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The boron atom is a highly electrophilic reagent
due to the presence of its empty p orbital, making it prone to
undergo electrophilic addition reactions with the carbon—carbon
double bonds of olefins. In this study, the classical C=C reaction
pathway occurs when a boron atom attacks the C=C bond of
cyclohexene, resulting in the formation of the 1> (1,2)-BC¢H,,
complex (A) that contains a borirane radical subunit. This complex
can further undergo photoisomerization, leading to the formation
of a 3,4,5,6-tetrahydroborepine radical (C) through the cleavage of
C—C bonds. In addition, two 1-boratricyclo[4.1.0.0>"heptane
radicals with chair (B) and boat (B’) conformations were observed
through o C—H cleavage reactions. Bonding analysis indicates that
these radicals involve a four-center-one-electron (4c-1e) bond. Under UV light irradiation, these two radicals undergo ring-opening
and rearrangement reactions, resulting in the formation of a 1-cyclohexen-1-yl-borane radical (D), which is a sp> C—H activation
product. These findings delineate a potential pathway for the synthesis of organoboron radicals through boron-mediated C—H and

1-boratricyclo-[4.1.0.0>7]-
heptane radical

4c—1e bond

C—C bond cleavage reactions in cycloolefins.

infrared spectrum, matrix isolation, boron, cyclohexene, organoboron radicals

Metal-catalyzed C—H bond borylation reactions are transition-
metal-catalyzed organic reactions that involve the functional-
ization of C—H bonds to produce organoboron compounds.
These reactions have gained significant attention over the past
two decades due to their importance in the synthesis of organic
materials, natural products, pharmaceuticals, and fine chem-
icals.'~'* However, the reliance on precious-metal catalysts
with ligands poses limitations, especially in terms of trace-metal
residue issues in pharmaceutical products. This has led to the
exploration of metal-free catalysts that can mimic the reactivity
of metallic systems. In recent years, electron-deficient boron-
based catalyst systems have shown promising results in C—H
bond transformations."”™'® These new methodologies have
expanded the range of substrates, improved reaction efliciency,
and provided new chemical and regioselectivity options.
Organoboron intermediates and/or radicals play a key role
in the mechanisms of metal-catalyzed and metal-free catalyzed
C—H bond borylation reactions.'” > These compounds are
usually too reactive to be spectroscopically characterized.
The elementary reactions of boron atoms with hydrocarbons
can serve as prototypical models to elucidate the reactivity and
reaction mechanisms of organoboron compounds. These
reactions involve the activation of C—C and C—H bonds in
hydrocarbon molecules by atomic boron, leading to the
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formation of novel organoboron compounds.”’ Gas-phase
kinetic**~°
tions,>' 733
ies,** %" have provided valuable insights into the reaction
mechanisms and intermediates involved in these processes.
Matrix isolation infrared spectroscopy, in particular, has been
advantageous in studying the reaction mechanisms and
intermediates at low temperatures. Previous research has
shown that boron atoms can spontaneously and selectively
insert into the C=C double bond of ethylene molecules under
matrix isolated conditions, rather than the C—H bond with
lower activation energy.”® Boron atom-mediated ring-opening
and rearrangement reactions of benzene molecules, leading to
the formation of borepinyl radicals and borole derivatives, have
also been observed in solid neon.*’ Additionally, the
spectroscopic identification of a ground-state boron atom
selectively inserting into the C=C double bond of cyclo-

and crossed molecular beam dynamic investiga-
as well as matrix isolation spectroscopic stud-
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Figure 1. Infrared spectra in the 900—550 cm™" region from codeposition of boron atoms ('°B-enriched, 97%) with 0.05% cyclohexene in solid
neon: (a) after 30 min deposition at 4 K, (b) after annealing to 12 K, (c) after 1S min A > 495 nm UV—visible light irradiation, and (d) after 15 min

A > 280 nm UV—visible light irradiation.

pentene, forming a 3,4,5-trihydroborinine radical, has been
reported in inert matrices."” These findings indicate that
electron-deficient boron atoms have a tendency to attack
molecules with electron-excessive bonds, such as unsaturated
bonds in ethylene, allene, acetylene, benzene, and cyclo-
pentene, 1eadin§ to the formation of novel organoboron
compounds.”®™*" However, compared to the activation of
unsaturated bonds, the boron-mediated C—H bond activation
of unsaturated hydrocarbons has been rarely ob-
served 1 51645—47

Herein, we present a comprehensive study combining matrix
isolation infrared spectroscopy and theoretical calculations to
investigate the reactions of boron atoms with cyclohexene in
solid neon. The aim of this study was to trap and
spectroscopically identify the transient intermediates or
radicals formed during these reactions as well as to elucidate
the boron-mediated C—H and C—C bond activation. The
experimental results revealed two distinct reaction pathways
involving the activation of both the C=C bond and the C—H
bond of cyclohexene by boron atoms. Spectroscopic evidence
has been presented for the formation of an 7% (1,2)-BC¢H,,
complex (A) and a 3,4,5,6-tetrahydroborepine radical (C)
through the cleavage of the cyclohexene C=C bond.
Additionally, the formation of a 1-boratricyclo[4.1.0.0%7]-
heptane radical (B) and a 1-cyclohexen-1-yl-borane radical
(D) through the cleavage of C—H bonds has also been
observed. The underlying reaction mechanisms are thoroughly
discussed based on quantum chemical calculations.

Since the details of the experimental setup for pulsed laser
evaporation and matrix isolation infrared absorption spectroscopy
have been previously reported,"™*® only a short description is
provided here. The 1064 nm YAG laser fundamental wavelength
(Continuum, Minilite II; 10 Hz repetition rate) was focused onto a
rotating boron target to produce the boron atoms. Natural abundance
boron ('°B, 19.8%; 'B, 80.2%) and '°B-enriched (97%) targets were
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used in different experiments. The C¢H,,/Ne mixtures were prepared
in a stainless-steel vacuum line using a standard manometric
technique. The C¢H,, reagent was used without further purification
in the experiment. C¢H;, and isotope-labeled C¢D,, samples were
used. The laser-evaporated boron atoms were codeposited with
cyclohexene reagent gas in excess neon onto a cryogenic CsI window,
which was maintained at 4 K by employing a closed-cycle helium
refrigerator. The samples were usually deposited for 30 min at a rate
of approximately 6 mmol/h. The as-deposited samples were subjected
to annealing and photolysis experiments to initiate diffusion and
photoinduced reactions. Selected samples were also subjected to
broadband irradiation using a tungsten lamp or a high-pressure
mercury arc lamp with optical filters to initiate further isomerization
or dissociation reactions. The infrared absorption spectra of the
products in the mid-infrared region (4000—450 cm™") were recorded
on a Bruker Vertex 70 V spectrometer at 0.5 cm™ resolution using a
liquid nitrogen-cooled HgCdTe (MCT) detector.

Quantum chemical calculations were performed to determine the
molecular structures and to support the assignment of the vibrational
frequencies of the observed reaction products. The structural
optimization and vibrational frequency computation were done
using the three-parameter hybrid functional according to Becke
with the correction functional by Lee, Yang, and Parr (B3LYP) with
the Gaussian09 program package.’® > The Dunning’s correlation
consistent basis set with polarized triple-{ plus diffuse functions (aug-
cc-pVTZ) has been used for the B, C, and H atoms.>"** Single-point
calculations were performed at the CCSD(T)/cc-pVTZ level of
theory.*** Based on the various possible geometries with different
spin states, energy and vibrational calculations were performed to
interpret the experimental vibrational features. Transition-state
optimizations were performed with the synchronous transit-guided
quasi-Newton method and were verified through intrinsic reaction
coordinate calculations.>* Chemical bonding analyses were performed
by the adaptive natural density partitioning (AdNDP) method using
the density generated from the B3LYP calculations for the assignment
of both localized and delocalized bonding using the Multiwfn
program.‘%’57

The matrix-isolated products were formed by depositing laser-
ablated boron atoms ('’B-enriched, 97%) together with 0.05%
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Figure 2. Infrared spectra in the 1520—1050 cm™

! region from codeposition of boron atoms ('°B-enriched, 97%) with 0.05% cyclohexene in solid

neon: (a) after 30 min deposition at 4 K, (b) after annealing to 12 K, (c) after 15 min 4 > 495 nm UV—visible light irradiation, and (d) after 15 min

A > 280 nm UV—visible light irradiation.
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Figure 3. Infrared spectra in the 2640—2500 and 1590—1570 cm™

regions from codeposition of boron atoms ('°B-enriched, 97%) with 0.05%

cyclohexene in solid neon: (a) after 30 min deposition at 4 K, (b) after annealing to 12 K, (c) after 15 min 4 > 495 nm UV—visible light irradiation,

and (d) after 15 min A > 280 nm UV—visible light irradiation.

cyclohexene in excess neon. The infrared spectra in selected
regions of the reaction products are shown in Figures 1-3.
Additionally, Figure S1 shows the spectrum obtained from
depositing 0.1% pure cyclohexene in solid argon, which serves
as a reference. Besides the strong cyclohexene reactants and
residual water absorptions, some new absorptions were
observed either upon sample deposition or annealing and
photolysis. The product absorptions could be categorized into
several groups (labeled as A—D) based on their annealing and
photochemical behaviors. Two new product absorptions (A
and B) appeared on sample deposition and increased on
sample annealing. The apparent increase in species C was
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accompanied by the depletion of species A when the sample
was exposed to broadband irradiation in the wavelength range
of 580 > A > 495 nm using a high-pressure mercury arc lamp.
Species D was observed under subsequent 580 > A > 280 nm
light irradiation at the cost of species B. To aid in product
identification based on isotopic shifts, the experiments were
repeated under the same conditions using a natural abundance
boron target and C4D,, samples. The spectra in selected
regions can be seen in Figures 4—5 and S2—S4. The positions
of the bands are summarized in Table 1.

Group A absorptions are assigned to the different vibrational
modes of the 1> (1,2)-BC4H,, complex, which involves six
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Figure 4. Infrared difference spectra in the 1100—550 cm™

! region from codeposition of boron with cyclohexene in solid neon (spectra taken after

annealing to 12 K minus spectrum after 15 min A > 495 nm UV light irradiation): (a) '°B + 0.05% CgHjq, (b) "B + 0.05% CgHj, and (c) *°B +
0.05% C¢Do. The natural abundance boron ('°B, 19.8%; ''B, 80.2%) is labeled as "B. The vibration mode v, of species A and C is labeled as Av,

and Cu, respectively.
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Figure 5. Infrared difference spectra in the 2700—1900 cm™

!'and 1600—1550 cm™!

regions from codeposition of boron with cyclohexene in solid

neon (spectra taken afterlS min 4 > 495 nm light irradiation minus spectrum after 15 min A > 280 nm UV light irradiation): (a) '°B + 0.05%
C¢H,o, (b) "B + 0.05% C¢H,, and (c) '°B + 0.05%C¢D,,. The natural abundance boron (*°B, 19.8%; ''B, 80.2%) is labeled as "B. The vibration

mode v, of species B and D is labeled as Bv, and Dv/, respectively.

absorptions at 1068.1, 931.7, 819.9, 759.6, 742.5, and 660.2
cm™'. These absorptions are observed on sample deposition
and increase on sample annealing at 12 K but markedly
decrease on broadband irradiation in the wavelength range of
495—580 nm. The three absorptions at 1068.1, 819.9, and
660.2 cm™" show small boron isotopic shifts mainly ascribed to
C—C stretching and/or C—H deformation modes. These band
positions are relatively close to those of the cyclohexene oxide
complex in solid argon.”® Two bands at 931.7 and 742.5 cm™!
have moderate boron isotopic shifts, suggesting that these
bands are assigned to the C—B vibration. The 759.6 cm™’
absorption is the most intense band and exhibits the largest

3186

boron isotopic shift among the observed absorptions, which is
attributed to the C—B vibration.

Group B has been identified as the 1-boratricyclo[4.1.0.0%7]-
heptane radical. It has two configurations, a chair conformation
(B) and a boat conformation (B"), and different configurations
have different characteristic absorptions. These absorptions
have similar behavior to group A in sample deposition and
annealing but remain unchanged when the sample is subjected
to 580 > A > 495 nm UV—visible light irradiation and is almost
destroyed under 580 > A > 280 nm UV—visible light
irradiation. Species B contains seven absorptions with band
centers at 2597.6, 1300.0, 1155.4, 1106.3, 1044.7, 851.1, and

https://doi.org/10.1021/jacsau.4c00492
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Table 1. Comparison of the Observed and Calculated Vibrational Frequencies (¥, cm™) and Isotopic Shifts (A, cm™) of the

°BCH, Isomers

exptl caled
modes Ve Ay Ay Wb Ag Ay
A vy 1068.1 (0.3) 2.6 1774 1046.4 (13) 3.0 194.0
V2 931.7 (0.1) 4.6 940.7 (12) 4.3 184.3
V3 819.9 (0.8) 0.2 139.7 808.0 (18) 0.6 140.2
v4 759.6 (0.8) 9.9 84.0 741.3 (20) 13.0 96.8
Vs 742.5 (1.0) 43 180.3 733.0 (15) -0.2 1814
v6 660.2 (0.4) 0.4 59.3 642.8 (15) 1.7 622
B vl 2597.6 (1.0) 12.1 639.8 2603.9 (105) 12.1 661.0
2 1300.0 (0.1) 1.1 346.6 1275.7 (10) 0.5 352.1
V3 1155.4 (0.1) 1.9 301.0 11369 (14) 0.8 265.2
v4 1106.3 (0.1) 3.9 210.5 1072.6 (12) 42 231.0
VS 1044.7 (0.1) o 208.2 1033.3(13) 1.8 216.5
v6 851.1 (0.1) 6.5 190.0 842.4 (14) 7.8 156.7
v7 746.0 (0.2) 12.2 104.7 734.7 (16) 13.1 103.2
B’ vl 2597.6 (1.0) 12.1 639.8 2603.2 (100) 12.1 660.2
2 1123.9 (0.1) 1.1 292.6 1108.6 (13) 0.8 2454
V3 o o o 1023.9 (16) 2.5 77.9
v4 851.1 (0.1) 6.5 14.6 843.9 (13) 53 23.4
Vs 773.3 (0.1) 12.5 125.5 757.3 (14) 8.9 105.8
v6 700.4 (0.1) 5.5 102.1 690.2 (10) S4 104.2
C vl 1483.3 (1.0) 29.0 34.6 1485.6 (53) 31.0 29.1
2 1414.6 (0.8) 10.9 366.6 1405.7 (30) 7.6 369.3
v3 1304.9 (0.2) o 143.0 1294.1 (16) 1.9 176.7
v4 1150.3 (0.3) 1.1 242.5 1136.4 (15) 14 216.1
VS 1031.4 (0.1) 0.9 172.6 1006.0 (12) 0.4 172.3
v6 843.3 (0.3) 0.6 88.9 823.9 (13) 0.0 79.9
v7 597.4 (0.9) 2.6 o 600.1 (52) 2.7 96.3
D vl 2553.3 (1.0) 134 630.8 2554.8 (156) 113 652.5
2 1583.8 (0.1) 2.3 264 1572.3 (86) 0.2 27.5
V3 1428.2 (0.1) 0.1 357.4 1412.8 (16) 0.1 379.5
v4 1187.0 (0.1) 12.5 63.2 1171.1 (42) 11.7 68.2
Vs 1115.0 (0.1) . 202.1 1119.1 (8) 0.3 181.0
v6 776.5 (0.1) 148.8 7629 (13) 64 143.0

“The values in parentheses are the integrated intensities normalized to the most intense absorption. bThe harmonic vibrational frequencies’ scaling
factor is 0.968 from the NIST database (NIST-CCCBDB). The calculated IR intensities are listed in parentheses in km/mol. The boron-11 and

deuterium isotopic shifts are labeled as Ay and Ay, respectively.

746.0 cm™'. The absorption band with the highest intensity at
2597.6 cm™" shows very large boron and deuterium isotopic
shifts, which are ascribed to the B—H stretching mode. This
agrees well with the B—H stretching vibration at the CH;BH
molecule (2561 cm™') observed in solid argon.>” The 1300.0,
1155.4, 1106.3, and 1044.7 cm™! bands all exhibit small boron
isotopic shifts but large deuterium isotopic shifts that are
mainly attributed to the C—H vibrations. The 851.1 and 746.0
cm™! absorptions show large boron and deuterium isotopic
shifts, which are indicative of the C—B vibration and B—H
deformation mode. The boat conformation radical (B’)
involves five absorptions at 2597.6, 1123.9, 851.1, 773.3, and
700.4 cm™". According to the analysis of chair conformation
(B) and boat conformation (B’), species B’ was presumed to
have the same B—H stretching vibration at 2597.6 cm™". It
should be noted that three bands were observed for species B
and B’ at the same frequencies of 2597.6, 1044.7, and 851.1
cm™ . These bands are attributed to the vibrations of the BH
tricycle subunit. The band at 1123.9 cm™" shows a small boron
isotopic shift but a very large deuterium isotopic shift. It is
mainly due to C—C and/or C—H vibrations. The observed
large boron and deuterium isotopic shifts imply that the 773.3
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cm ™! band is appropriately assigned to the B—H deformation
mode. The 700.4 cm™" band with a small boron isotopic shift
but a large deuterium isotopic shift is due to the CH,
deformation mode, which is in good agreement with the
CH, deformation mode of H,C=BH (705.7 cm™!).*’
Species C is formed at the cost of species A under UV light
irradiation, indicating that species C results from photo-
isomerization of species A. It is assigned to the 3,4,5,6-
tetrahydroborepine radical, for which seven absorptions at
1483.3, 1414.6, 1304.9, 1150.3, 1031.4, 843.3, and 597.4 cm™!
are observed. The 1483.3 and 1414.6 cm™' bands with quite
large boron isotopic shifts are due to B—C stretching vibrations
which agree well with the observed antisymmetric C—B—C
stretching vibration of the H,CBCH, molecule in solid neon.*®
In addition, the band at 1414.6 cm™ also has a large deuterium
isotopic shift that is attributed to the C—H vibration. In
previous research, this assignment was consistent with the CH,
vibration of H,CBH, (1414.7 cm™).”” The other four
absorption peaks at 1304.9, 1150.3, 1031.4, and 843.3 cm™!
show quite small boron isotopic shifts but large deuterium
isotopic shifts, which may be due to C—C or C—H vibrations.
The most intense absorption of group C is observed at 597.4
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JACS Au 2024, 4, 3183-3193


pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

B', Cs: ZA-
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Figure 6. Optimized structures of species A—D at the B3LYP/aug-cc-pVIZ level (bond lengths in angstrom and bond angles in degrees). Atom

colors: B = pink; C = gray; H = white.

cm™'. However, the deuterium isotopic shift is not observed in
our infrared spectra because of the large signal-to-noise ratio
(S/N) below 500 cm™.

Species D is transformed from group B under 580 > 4 > 280
nm light irradiation, which involves six absorptions at 2553.3,
1583.8, 14282, 1187.0, 11150, and 776.5 cm™'. These
absorptions are assigned to the different vibrational modes of
the 1-cyclohexen-1-yl-borane radical. The 2553.3 cm™ band
with quite large boron and deuterium isotopic shifts is due to
the B—H stretching vibration, which is similar to species B.
The band at 1583.8 cm™' shows very small boron and
deuterium isotopic shifts; therefore, it is attributed to the C=
C stretching vibration. The absorption band at 1187.0 cm™
also shows a large boron isotopic shift, which is indicative of a
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C—B stretching mode. Besides, the remaining three
absorptions at 1428.2, 1115.0, and 776.5 cm ™! exhibit relatively
large deuterium isotopic shifts, suggesting that they could be
mainly attributed to the C—C and/or C—H deformation
vibrations.

Following the infrared spectroscopic analysis, we performed
theoretical calculations to gain a deeper understanding of the
structural, bonding, and mechanistic properties of the five
novel radicals formed in the cryogenic matrices. Figure 6 shows
the optimized geometries of experimentally observed species
A-D at the B3LYP/aug-cc-pVTZ level.

Species A is a transannular 7 addition complex that
possesses a borirane radical subunit and has a *A ground
state without symmetry. The C—B—C bond angle of the
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twisted C—B—C subunit is 64.0°. Two different C—B bonds
lengths are 1.518 and 1.522 A, respectively. These geometric
parameters are close to those of the C—B—C structure in the
BC,H, intermediate.”” Likewise, a similar cyclohexene oxide
cyclic product was considered in the photochemical reaction of
cyclohexene with ozone in solid argon.*’

Species B is a tricyclic organoboron radical that possesses
two three-membered boron heterocyclic ring moieties and one
six-membered boron heterocyclic ring moiety. This compound
has two conformational isomers with chair conformation (B)
and boat conformation (B’). Both isomers have the A’ ground
state with C; symmetry. The calculated B—H bond length of
species B is 1.183 A, which is a bit longer than the B—H bond
length of the single three-membered borirane ring of the
BC,H; product isomers (1.177 A).> It should be noted that
the other C—C and C—H bond length and bond angle
parameters are in quite good agreement with those of
tricyclo[4.1.0.0%" Jheptane.”’ To elucidate the bonding in-
formation on species B, we performed AANDP analysis, which
has the ability to identify simultaneously both localized and
delocalized bonding in chemical species.”” " The results are

shown in Figure 7, besides 19 2c—2e localized ¢ bonds (six C—
C, nine C—H, three C—B, and one B—H o bonds), the
AdNDP analysis reveals one delocalized 4c—1e bond for the
central cyclic-BC; moiety.

Figure 7. 4c—le bonds of the 1-boratricyclo[4.1.0.0>"heptane radical
are illustrated in both top view and side view using AINDP analysis.

Species C with a seven-membered ring has a ?A ground state
and nonplanar C, symmetry. The C—B bond length of species
C is 1.424 A and fits well with the C—B bond length of 1.425 A
in the H,CBCH, molecule.”® The C—B—C bond angle is
158.9°, which is slightly larger than that in the 3,4,5-

trihydroborinine radical (150.7°).*" Species D is predicted to

have a nonplanar structure with a A ground state involving the
insertion of a boron atom into the sp> C—H bond of
cyclohexene. The geometric parameters and spatial config-
uration of the carbon ring are in good agreement with the
previously reported lowest energy ¢ conformers of 3-cyclohexen-
1-ol at the CCSD/cc-pVTZ level.”®

As shown in Tables 1 and S1 and S2, it is apparent that the
prediction of five BC4H,, isomers’ vibration frequencies and
intensities shows excellent agreement with the experimental
spectrum. For the 7* (1,2)-BC¢H,, complex (A), the 741.3
cm™' absorption shows the strongest infrared absorption
intensity and the largest boron-11 isotopic shift in the
calculation corresponding to the strongest infrared absorption
intensity and the largest boron-11 isotopic shift (9.9 cm™) of
species A at 759.6 cm™" observed in the experiment. Regardless
of whether it is the standard vibrational frequencies or the
isotopic shifts of boron-11 and deuterium, the calculated
spectral bands for species A are in remarkable concordance
with the experimentally observed absorptions. The full set of
calculated and experimental frequencies, intensities, and
isotopic shifts of species A are given in Table S3.

For the 1-boratricyclo[4.1.0.0%"Jheptane radical, the B—H
stretching vibration is predicted at 2603.9 cm™" in species B
with chair conformation and 2603.2 cm™ in species B’ with
boat conformation. Both B—H bands are observed at 2597.6
cm™ in the solid neon. The B—H stretching vibration shows
the most intense absorption in both the theoretical calculations
and experimental observations for species B and B’. The 746.0
cm™' band in species B shows the largest boron-11 isotopic
(12.2 cm™) and is predicted at 734.7 cm™". The 773.3 cm™!
band in species B’ shows the largest boron-11 isotopic (12.5
cm™') and is predicted at 757.3 cm™". These absorptions are
assigned to the B—H deformation mode. The other calculated
absorptions and corresponding isotopic shifts of species B and
B’ are shown in Tables S4 and SS, which are also in good
agreement with the experimental observation.

For the 3,4,5,6-tetrahydroborepine radical (C), the anti-
symmetric C—B—C stretching vibration observed at 1483.3
cm™! is predicted at 1485.6 cm™. This band shows the most
intense absorption and largest boron-11 isotopic shift in the
calculation (32.0 ¢cm™) corresponding to the strongest
absorption band with a 29.0 cm™ boron-11 isotopic  shift.
The experimentally observed peak at 1414.6 cm™' is
theoretically predicted at 140S5.7 cm™'. This absorption is

Scheme 1. Observed Pathways of the Reactions of Boron Atoms with Cyclohexene in Solid Neon®
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Relative energy (kJ/mol)

Reaction Coordinate

Figure 8. Potential energy profile of the B (*P) + C¢H,, reaction calculated at the CCSD(T)/cc-pVTZ//B3LYP/aug-cc-pVTZ level of theory. The
energies are expressed in kJ/mol, and the excited-state reactants and products are highlighted in red. ISC stands for intersystem crossing.

ascribed to the C—B—C stretching vibration combined with
the C—H scissoring vibration. The full sets of frequencies,
intensities, and isotopic shifts are shown in Table S6.

For the l-cyclohexen-1-yl-borane radical (D), the 2553.3
cm™' band shows the largest boron-11 (13.4 cm™) and
deuterium (630.8 cm™") isotopic shifts predicted at 2554.8
cm™!, which is ascribed to the B—H stretching vibration. It is
necessary to point out that the 1583.8 cm™" bands with very
small boron-11 (2.3 cm™") and deuterium (26.4 cm™") isotopic
shifts are attributed to the C=C stretching vibration. This
absorption is predicted at 1572.3 cm™". As shown in Table S7,
the other experimental frequencies of species D also exhibit
good agreement with the theoretical prediction.

Further support for the assignment comes from the nice
match between the calculated and experimental isotope shifts;
species A, B, B’, C, and D are safely and correctly assigned
(Tables S1 and S2). As shown in Scheme 1, the experimental
results point to two reaction pathways involving boron-
mediated C=C and C—H activations of cyclohexene,
respectively. Figure 8 shows the detailed potential energy
profile for the reaction of B (*P) atoms with cyclohexene to
generate species A, B, C, and D that was calculated at the
CCSD(T)/cc-pVTZ//B3LYP/aug-cc-pVIZ level. The TI1
diagnoses for the CCSD(T) calculations of species A—D
have been added in Table S10. The C=C double bond
activation reaction is initiated by a boron atom attacking the
C=C bond of cyclohexene, forming an 7* (1,2)-BC¢H,,
complex (A) which possesses a borirane radical subunit. This
cycloaddition reaction is exothermic by 175 kJ mol™' and
exhibits no energy barrier. The 7* (1,2)-BC¢H,, complex (A)
rearranges to the inserted 3,4,5,6-tetrahydro-borepine radical
(C) isomer via a transition state (TS1) located 73 kJ mol™
above the species A structure. In contrast to the 1> (1,2)-
BC;Hg complex that cannot be trapped in solid neon due to
only 39 kJ mol™" energy barrier, the 7* (1,2)-BC4H,, complex
was observed in the experiment with a calculated 73 kJ mol™*
isomerization energy barrier.*’ Species A overcomes the energy
barrier to generate species C under 495-580 nm light
irradiation. The reaction to yield species C is exothermic by
257 kJ mol™". The experimental observations and theoretical
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calculations of the formation of species A and C are in good
agreement. The quartet state products A, B, C, and D are
indicated in the red line. Given the challenge in trapping higher
energy excited-state species in matrix isolation experiments,
only the doublet states of A, B, C, and D are considered in the
photoinduced isomer reactions. Isomerization intermediates
formed in other excited states are not considered.

For the C—H bond activation, the reaction is predicted to
proceed through a pathway that the boron atom first attacks
the  C—H bond of cyclohexene forming an intermediate (I1),
and then the BH subunit approaches the cyclohexene C=C
bond generating the 1-boratricyclo[4.1.0.0>heptane radical
(B). The reaction to yield species B is exothermic by 303 kJ
mol™'. However, the energy barrier of intermediate (I1)
isomerizing to species B is only 11 kJ mol™". This may be the
reason that intermediate (I1) cannot be trapped and observed
in our experiment. However, it is possible that species B could
also arise from the conversion of species A, potentially
involving the transfer of hydrogen from sp® or sp* C—H
bonds, as depicted in Figure S5.

The rearrangement reaction from species B to the 1-
cyclohexen-1-yl-borane radical (D) is quite complicated and
involves several intermediates and corresponding transition
states. First, species B rearranges to a seven-membered ring
2,3,4,-trihydro-1H-borepine radical intermediate (I2) via a
transition state (TS3) located 106 kJ mol™ above the species
B structure. This reaction step is in agreement with the
previous reports that the benzvalyne and 3-aza-benzvalene
compounds isomerize to benzyne and gyridine, respectively,
through a ring-expansion reaction.”* ™" The largest energy
barrier of the isomerization reaction is 279 kJ mol™', which
undergoes a transition state (TS4) to yield an intermediate
(13). This is the reason that species D was observed only under
broadband UV light irradiation. Although intermediate I2 is
kinetically stable due to the large barriers for its isomerization
with either B or intermediate I3, it was not observed in the
experiment. The calculated vibrational frequencies, intensities,
and corresponding isotopic vibrational frequencies of inter-
mediate I2 have been included in the Supporting Information
(Tables S8 and S9). As shown in Figures S6 and S7, the
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calculated electronic absorption spectrum of intermediate 12
indicates its sensitivity to 280—580 nm UV light irradiation,
potentially causing the photoisomerization of intermediate 12
to intermediate I3. This may be the reason that intermediate
I2 was not observed in 280—580 nm UV light irradiation.

Intermediate I4 isomerizes to species D through the
carbon—boron bond cleavage of the borirane subunit. Since
the highest transition state (TS4) lies 57 kJ mol™" lower in
energy than the ground-state reactants boron atom with
cyclohexene, this isomerization reaction is predicted to be both
thermodynamically favorable and kinetically facile. The
optimized geometries of the corresponding intermediates and
transition states are shown in Figures S8 and S9.

The results indicate that atomic boron is quite reactive
toward cyclohexene molecules in forming novel organoboron
radicals through boron-mediated C=C double bonding and
C—H cleavage reactions. The boron atom attacks the C=C
double bond of cyclohexene forming a 7> (1,2)-BC4H,,
complex (A), which rearranges to the inserted 3,4,5,6-
tetrahydro-borepine radical (C). This reaction pathway is in
perfect match with previous research on the reaction of boron
atoms with ethylene,”® benzene,”” and cyclopentene.” The
observation of the l-boratricyclo[4.1.0.0%”] heptane radical
(B) and 1-cyclohexen-1-yl-borane radical (D) indicates that
the C—H bonds are activated by atomic boron. It should be
pointed out that the boron atom attacks the & C—H bond of
cyclohexene, resulting in forming species B. Notice that species
D is a boron-mediated cyclohexene sp> C—H activation
product. The spin density is mainly located on the boron atom.
Therefore, species D is a cyclohexene-substituted borane
radical which is named as the 1-cyclohexen-1-yl-borane radical.
These boron atom-mediated @ C—H bond and sp* C—H bond
cleavage reactions provide new insights into the directed C—H
borylation of unsaturated hydrocarbons and cycloolefins
without the use of metal catalysts.

The reactions of atomic boron with cyclohexene molecules in
solid neon have been investigated by using matrix isolation
infrared absorption spectroscopy. The experimental results
concur with two reaction pathways, where boron-mediated
C=C bond and C—H bond activations of cyclohexene take
place, respectively. For the C=C double bond activation
reaction, the ground-state boron atom attacks the C=C bond
of cyclohexene forming an #7*> (1,2)-BC4H,, complex (A)
which further isomerizes to a 3,4,5,6-tetrahydroborepine
radical (C) through C—C bond cleavage under UV light
irradiation. For the C—H bond activation reaction, it is
predicted to proceed through a pathway that the boron atom
first attacks the o C—H bond of cyclohexene forming an
intermediate (I1), and then the BH subunit approaches the
cyclohexene C=C bond, generating the unprecedented 1-
boratricyclo[4.1.0.0%"Theptane radical. It is worth highlighting
that the chair (B) and boat (B’) conformers of this radical
were both observed in our experiments. These two radicals
isomerize to 1-cyclohexen-1-yl-borane radical (D), an sp*> C—
H activation product, via ring-opening and rearrangement
reactions under UV light irradiation. This is a good example of
forming novel organoboron radicals through the boron-
mediated C—H and C=C double bond activation of
unsaturated hydrocarbons. It is crucial to acknowledge the
observed variance in reactivity between cyclopentene and
cyclohexene with boron atoms, a phenomenon that remains to
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be fully elucidated. The present findings provide a possible
route for the future design and synthesis of corresponding
organoboron radicals through the reactions between atomic
boron and cycloolefins.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00492.

Observed and calculated frequencies of species A—D,
net C4H, and isotopic infrared spectra of species A—D,
calculated potential energy profile, electronic absorp-
tions spectra, intermediates and transition states, and
calculated atomic coordinates (PDF)
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