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Reaction of Benzene and Boron Atom: Mechanism of Formation of Benzoborirene and
Hydrogen Atom

Introduction

Employing matrix isolation IR spectroscopy, the reactions
of boron atoms with methare® acetylené; 2 ethylene’
ethané®, and methandf1! have been investigated, while the
dynamics of reactions of boron atoms with ethyléh&
acetylené?and dimethylacetyledghave been probed utilizing
the crossed-beam technigue. We have recently reported that th
reaction of boron atoms with deuterated benzerBgQresults
in the formation of @DsB and a deuterium atom under the single
collision conditions of a crossed molecular beam apparatus as
indicated by time-of-flight mass spectrometfyBy comparing
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The reaction of @D + B(?P) is investigated by crossed molecular beam experiments at a collision energy
of 5.5 kcal mot? and by electronic structure computations. The latter were performed employing hybrid
Hartree-Fock/density functional theory (B3LYP), coupled cluster theory with single, double, and a perturbative
estimate of triple excitations [CCSD(T)], complete active space self consistent field (CASSCF), and
multiconfiguration quasi-degenerate perturbation theory to second order (MC-QDPT2) in conjunction with
6-31G*, 6-31H1-G**, and cc-pVTZ basis sets. Final energies were obtained at the CCSD(T)/cc-pVTZ//B3LYP/
6-311+G** + ZPVE level of theory. Two possible addition channels to the benzersystem were
characterized. One involves a weakly bound benzdmeonsr complex and proceeds over a barrier, which
lies below the energy of separated reactants, t@a@¢Hs—B o complex @). The second channel is the
symmetric attackif,) to azz bond of benzene. This addition mode following 8¢’ potential energy surface
involves a valley ridge inflection (VRI) point and therefore results4inThis VRI point also makes the
formation of the 7-boranorbornadiene-7-yl radidal?Q’) via nonadiabatic transition frodf" to A’ unlikely.

The primary addition product (and6) can rearrange over barriers below the energy of separated reactants
to finally reach the phenylboryl radical@, A’). This is the most stabled8lsB species identified. Cleavage

of an o-CH bond goes along with closure of a8 bond and yields benzoborireng, ¢A;) and hydrogen

atom (—19.2 kcal mot?; —16.7 kcal mot? for the [Dg]-benzene system). Abstraction of hydrogen by boron

to produce phenyl radicaf4,) and boryleneg") is endoergic by+30.4 kcal mot! (CsDs + BD, +31.6

kcal mol1) and is therefore not viable under our experimental conditions. The features offhi3 fotential
energy surface identified computationaligo entrance barrier with respect to separated reactants, exoergicity
of —16.7 kcal mot?, transition state energy and structure in the exit channel (6.5 kcal'mith respect to

1+ D)—are in agreement with crossed-beam data (exoergiclt®.84+ 1.2 kcal mot?; exit channel barrier
2.4—4.8 kcal motY). Phenylborylen€ and didehydroborepingare alternative gHsB species, but these are
higher in energy that by 32 and 43 kcal mol and are therefore not formed in the crossed-beam experiment.

isomer ([B]-3), were found to be much higher in energy than
1 and thus could be excluded as reaction products. Witilas
been repeatedly studied with respect to the Milxon
effectl’~1° 2 was sought experimentally in 1970 by Fox ef@l.
The 1-naphthyl analogue (also called 1-naphthylboryne) of
phenylborylen& was reported in 1977 to result from irradiation
A > 350 nm) of tri-1-naphthylboron in solutidAbut this claim

as refuted 7 years laté?.The only theoretical investigation
of 2 has been reported by Uddin et &who studied its bonding
properties in transition metal compounds, wiilleas never been
studied before to the best of our knowledge.

the experimental and computed reaction energies for possible
CsDsB products as well as geometric and energetic data for the

this experiment. Other possiblegl@sB reaction products

H
| B
transition state in the exit channel, we concluded thaf-[D a —~B
benzoborirene ([E}-1) was the reaction product observed in @ @
1 2 3

considered, phenylborylene (§P2) and the didehydroborepine
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The valence-isoelectronic Abenzene system has received
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that an?-CgHg—Al species is formed with a binding energy of impact ionizer analyzed the reaction product via the time-of-

11.74+ 1 kcal moll, Computational investigatio”&?8 support flight (TOF) techniqué®** TOF spectra were recorded at

the assignment of the observed species to a norbornadiene-likalistinct angles; an integration of these spectra led to the

system with a transannular aluminum bridge. However, single- laboratory angular distribution. A forward-convolution technique

collision crossed-beam data are not available for the@Hg was utilized to transform the laboratory data into the center-

system. of-mass reference frame. This procedure yields the center-of-
In this paper we report a detailed computational and mass translational energy(Er), and the angular distributions,

experimental investigation of the reaction of benzene with a T(6).

boron atom. We consider the entrance and exit channels of the

reaction as well as rearrangements afHEB species. The Results and Discussion

information thus gained, along with data from crossed-beam

experiments described here, allows the identification of the

lowest energy pathway for formation of benzoborirenkl from

Stationary points discussed in this paper are displayed in
Figures 1 and 2.

the reactants. A. Entrance Channels and Their Primary Products.
Addition to the Benzene SystemOrbital symmetry consider-
Theoretical Details ations are very helpful in characterizing the possible addition

] ) . o . modes of boron atom to benzene. A complex between a boron

The geometries of stationary points were optimized using a¢om, (253 (2p), centered over a benzene moleculeds,
Becke’'$® three-parameter hybrid density functional as imple- symmetry (2@ a; 2Py, €1) can have &A; or aE; electronic
mented® in the Gaussiatt program in conjunction with the  gtate. The degenerate open-sREH state is subject to a first-
exchange functional of Lee, Yang, and P&(B3LYP). A finer order Jahr-Teller distortion. The two degenerate,2mnd 2
integration grid (99 radial shells and 590 angular points per shell) 5 pitals transform according teland h irreducible representa-
was used for a number of structures with low (imaginary) tions in Cy, Ssymmetry (the 2pA0O still belongs to @, while
vibrational frequencies3(*A’, 4-C44-C, 6e-°A’, 13), butin all the benzener* orbitals belong to aand a. Further lowering
cases no qualitative difference was observed. Intrinsic reaction of symmetry toCs is thus necessary, and this can proceed in
coordinates (IRC) were computed for selected transition states;q ways (Figure 3): (i) ther,, symmetry plane is preserved,
with the Gonzalez Schlegel algorithni®3* . resulting in4 by attack at the benzergorner, or (i) the oy,

The energies of selected stationary points were refined by symmetry plane is preserved, resultingSrby attack at the
single point energy computations utilizing coupled cluster theory benzeneedge The 2A; state is higher in energy tha,; at
with single, double, and a perturbative estimate of triple jntermediate distances due to enhanced repulsive interaction
excitations [CCSD(TJP*® in conjunction with Dunning®’ among the seven electrons. However, withinsate symmetry,

correlation consistent cc-pVTZ basis set. The partially Spin the transannular addition produC,, (Figure 3) correlates with
projected algorithm was used for open-shell species [RHF- g reactants.

RCCSD(T)]26:38 All CCSD(T) computations were performed

i 39
with MOL_PRO' ) ) ) products4—6. The electronic state of theorner addition
We decided to investigate parts of theHgB potential energy product 4, is 2A” in Cs symmetry. We findi-Cs to be a minimum

surface (PES) with complete active space self consistent field at the (9,10)-CASSCF/6-31G* level of theory. The singly
(CASSCF) theory. The _folIovag active spaces were em- ,ccniad molecular orbital (SOMO) is the of cyclohexadi-
ployed: (i) ten orbltals. (sixe/z* and th(_a four atomic orbitals enyl, while boron has a lone pair and two empty p-type orbitals.
(AOs) on boron) and nine electrons (sbof benzene, three of o the other hand, an imaginary vibrational frequency (67i
boron) for investigations of the entrance channels, the primary -1 d') is obtained at B3LYP/6-3HG**, also using the finer
addition products4 ands), and the transition stata'§1) for integration grid. An asymmetric structudeC; is found to be
CH insertion; (ii) eight orbitals (sevenand 1s of H) and seven  ,0ra stable by 0.07 kcal mdl (B3LYP) or 0.03 kcal mot?
electrons (sixr and one electron of the hydrogen atom) for the [CCSD(T)]. The electronic configuration @C; is similar to
transition state for H atom addition to benzoborirerig. ( that of 4-Cs. The4-C; structure is characterized by a&—C
Geometry optimizations with the (9,1*0)- and (7,8)-CASSCF 4nqle of 88.6, indicative of a hyperconjugative interaction
wave functions employed the 6-31G* basis ¥eHarmonic between one of the vacant orbitals on B and-a@bond. The
vibrational frequencies were computed by finite differences of C(B)—C bond participating in hyperconjugationeCy is 0.012
analytic gradients. The energies were refined by single point 4 |onger than the other one, while the-8 distance in-C; is
computations using multiconfiguration quasidegenerate pertur-g 617 A longer than iM-Cs. The structures of related alkyl

bation theory to second order (MC-QDP¥2)*and the cc-  carhenes, which can be stabilized by hyperconjugdfidii also

37 pasi i i i i . .
PVTZ®" basis set with the same active spaces as used in thejepend strongly on the inclusion of dynamic correlaion.

respective geometry optimizations. These multiconfiguration 5\vever 4-C. is lower in energy thad-C; by 0.1 kcal mot?
computations were performed using the GAMESS progfam.  aer inclusion of ZPVE corrections. The zero-point averaged
Unless noted otherwise, the energies mentioned in the textgi cture may therefore be effectively®f symmetry. Relative

were obtained at the CCSD(T)/cc-pVTZ//B3LYP/6-31G to the reactantg}-Csis bound by 8.6 or 9.4 kcal mot (B3LYP/
level of theory including unscaled zero-point vibrational energy 6-311L-G*).

(ZPVE) corrections.

Let us now consider the properties of the primary addition

The addition product § 2A") to the benzene edge is
characterized by a SOMO of'aymmetry, which involves a
bonding interaction between boron and the two nearest carbon

Helium-seeded boron atoms were generated in the gas phasatoms (Figure 4), and by an electron lone pair at boron.
via laser ablation of a boron rod; this beam crossed a secondHowever, 5 is not a minimum at the B3LYP and (9,10)-
beam of [Q]-benzene seeded in argon perpendicularly in a CASSCF/6-31G* levels, but is a transition state for rearrange-
scattering chamber at a collision energy of £.8.2 kcal mof ™, ment of the B atom on the periphery of the benzene molecule
A rotatable quadrupole mass spectrometer coupled to an electrorwith 4 being the corresponding minimum.

Experimental Details
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Figure 1. Geometries of stationary points as computed at the B3LYP/6-&Ft level of theory. Where available, (9,10)-CASSCF/6-31G* data
are given in italics. All bond lengths are given in angstroms; bond angles are given in degrees.

The 0.5 kcal mot? barrier for this rearrangement through There, the bridged structure lies about® kcal mot? above
is considerably lower than that for protonated benzegkl,C the Cs symmetrico complex?9:50
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Figure 2. Geometries of transition states on theHgB potential energy surface as computed at the B3LYP/6+33*F level of theory. Where
available, CASSCF/6-31G* data are given in italics. All bond lengths are given in angstroms; bond angles are given in degrees.
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Figure 3. Schematic representation of addition of boron atom to
benzene molecule withi€s and C,, symmetries resulting in corner
(4), edge b), and transannular (1,4) additiof-C,,) products.

Figure 4. Schematic representation of singly occupied molecular orbital
(@' symmetry) of benzenreboron atom comple.

The transannular addition produgtC,, is not a minimum
(335i cnml, by) either: tilting the boron atom toward one of
the G=C double bonds lowers the energy. This indicates a
homoconjugative stabilization of the boron center by the
neighboring GC double bond in the minimun® of Cg
symmetry?! The latter is the boron-centered radical derived from
7-boranorbornadieneés-H, which has been studied computa-

SCHEME 1: Degenerate Bridge Flipping in
7-Boranorbornadiene-7-yl (6) through the C,, Symmetric
Transition State 6-Cy,

B B
F |‘\‘\\ 6- sz ,’,I'I %
6 6

tionally by Schulman et & The barrier for flipping of the boron
atom bridge to the other=€C bond througtt-C,, is only 7.8
kcal molt (Scheme 1). This barrier is somewhat lower than
the 15.8 kcal moi! obtained by Schulman et &l.for 6-H at
the MP2(full)/6-31G*//HF/6-31G* level.

Having characterized possible products of addition to the
benzener system, we now consider the reaction paths con-
necting these addition products to separated reactants in order
to elucidate details of their formation mechanisms. Long-range
complexes are given the lab&lwhile maxima on potential
energy curves ar8. To distinguish betweeoorner, edge and
C,, attack, we use “C,” “E,” andC,,” subscripts in conjunction
with 7 and8. We begin our analysis with the attack of boron at
the corner of benzene preserving thg, mirror plane. This is
the most straightforward mechanism as boron reacts here like
a typical radical, e.g., a halogen até#iThe 2p, 2p,, and 2p
AOs of boron transform according tg &', and &, respectively
(Figure 5) giving rise to three state®’, 2A"", and?A’. These
states are degenerate at large benzéoeon separations. As
the 2A" state of4-Cs correlates with the ground states of the
reactants, formation of is not hampered by orbital symmetry
imposed barriers.
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Figure 5. Attack of boron atom irCs symmetry at a corner of benzene.
The potential energy curves of the three lowest energy states were
computed at the state averaged MC-QDPT2/cc-pVTZ//(9,10)-CASSCF/
6-31G* level of theory.

TABLE 1: Reaction Energies (in kcal mol?) for Formation
of C¢HsB Isomers and GHs + BH from C¢Hg + B(%P) As
Computed at Various Levels of Theory Including Zero-Point
Vibrational Energy Corrections

species state B3LYP/6-33G** CCSD(T)/cc-pVTZ
1+H 1A+ 28 —23.0 —19.2
[Dg-1+D  *A;+2S —20.5 —16.7
2+H 1A +2S 12.8 12.7
[Dg-2+D  *A;+2S 14.8 147
3+H A +28 16.5 23.3
[Dg}-3+D !A+2S 18.6 25.4
9+ BH 2A, + 1T 28.9 304
[Dg]-9+ BD 2A; + izt 30.1 31.6

aUsing the B3LYP/6-31+G** geometries and ZPVE corrections.

The description of théA' entrance channel by B3LYP is
anticipated to be difficult due to dispersion interactions as well
as the near degeneracy of f#€ states at large benzenboron

Bettinger and Kaiser

TABLE 2: Energies (in kcal mol~1) of C¢HgB Species
Relative to the Most Stable One, GHs_BH (10), As
Computed at Various Levels of Theory Including Zero-Point
Vibrational Energy Corrections

B3LYP/ ccsp(T)

species state 6-31L+-G** 2 cc-pVT2
CgHs + B A+ 2P 66.4 61.2
4-C, 2p 57.0 (1) 52.7
4-Cy 2A 57.1 52.9
5 2p" 57.9 (1) 53.2
6 2N’ 35.3 24.7
6-Cy, A’ 41.7 325
Tc-2A 2N 65.2 58.6
Te?A' A’ 65.2 58.6
Te-2A" 2A" 65.7 59.4
8e-2A’ N 68.0 (2)
8e-2A" 2A" 65.7 (1) 60.3
10 (planar-bent)  2A’ 0 0
10 (bisected) A’ 1.5() 3.1
10-Cy, 2B, 3.5(1) 6.7
10-Cy, B, 8.9 (1) 10.7
11 2A; 9.9 12.0
12 2A 47.7
13 A’ 8.2 11.6
14 2A 38.6 29.8
TS1 27 61.7 (1) 60.1
TS2 2p 58.4 (1) 54.8
TS3 27 47.4(1)
TS4 2p 52.3 (1) 57.3
TS5 2N 26.2 (1) 29.4
TS6 A 95.5 (1) 88.8
TS7 2N 51.7 (1) 47.3
TS8 A 50.5 (1) 448
TS9 2N 47.7 (1) 48.9
[De]-TS9 27 49.9 (1) 51.1

aThe number of imaginary vibrational frequencies is given in
parenthesed.Using the B3LYP/6-31+G** geometries and ZPVE
corrections.

We next consider attack of the boron atom ateatye of
benzene. The 2p2p,, and 2p AOs transform now according
to d’, d, and 4 respectively (Figure 6). As above, the resulting
states need to be degenerate at very larg®8 distances.

Let us first consider théA"” PES, which we have investigated
with the B3LYP/6-31#G** method (Figure 6). Edge-bridged
5 correlates with ar complex {e-?A", —1.8 kcal mof 1), which

separations. Hence, potential energy curves (Figure 5) wereiS & minimum at the B3LYP level. Upon further approach of

computed at the (9,10)-CASSCF/6-31G* level of theory by
constraining the €B distance and optimizing all other degrees
of freedom withinCs symmetry. The geometries thus obtained
were used in state-averaged MC-QDPT2/cc-pVTZ single point
computations for refinement of energies. Theomplex on the
2A’" ground state potential energy curviz{?A’) obtained from
the MC-QDPT2 computations is characterized by a benzene
boron separation of approximately 2.8 A and an energy 26
kcal moll. This is in good agreement with the CCSD(T)//
B3LYP result: 7c-2A" has a large €B distance of 2.79 A after
full geometry optimization (B3LYP/6-3HG**) and lies 2.6
kcal mol?! (1.3 kcal mot?t at B3LYP) (Table 2) below reactants.
With decreasing €B distance, the energy increases and the
system has to go over a small barrig-€A") of about 1 kcal
mol~t (MC-QDPT2/cc-pVTZ//(9,10)-CASSCF/6-31G*) before
formation of the first addition produdtis complete. In contrast,
the2A"" and excitedA’ state PESs are repulsive over the entire
r(C—B) range at the MC-QDPT2/cc-pVTZ//(9,10)-CASSCF/
6-31G* level of theory. Finally, note that the produd) (of
addition to the benzene corner and the long-ramgsmmplex
7c-°A’ are related to the ando complexes that halogen atoms
form with benzene, as studied recently by Tsao &2 al.

boron to benzene, tHA" PES is slightly repulsive and a barrier
of 0.4 kcal mot™* (without ZPVE correction) through transition
state8g-?A" (152i cnT?, d) has to be passed before the energy
of the system decreases. The IRC (displayed in Figure 6)
connects transition stae-?A’’ to 7e-?A"’ on one side and t6
on the other side of the potential. However, Bshas an
imaginary vibrational frequency of'@ymmetry, there must be
a valley ridge inflection (VRI) poir?~55 somewhere along the
path betweeBz-2A" and5. By computing the projected Hessian
matrix for points along the IRC, we have narrowed the VRI
region to the vicinity of structures with 1B distances of 2.93
A, 2.8-2.9 kcal mot?! (B3LYP/6-31HG**) below transition
state8e-2A". The IRC no longer follows a valley beyond the
VRI point, but rather descends on a ridgétd he real reacting
system possessing kinetic energy can deviate from the IRC to
ultimately end at the addition produ4t>®

The situation becomes more complex when #A¢ state
surface is considered in addition. At short benzeberon
separations, the 7-boranorbornadiene-7-yl radiéal?A’) is
much lower in energy (by 28.4 kcal md) than the formal
addition products on the?A’ PES. The?A’ potential energy
curve connects$s to the separated products; however, this
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Figure 6. Attack of boron atom irCs symmetry at an edge of benzene. The potential energy curves were obtained at the B3LYRE=3gvel
of theory by either an IRC computatio”A(’, thick solid line) or geometry optimizations with fixed €B distances?A’ and?A", dotted and

broken lines).

potential energy curve does not follow a valley at large
benzene-boron separations, but rather runs on a ridge: sthe
complex7g-2A’" has an imaginary vibrational frequency of 53i
cm1 (@' symmetry) at B3LYP/6-31:£G**.57 Similarly, the
maximum of the2A’' curve @g-2A') in Figure 6 does not

motion [4+ 2] cycloaddition. A maximum along this pat8d,-

A1) lies 9 kcal mott (MC-QDPT2/cc-pVTZ//(9,10)-CASSCF/
6-31G*) higher in energy than separated reactants, but it is a
third-order stationary point with 1b bp, and a imaginary
vibrational frequencies. The, Imode corresponds to tilting of

correspond to a transition state, but rather to a second-orderthe developing boron atom bridge as describedf@s, above.

stationary point (247i cmt, &; and 190i cmi?, d'). Although
the C1-B distance is shorter by 0.22 A in the (9,10)-CASSCF/
6-31G* geometry of8g-?A’, qualitative agreement with the
B3YLP/6-31H-G** result is obtained. In particulaBg-2A’ is

Relaxation fromC,, into Cs symmetry according to this mode
turns the?A; and?B; states, which are essentially isoenergetic
at the8c,,-?A1 geometry, into twdA' states. These states split
due to strong interaction. On the lower enefdy surface the

also a second-order stationary point at (9,10)-CASSCF/6-31G* relaxation of geometry should result B-2A’, which is a

(357i cn?l, d; and 182i cml, &'). The path of boron to the
benzene edge withidA' state symmetry runs on the ridge

second-order stationary point as discussed above.
In summary, we could not find a direct low-energy pathway

between two symmetry equivalent reaction valleys of corner for the benzenet B(?P) reactants to form the very stalie
attack. Hence, attack of boron at the benzene edge is unfavorabléhis is in contrast to the valence-isoelectronic—Aknzene
on the?A’ PES: the system breaks symmetry and attacks the system, for which matrix isolation ESR experimef#s were

corner of benzene on ti&' PES resulting ird.
However, théA’ potential energy curve crosses #4¢' curve
twice: at short C+B (~2.3 A) and long C+B (~3.1 A)

interpreted® in terms of a transannular addition product
analogous t®. As the experiments studied the co-condensation
of benzene and aluminum evaporated from ah000 °C

distances. A similar crossing of surfaces in the entrance channelfurnance, a higher energy reaction path might be accessible
has been recognized by Flores and Largo for the reaction of B under such conditions. A computational investigation of the

atom with acetylen&,and later also invoked by Balucani et entrance channels similar to the one above is not available, but
al214 A consequence of these crossings of states is thewould be necessary for a detailed comparison of the boron and

possibility of nonadiabatic transitions from one surface to the aluminum reactions with benzene.

other; formation of6 directly from benzene and boron might

Abstraction of Benzene Hydrogen by Bordhe abstraction

thus be possible. In our case, however, there is one importantof a hydrogen from benzene by a boron atom yields phenyl
issue, which renders this event unlikely: at the short distance radical @) and BH{Z"). The reaction, however, is strongly

crossing, théA"" curve no longer runs on the floor of a valley,

endoergic AH(0 K) = +-30.4 kcal mot?). For the perdeuterated

but rather on a ridge. Hence, the reacting system following the system yielding [g]-phenyl radical and BD, this value i531.6

2A" state could have relaxed 4dbefore it has a chance to come
close to the short distance state crossthg.

We finally consider the addition of boron to benzeneCip
symmetry on the’A; surface to yield6-C,,, formally a least

kcal mol! (Table 1). The abstraction reaction is therefore not
important under the low collision energy (5.5 kcal ml
conditions of our experiment. We therefore do not consider this
reaction further in this work.
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SCHEME 2: Rearrangements from Primary Boron Addition Products 4 and 6 to Benzoborirene (1) and Hydrogen Atom

Involving a Number of Minima and Transition States

L]
H B
@ 81
[1,2]-H shift
- 2,
Tsy 4-C,, A
[1,2]-C shift
o H
B : H g B
T3 T4 B\* Tss5
—- — [\ — —
+ B(%P) — —
12, 2A 11, 2A, 13, 2A" 10, 2A° 1
+ H(%S)
TS8
:
b} TS6 % TS7
D —
L]
6, 2A 14, 27
B. Rearrangements on the GHgB Potential Energy a"
H

Surface. Having identified4 (and with a lower probabilitys)

as the important product of addition of boron to benzene, we

now investigate intramolecular rearrangements on the way to
+ H. Two pathways are conceivable fér (i) [1,2]-H shift to
yield phenylboryl radical10) and (ii) [1,2]-C shift to yield the
borepinyl radical {1) (Scheme 2). The transition stale&s1
(Figure 2) for the [1,2]-H shift is ofCs symmetry ¢A"). The

boron atom is tilted considerably toward the benzene ring plane,

while the migrating hydrogen is bridging the-® bond. The
barrier for the very exoergic—{53 kcal moi?) hydrogen
shift is found to be 7.5 kcal mot. This value is about 3 kcal
mol~? larger than the MC-QDPT2/cc-pVTZ//(9,10)-CASSCF/
6-31G*+ZPVE and B3LYP/6-31+G** +ZPVE barriers, which
are both 4.7 kcal mot.

The product of [1,2]-H shift, phenylboryl radical@), has

previously been investigated computationally by Rablen and

Hartwig at the CBS-4 level of theofj.In agreement with these
authors, we find thatO prefers a planar structuréA’) with a
bent geometry at boror](C—B—H) = 128.2. Compared to
the reactants10 is very low in energy £61.2 kcal mot?),
making it the most stablegBisB species considered in this study.

bisected, C,

Figure 7. Molecular orbitals and their symmetries in the three
conformations of phenylboryl radical().

We also considered other geometries and electronic states oB3LYP/6-31H-G**) ring opening to borepinyl radicdllis less

10. If the single electron is moved from the?sype SOMO
into azz(B) MO, the resultingA"" state adopts a linear-B—H
geometry; this state i4B; in terms ofC,, symmetry. Besides
the 2B;, a ?B; state is also possible for th&, structure of10

than 0.01 kcal mol' throughTS3. After inclusion of ZPVE
corrections, th@S3(128i cnt, r(C—C) = 1.750 A) lies even
lower in energy thanl2 by 0.2 kcal mot! (B3LYP/6-
311+G**). As 12is rather unimportant in the overall reaction

(Figure 7). While both states correspond to first-order stationary mechanism, we have made no attempts to study it at more

points, the?B; state (6.8 kcal moft with respect tdl0) is more
favorable than theB, state (10.6 kcal mal). In addition,
bisected geometries are conceivablelfdrand again two states,
2A" and?A"", need to be considered. TA&' state is a transition
state, 3.1 kcal mol higher in energy that0. This corresponds
to the barrier for rotation of the BH unit around the-8 single

sophisticated computational levels.

The boron-centered radical is less stable than its isomer
13 by 0.4 kcal mot!. The TS4 interconnectindl1l and 13 lies
high in energy (45.2 kcal mol with respect toll). It is
nonplanar as the carbon and boron atoms involved in the
hydrogen shift are moved away from the ring plane (Figure 2).

bond. The?A" state, on the other hand, avoids the bisected While the G-H distance is increased to 1.451 A, the-B

geometry by converging to the linea®—H moiety of 2B,-
10.

The barrier for ring enlargement dfto 11 throughTS2 is
only 2 kcal moft. An asymmetric bicyclic structurg2 with a
very long C-C bond (1.710 A) bridged by boron corresponds
to a very shallow minimum on thd — 11 pathway: the
classical barrier for the strongly exoergie37.7 kcal mot? at

distance is 1.357 A. The seven-membered-ring sysit8man
contract tol0, thereby gaining 11.6 kcal mol. This rearrange-
ment requires a barrier (viiS5) of 17.7 kcal moi?! to be
overcome. The newly forming-€C bond is well developed in
TS5as the CC distance is 1.875 A compared to 2.589 Adn
The phenylboryl and borepinyl radical® and 11 are also
accessible from the addition prod&tA hydrogen shift yields
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Figure 8. Plot of energy (relative to phenylboryl radickd) versus intrinsic reaction coordinate (IRC) for attack of a hydrogen atom on benzoborirene
(1) starting at the transition stat&$9). While TS9 s close tol in geometry, the last point along the IRC is closel@ Carbon, dark gray; boron,
light gray; hydrogen, small balls.

14 from 6, but the barrier througi'S6 is very high, 64.0 kcal carbon atom, and 9C°1to boron. A qualitatively similar
mol~1. The productl4 of this [1,2]-H shift to boronis only 5.1 ~ geometry was also obtained at the (7,8)-CASSCF/6-31G* level
kcal moi! less stable thaf. Subsequent €B bond breaking of theory. Here, however, the-H distance is much shorter,
in 14 via TS7 and rearrangement tb0 involves a barrier of 1.652 A, and consequently the pyramidalization is more
only 17.4 kcal mot®. The energetically more favorable reaction pronounced as the angle sums are 33@0d 352.4. Using
channel starting a6 is the rearrangement tbl, which has a the H-C(bridge)-C(bridge) angle as an indicator for the
barrier throughTS8 of only 20.0 kcal mot®. The bridgehead  orientation of the attacking hydrogen atom to the six-membered
C4-B bond is strongly elongated (2.454 A), while the-€B ring, we conclude that the attack is closer to being orthogonal
distance is shortened to 1.547 A. The-612 bond, which to the six-membered ring at the CASSCF (109l8vel than at
ultimately needs to break for formation b1, is stretched only B3LYP (114.9). In agreement with the much tighter geometry
somewhat, to 1.590 A, inTS8. Indeed, 12 is a formal of the transition state at the CASSCF level, the imaginary
intermediate in this rearrangement, but as discussed ali@ve, vibrational frequency is significantly larger (1322i chythan
disappears after inclusion of ZPVE corrections. at B3LYP (757i cnmil). Although CASSCF often gives a
C. Exit Channels. We have investigated the loss of a qualitatively correct surface, it is well-known that extensive
hydrogen atom from the energetically low lyingkzB species dynamic correlation is required to achieve quantitative re$tlts.
10, and the borepinyl isomerkl and 13 resulting in2 and 3, This is very likely also the case for the present transition state.
respectively. However, no transition states for these reactions The expected product of the addition of an H aton tthe
could be located. Hence, thesesHgB isomers can form bicyclic bridgehead radical does not correspond to a stationary
phenylborylene?) + H and didehydroborepin®) + H without point at B3LYP or (7,8)-CASSCF levels. Rather, the ring-
barriers on the potential energy surfaces. Alternatively, the opened phenylboryl radicdlO resulted. This is also supported
CsHsB specie and3 can react with hydrogen atoms without

the involvement of any barriers. These isomers, however, are H

high in energy compared tb(see Table 1), and hence the latter B H

is observed. ©/
We could locate a transition staf&s9 for formation of1 +

H from 10. In agreement with the Hammond postulate, the

transition state is late on the reaction coordinate and resemblesy IRC computations (Figure 8). After a steep descent from
the benzoborirenel] product. For convenience we consider TS9, the reaction coordinate passes through a rather flat part
now the reverse reaction, i.e., the attack of a hydrogen atom onof the PES. The geometries resemble the bicyclic bridgehead
one of the two bridgehead carbon atomslofThe barrier for radical in this area, but the IRC does not stop here. The last
this addition reaction is 6.9 kcal mdl (4.3 kcal mol?! at point we computed on the IRC is characterized by a longB1
B3LYP). As the C-H distance inTS9is as large as 1.819 A,  distance of 2.210 A, while the G2B bond is 1.473 A, already
the pyramidalization of the bridgehead carbon atom is small. close to the 1.527 A 0. Clearly, the addition reaction of a
The sum of covalent angles (i.e., ignoring the attacking H atom) hydrogen atom to benzoborirene results directly in the phenyl-
around this bridgehead carbon atom is 349&diher than 360 boryl radicall0. Conversely, the formation df+ H must start

in 1. This angle sum is 356%2at the bridgehead atom not from 10 and proceed over a rather large barrier of 48.9 kcal
attacked by H. The C(H)B distance is somewhat longer (1.502 mol~! (47.7 kcal mot! at B3LYP).

A) than in1 (1.480 A), while the other €B bond (1.467 A) is D. Potential Energy Surface of GHg + B Reaction: The
slightly shortened. The angles involving the formingig bond Most Favorable Reaction Path.We are now in a position to
are 114.9 to the other bridgehead carbon, 9910 the ortho elucidate the energetically most favorable reaction path from
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Figure 9. Schematic representation of potential energy surface for formation of benzobodjeheH(?S) from benzene and B¥). All energies
given were obtained at the CCSD(T)/cc-pVTZ//B3LYP/6-313** + ZPVE(B3LYP/6-311G**) level of theory. Endoergic reaction paths (with
respect to reactants) are not depicted.

reactants, gHe + B(P), to products] + H. Consequently, all (T) surfaces agree qualitatively and the differences in energies

energies here are given relative to separated reactants. are not critical to the basic conclusions of this work. In
The attack of the benzenmesystem by the boron atom at the particular, the barrier for formation df + H from 10 is very

corner EA') or at the edge?A’") of the benzene hexagon yields similar at the B3LYP and CCSD(T) levels.

4 in both cases (a VRI point is involved in the latter case). E. Comparison with Experimental Results.Information on

Prereactiver complexes precede the formation df (not the product isomer and on the underlying reaction mechanism

depicted in Figure 9), but the barriers in both of these entrance can be obtained by analyzing the center-of-mass functions. First,

channels are below the energy of the reactants. Consequentlythe maximum translation energa.x of P(Er) of 19—21.5 kcal

the initial product4 can be formed without additional energy. mol~! could be utilized to identify the nature of the product
Formation of6 by attack at the benzene edge requires a isomer. BasicallyEmax is the sum of the reaction exoergicity

nonadiabatic transition from th&A"" to the 2A’ PES in the plus the collision energy. Subtracting the collision energy from

vicinity of an intersection of these states. However, as detailed Enay the exoergicity of the reaction of atomic boron withg[D

in section A, the reacting system is unlikely to come close to benzene is calculated to be 14:81.2 kcal mot!. Comparison

this crossing of states. of the computed energy balance for formation of feasible
Irrespective of the details of the entrance channels, the reaction products ([E)-1, [Ds]-2, and [D]-3) and deuterium
primary addition productg or 6 rearrange preferably td1, atom allows assignment of the obserVéBCsDs product. An

the product of overall CC insertion. Formation of the CH- agreement between experimental and theoretical reaction ener-
insertion productlO is less favorable frord and not possible gies is reached for formation of fp1 + D from the reactants,
from 6 under our experimental conditions (vide infra) due to while the reactions yielding [E)-2 + D or [Ds]-3 + D are
an extremely high barriert27.5 kcal mof? with respect to endoergic by+14.7 kcal mot! and +25.4 kcal mot?,
reactants). The CH-insertion produdtis nonetheless of crucial ~ respectively. Neither of these isomers can be formed since the
importance as it provides thegldsB system, which has  collision energy in our experiments was only 5.5 kcal mol
accumulated more than 60 kcal mbloy now, with a low- These combined experimental and theoretical investigations
energy exit pathway td + H. Thell— 13— 10 rearrange- do not only identify the reaction products unambiguously, but
ments have energy requirements below the energy of reactantascertain also the reaction mechanism. The angular flux
and thus offer a viable link between CC- and CH-insertion distribution depicts a symmetric profile around®90this shape
products. characterizes a bimolecular reaction which goes though an
A comparison of the energies computed with B3LYP and intermediate''BCsDg having a lifetime larger than its rotation
CCSD(T)//IB3LYP is appropriate (Table 2). Taking the latter period. The peaking at 9&Guggests further that the deuterium
level of theory as a reference, we find that B3LYP overestimates atom is ejected perpendicular to the molecular plane ofthe
the stability of the bora-aromatic speciésand 3 by ap- BCsDs moiety. Here, the shape of tHE0) is determined by
proximately 4 and 7 kcal mot (Table 1), respectively. The the disposal of the total angular momentdmin our crossed-
boranorbornadienyl speciés6-C,,, 14, andTS6, however, are beam experiment, the benzene molecular beam undergoes a
exceptional: B3LYP places them up to 11 kcal mohigher supersonic expansion and a substantial rotational cooling of
in energy than CCSD(T). Nonetheless, the B3LYP and CCSD- benzene molecules occurs. Hence the total angular momentum
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is mainly given by the initial orbital angular momentumThe the2A’ state, where a nonadiabatic transition could lead to the
products can be rotationally excited, however, so that eq 1 is 7-boranorbornadiene-7-yl radica, GA’).
valid: (3) Abstraction of hydrogen from benzene by boron atom is

too endoergic to be of importance in our experiment.

(4) Rearrangements dfand6 ultimately lead to phenylboryl
radical (L0) and do not involve barriers higher than the energy
of the reactants.

(5) Phenylboryl radicalX0) can react to benzoborireng)(
and hydrogen by cleavage of an ortho-CH bond and concomitant
closure of the &B bond.

JrL AL+ 1)

with the rotational angular momenta of the prody¢tand the
initial and final orbital angular momenta andL'. The final
recoil velocity vectory', is in a plane perpendicular td, and
therefore, when the rotational excitation of products is important,
V' is not in a plane perpendicular 8o Whenj' is not zero, the
probability distribution for the scattering angle which is the
center-of-mass angle between the initial relative velociand

V', depends on the values &fM, andM’, whereM andM'’ are

the projections of] on the initial velocity and final relative
velocity, respectively. If the complex dissociates preferentially
with low M’ values, the final velocity' is almost perpendicular

to J and therefore’ andv are almost parallel. In this case, the (1) Jeong, G.; Klabunde, K. J. Am. Chem. S0d.986 108, 7103.
product intensity will be mainly confined to the polés= 0° (2) Lebrilla, C. B.; Maier, W. F.Chem. Phys. Lett1984 105 183.
and 6 = 18, similar to the case of no product rotational (3) Hassanzadeh, P.; Andrews,L.Am. Chem. S04992 114 9239.

- - 4) H h,P.;H hi, Y.; A LPhys. Chentl
excitation. On the other hand, when the collision complex g7 é}ls'assanzade - P-; Hannachi, Y.; Andrews] 1Phys. Cheml993
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