVTZ level. The H,CBCH, molecule is pre-
dicted to have a B, ground state with D, symmetry. The two
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Figure 2. Optimized geometries of species A-C (from left to right) at
the B3LYP/aug-cc-pVTZ level. The bond lengths and angles are in [A]
and [°], respectively.

CH, planes have a dihedral angle of 29.2°. The H,CBCH,
molecule is isoelectronic with the allene cation, which was
experimentally determined to have a D,-symmetric structure
with a dihedral angle of 49+3°1 Natural population
analysis indicates that the unpaired electron occupies a b,
orbital which is located mainly at the two carbon atoms. The
calculated harmonic vibrational frequencies and intensities
are in quite poor agreement with the experimental values. The
anharmonic calculations provide much better agreement as
shown in Table 1. The four experimentally observed modes
are predicted to have most intense IR intensities (Table S2).
The antisymmetric CBC stretching mode observed at
1489.4 cm ™' is predicted at 1503.7 cm ™. The CH, deformation
mode observed at 1258.6cm™' is predicted to appear at
1283.7 cm™'. The two CH, wagging modes observed at 878.3
and 640.3 cm™! are calculated to be 871.0 and 663.3 cm™,
respectively. The calculated relative IR intensities as well as
the isotopic frequency shifts are also in quite good agreement
with the experimental values, which leaves no doubt that the
assignment is correct. The H,CBCH, ™ anion has a closed-shell
'A, ground state with D,; symmetry, analogous to the

Table 1: Observed and calculated vibrational frequencies (cm™') of H,CBCH,, H,CBCH, ", and HCBCHs.

Species Mode Exptl. Calcd. Harmonic® Calcd. Anharmonic®
]OB ]]B ]OB W]B WOB HB
H,CBCH, (A) CBC asym. str. 1489.4(0.28) 1469.7(0.1) 1509.5(54) 1473.3(32) 1503.7(28) 1477.2(15)
CH, deform. 1258.6(0.78) 1249.7(1.0) 1340.3 (84) 1326.7(97) 1283.7(68) 1276.9(77)
CH, wag 878.3(0.17) 866.3(0.1) 892.2(19) 878.3(18) 871.0(24) 856.6(23)
CH, wag 640.3(1.00) 638.8(1.0) 709.4(76) 706.2(77) 663.3(89) 662.7(73)
HCBCH, (C) CH str 3258.8(0.2) 3257.7(0.2) 3389.1(45) 3388.7(44) 3253.2(36) 3253.9 (35)
CBC asym. str. 1758.4(1.0) 1705.9(1.0) 1807.3(166) 1751.6(155) 1772.0(166) 1719.9(151)
H,CBCH,  (B) CH str. 2942.83(0.1) 2936.8(0.2) 3072.9(95) 3072.8(96) 2938.8(105) 2929.0(106)
CBC asym. str. 1697.2(1.0) 1659.8(1.0) 1715.3(504) 1662.7(471) 1734.9(88) 1609.2(306)
CH, wag 587.4(0.2) 587.4(0.3) 616.0(218) 615.7(220) 603.4(198) 603.2(200)

[a] The values in parentheses are the integrated intensities normalized to the most intense absorption; [b] The calculated IR intensities are listed in

parentheses in kmmol™". str=stretch; asym =asymmetric.
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isoelectronic allene neutral molecule. The experimentally
observed modes are predicted to be the most intense
vibrations with calculated harmonic band positions at
3072.9, 1715.3, and 616.0 cm ™' (Table S3).

The HCBCHj; molecule is predicted to have a doublet
ground state without symmetry. The CBCH moiety is close to
linearity with a CBC angle of 178.9°. The two B—C bond
distances are 1.530 and 1.353 A, respectively. Natural pop-
ulation analysis indicates that the singly occupied orbital is
mainly a bonding morbital of the shorter C—B bond.
Consistent with experimental observations, only the two
experimentally observed modes are predicted to have appre-
ciable IR intensities in the probed spectral region (Table S4).
The calculated harmonic frequencies are slightly higher than
the experimental values with isotopic frequency shifts very
close to the experimental data (Table 1; Table S4).

The experimental observations shown in Figure 1 clearly
demonstrate that only the H,CBCH, molecule is formed from
the B + C,H, reaction on annealing. This indicates that the C=
C bond of ethylene can be selectively broken by the ground-
state boron atom at cryogenic temperatures and that this
insertion reaction is exothermic and requires negligible
activation energy. In addition to the neutral molecule, the
H,CBCH, ion is also formed after sample deposition
presumably via electron capture by the neutral H,CBCH,
molecule during the co-condensation process. The adiabatic
electron affinity of H,CBCH, is predicted to be 43.9 kcal
mol " at the CCSD(T)//B3LYP level. The absorption bands
attributable to H,CBCH, and H,CBCH, ™ decrease on broad-
band irradiation, during which the HCBCHj; absorption
bands are produced. It is clear that the H,CBCH, ion is
photobleached and that the HCBCH; molecule is formed
from photoinduced isomerization of the H,CBCH, isomer.

The observation of the C=C bond insertion reaction is
quite surprising as only insertion of the more reactive C—H
bond was observed in previous investigations of similar
reactions between metal atoms and ethylene.l'” The detailed
potential energy profile for the reaction B+ C,H, was
calculated previously at the CCSD(T)/cc-pVTZ//B3LYP/6-
311G(d, p) level.'”! The profile related to the present study is
recalculated at the CCSD(T)//B3LYP/aug-cc-pVTZ level,
and the result is shown in Figure 3. In agreement with
previous calculations, the reaction proceeds with the initial
formation of a C,-symmetric B(C,H,) borirane radical.'’-!*]
This addition reaction is barrierless and is exothermic by
47.0 kcalmol™'. B(C,H,) rearranges to the inserted H,CBCH,
isomer via a transition state (TS1) located at 15.8 kcalmol ™
above B(C,H,). The overall C=C bond insertion reaction is
predicted to be exothermic by 73.3 kcalmol !, and proceeds
via a transition state lying 31.2 kcalmol ' lower in energy than
the ground-state reactants B+ C,H,, implying that this
insertion reaction is both thermodynamically favorable and
kinetically facile. Owing to the small barrier, the B(C,H,)
intermediate cannot be frozen in the solid neon matrix.
Experimentally, we do not observe any absorption bands that
can be assigned to B(C,H,). It should be pointed out that the
inserted H,CBCH, molecule was predicted to be the global
minimum on the potential energy surface of BC,H, due to
strongly delocalized CBC bonding and that the reaction
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Figure 3. The potential energy profile of the B+ C,H, reaction calcu-
lated at the CCSD(T)//B3LYP/aug-cc-pVTZ level of theory. The energies
are in kcal mol™" and are corrected with zero-point energy.

pathway for the formation of H,CBCH, is the most energeti-
cally favorable pathway.'”! The reaction pathways to form the
other isomers, including cyclic CH(BH)CH,, the C—H bond
insertion product vinylborane radical HBC,H;, and
H,BCCH,, were predicted to be both kinetically and thermo-
dynamically less favorable.'”!

The H,CBCH, undergoes a hydrogen-atom transfer to
form the less stable HCBCHj; isomer via a transition state
(TS2), which lies 52.8 kcalmol ' above H,CBCH, (Figure 3).
This isomerization reaction is predicted to be endothermic by
9.3 kcalmol ™' and requires activation energy, in agreement
with the experimental observation that the HCBCH; isomer
is produced only under UV light excitation. The isomerization
reaction of the isoelectronic allene cation to form a propyne
cation was predicted to have a similar mechanism.!"”!

The observation of this spontaneous insertion reaction is
consistent with a previous gas-phase kinetic study which
indicated the absence of any significant activation barrier in
the entrance channel of the potential energy surface of the
reaction between atomic boron and C,H,.”” However, an
early matrix-isolation infrared spectroscopic study on the
reaction of laser-ablated boron atoms with C,H, in solid argon
identified three BC,H; isomers, namely borirene (CH),BH,
ethynylborane H,BCCH, and borallene HBCCH,, as the
major reaction products.'”l In that study, the experiments
were performed using quite high ablation laser energy. The
major products were detected right after sample deposi-
tion,” suggesting that these species were formed initially in
the gas phase and were subsequently trapped during the co-
condensation process. A gas-phase reactivity study under
single collision conditions in a crossed beam experiment with
mass spectrometric detection confirmed the formation of
these BC,H; products via bound intermediate(s).'"*!! The
initial steps of the B 4+ C,H, reaction are highly exothermic
and the excess internal energy can barely be released in
collision-free gas-phase environment, which induces a bond
fission leading to the stable end products. In contrast, in this
study the insertion reaction is observed to proceed in a neon
matrix on annealing. The matrix environment is able to
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disperse the reaction energy released, thus, the most favor-
able intermediate is stabilized. The results from complemen-
tary experiments in solid argon with low evaporation laser
energy give similar results to the neon matrix experiments.
The inserted H,CBCH, molecule formed on annealing is the
major product. The HCBCHj; isomer is also formed under UV
light excitation. In contrast, the previously reported BC,H;
species are barely observed (see the Supporting Information).

In summary, our investigations clearly show that a ground-
state boron atom reacts spontaneously with ethylene to form
the molecule H,CBCH, on annealing in solid neon, which can
further isomerize to the less stable HCBCH; isomer under
UV light excitation. The formation of this isomer indicates
that the more inert C=C bond of ethylene can be selectively
broken even at cryogenic temperatures. The present findings
provide a new reaction route, as an alternative to selective C—
C bond activation, for the synthesis of organoboron com-
pounds. The H,CBCH, and HCBCHj; species are potential
intermediates in combustion and interstellar chemistry,?*!
analogous to the well-studied isoelectronic allene and pro-
pyne cations.">-*
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