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An ab initio study of the BC,H, has been carried
out. Several isomers have been studied: boron-
ethylene complexes resulting from perpendicular
and ¢ interactions, boron-methylcarbene type
structures, open and cyclic insertion products with
a B-H bond, and isomers with two B—-H bonds.
Geometries at the second-order Mgller—Plesset
level have been obtained for ten species, and their
characteristics have been tested through compu-
tation of vibrational frequencies. Special attention
has been paid to their molecular structure, trying
to rationalize the bonding in these species, particu-
larly in the case of cyclic isomers. Electronic ener-
gies have been computed at the fourth-order
Moller—Plesset level. Our theoretical calculations
predict that the global minimum is the H,BCCH,
isomer (°B, electronic state), with the HBH plane
perpendicular to the CCH, moiety, and that it lies
about 66 kcal mol™! (276 kJ mol™!) below ground-
state boron-+ethylene. Nevertheless there are
other isomers which are also quite stable and
might be accessible to experimental detection,
such as HBCHCH, and H,BCHCH (both with ?A’
electronic states) which lie 8 (33.5) and
13 keal mol ! (54.4 k) mol '), respectively, above
the global minimum, as well as two cyclic struc-
tures, the insertion product HBC,H;(*A”) and the
boron—ethylene n-complex BC,H, (A, ), which are
relatively stable since they lie 12 (50) and
22 kcal mol™! (92 kJ mol™"), respectively, higher
than H,BCCH,.

Keywords: boron; carborane; structure; theoreti-
cal studies; electronic energy; isomers

*New address, from October 1995: Departamento de
Quimica Fisica, Facultad de Ciencias, Universidad de
Vallodolid, 47005 Valladolid, Spain.

CCC 0268-2605/96/030283-13
© 1996 by John Wiley & Sons, Ltd.

1 INTRODUCTION

Nowadays quantum chemistry can be applied to a
wide variety of systems, ranging from small mole-
cules to very complex ones. This is feasible not
only because of the outstanding advances in
theory but also because of the dramatic revolu-
tion in computers in recent years. Nevertheless
this optimism should be viewed realistically since
it is clear that the degree of accuracy one can
achieve depends very much on the size of the
system under study. This is especially important
when interest is focused on the development of
new materials. A well-known example is the
study of the linear and nonlinear optical proper-
ties of new materials (which in the case of organo-
boron compounds is addressed by Marder else-
where in this issue'). Undoubtedly quantum
chemistry can help in this field by rationalizing
experimental results and, most importantly, pre-
dicting polarizabilities and hyperpolarizabilities
prior to experiment, and therefore guiding the
preparation of new materials. However, it must
be recognized that calculations of second hyper-
polarizability coefficients are only reliable for
rather small systems. Therefore the usual
approach is to carry out theoretical studies on
small systems which are used as models for more
complex cases, often allowing extrapolation of
different properties.

In a similar way the interactions of atoms and
small molecules have been a very important
research area for both theoretical and experimen-
tal studies.>® For these small systems high-level
computational methods can be applied and there-
fore predictions and/or interpretation of experi-
mental facts can be made on a solid basis. But
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there is another reason for the interest in this
area: a good knowledge of the interactions in
simple systems is essential to understand the
behaviour of more complex ones.

Until recently the study of aluminium—
hydrocarbon compounds has received much more
attention than that of their boron counterparts.
Several aluminium adducts have been observed
employing different techniques—mainly ESR, IR
or UV spectroscopy. For example we can men-
tion the work on compounds such as AICH,,*
AICH, 7 AIC,H 5" and AI(C,H,),." From the
theoretical side, several studies have also
addressed the structures and stabilities of these
species, particularly in the case of AICH,,*"®
AICH,® ¥ or simple aluminium—carbon
clusters such as AlC,,”® ALC or ALC,.2

Nevertheless, boron atom chemistry has
recently received much attention, due to the pos-
sibility of using laser ablation for producing boron
atoms. Reactions of boron atoms with small
molecules produced new boron species which
have been characterized (trapped in inert
matrices) by ESR and IR spectroscopies.”>* Of
particular relevance are the reactions of boron
atoms with small hydrocarbons, which have also
stimulated theoretical work in this field. A theor-
etical study™ of the boron—methane reaction has
shown that production of CH;BH is exothermic
by about 50 kcal mol™*, (209 kJ mol™") although
both dissociation into CH,BH + H and rearrange-
ment to CH,BH, are energetically favourable.
The reaction of boron with acetylene is also inter-
esting for different reasons. A proper understand-
ing of the interactions of boron with acetylene is
important in order to propose reasonable mecha-
nisms for the chemistry of carboranes. In addi-
tion, theoretical studies”™ have shown that there is
a competition between insertion of boron into a
C-H bond and addition to the C-C bond. The
combined experimental and theoretical work of
Andrews and co-workers®™® allowed identifica-
tion of both the HBCCH insertion product and
the BC,H, borirene radical. The latter species
exhibits molecular properties suggesting a deloca-
lized nm-bonding like that found for borirene
(HBC,H,) and substituted borirene species.”

In this paper we present a theoretical study of
the possible isomers produced in the interaction
between atomic boron and ethylene. We hope
that such a study may stimulate experimental
work on this reaction, but may also give some
insight into the nature of the bonding in boron—
hydrocarbon compounds.

2 THEORETICAL METHODS

The geometries of the different BC,H, isomers
have been optimized using second-order
Mgller—Plesset (MP2) perturbation theory with
the 6-31G** basis set.”* This basis, set includes
a set of polarization p functions on hydrogen and
a set of d functions for boron and carbon.
Harmonic vibrational frequencies were analyti-
caly computed at the MP2/6-31G* level and the
zero-point vibrational energies (ZPVE) were
included in the calculation of relative energies.

On the MP2/6-31G** optimized geometries,
energy calculations at the fourth-order
Mpgller—Plesset (MP4) level (including triple
substitutions)* * were carried out. In these calcu-
lations we employed the 6-311G** basis set* and
assumed the ‘frozen core’ approximation (inner-
shell molecular orbitals are not included for com-
puting correlation energies). Since we will be
dealing with open-shell states we will also provide
projected fourth-order Mgller—Plesset* * values
(PMP4), which are more reliable when spin con-
tamination is observed (the $* expectation value
for the Hartree—Fock reference function being
different from the theoretical exact value, 0.75 for
doublet states). All these calculations were car-
ried out with the GAUSSIAN 92 ab initio pro-
gram package. A complete account on the ab
initio methods employed in this work can be
found in reference 48.

In the case of cyclic isomers the nature of
bonding was characterized using Bader’s topolo-
gical analysis.” The one-electron density p(r) was
analysed through its gradient vector field Vp(r),
characterizing ‘bond critical points’ (a bond criti-
cal point is a minimum of p(r) along the line
linking nuclei and a maximum along the interato-
mic surfaces) and ‘ring critical points’ (corres-
ponding to maxima in one direction and minima
in two directions). In addition the Laplacian of
p(r) provides information on where the electronic
charge is concentrated (V’p(r)<0) or depleted
(V*p(r)>0). By employing the Laplacian of the
electron density, the problem in defining a refer-
ence density in order to determine the difference
density distribution (which informs on where the
electron density is concentrated or depleted in a
molecule) is avoided. The analysis of the charge
density was performed with the AIMPAC™ series
of programs, and the MP2/6-311G** wavefunc-
tion was employed to compute the electron
density.
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3 RESULTS AND DISCUSSION

We have studied several conformations for the
BC,H, system that will be described in the follow-
ing order: boron-ethylene complexes and ring
structures (resulting from the perpendicular or ¢
approach of boron to the ethylene molecule);
boron—methylcarbene structures corresponding
to the connectivity BCHCHj;; open and cyclic
insertion products with a B—H bond, and finally
isomers with two B-H bonds of the types
H,BCHCH and H,BCCH, . The nature of station-
ary points on the (BC,H,) potential surface has
been tested through computation of vibrational
frequencies (a true minimum is characterized by
having all frequencies real at a particular level of
theory, whereas those structures which are shown
to have one imaginary frequency correspond in
fact to transition states at that level).

3.1 Boron-ethylene complexes and
ring structures

The perpendicular approach of boron to CH,
imposes C,, symmetry on the system. Therefore
the electronic configuration of ground-state ethy-
lene (A, electronic state in D, symmetry)
becomes, under C,, symmetry,

CH((A,,'A,):
(1a;)*(1b,)*(2a, )*(2b,)*(1b,)*(3a, )*(1a,)*(4a, )
(1)
For ground-state boron atoms (‘P) the triple

degeneracy is lost under C,, symmetry, resolving
in 2A,, ’B, and ?B, states:

B(’P,’A,): (1a,)’ (2, ) (3a;)' 2
B(°P, ’B,): (1a,)* (2a,)* (1b,)" 3)
B(*P,’B.): (1a,)* (2a,)* (1b,)! “4)

Therefore three different electronic states can be
obtained from combination with ethylene, with
the following electronic configurations

BC2H4(2A1 ):
{core}
(3a;)* (2b,)* (4a,)? (1by)* (1a,)* (5a,)* (6a,)* (7a,)’

&)
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BCH,(’B,):

{core}

(3a;)* (2b,)* (4a, * (1b,)* (1a,)* (5a,)* (6a,)* (3b,)’
(6)

BC,H,(*B)):

{core}

(3a;)* (2b,)* (4a, )* (ab, )’ (1a;)* (5a,)* (6a,)* (2b,)’'
(7

When one tries to obtain optimized structures for
these electronic states it is found that only the *B,
and 2B, states are bound relative to B+ CH,,
whereas the A, state is repulsive. Nevertheless
for short B-C,H, distances there is another ’A,
state which lies below B+ CH, and therefore
represents a stable structure with the following
electronic configuration

BC2H4(2A1 ):
{core}
(3a;)* (2b,)* (4a, )’ (1b, ) (1a,)* (5a;)* (3b,)* (6a,)'

®)

It is obvious that this state does not correlate (in
C,, symmetry) with ground-state B+ CH,.
Correlation can be established with either
B(°P,’B,) + triplet ethylene or, alternatively,
with excited boron (%S, ?A,) + ground-state ethy-
lene.

The MP2/6-31G** optimized geometries for
the 2B,, 2B, and ’A, states, the latter correspond-
ing to electronic configuration (8), are shown in
Fig. 1. These structures will be referred to as 1, 2
and 3, respectively. The bonding in these struc-
tures can be understood in terms of the interac-
tions between the valence orbitals of boron and
ethylene. The basic ideas are already in the
Dewar model and Chatt and Duncanson’s o-
donation. m-backdonation model.*>* The inter-
action of the boron 2p, orbital with the LUMO
we— orbital of ethylene produces a b, orbital,
whereas the z. orbital interacts with the 2p,
orbital of boron, as illustrated in Fig. 2. Therefore
the repulsive nature of the 2A, state represented
by electronic configuration (2) is easily under-
stood, since it implies a three-electron interaction
(the a, singly occupied orbital of B(?A,) is preci-
sely the 2p, orbital). On the other hand the B,
state comes from the interaction of a boron atom
with an empty 2p, orbital and one electron in the
2p, orbital, which contributes to a favourable
interaction. This 2B, state must be more stable
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Figure1 MP22/6-31G** optimized geometries for the
C,,-symmetry boron-ethylene complexes 1-3. Bond distances
are given in A and angles in degrees.

than the 2B, state, where no b, interaction exists.
The geometrical parameters of structures 1 and 2
(Fig. 1) are consistent with these ideas. The °B,
state exhibits a long B—C distance, with the C,H,
moiety preserving a geometry very close to that of
ethylene, whereas the B—C bond is much shorter
for the ’B, state (although it is still longer than
typical B—C single bond lengths) and the C-C
bond distance differs considerably from that of
ethylene.

The situation is quite different for the *A, state.
Structure 3 shows geometrical parameters which
correspond to two formal B—C bonds and a single
C-C bond. A detailed analysis of electron confi-
guration (8) reveals that, according to the pre-
vious considerations, the 5a, orbital is essentially
a 2p,(B)-m.—c molecular orbital and the 3b,

molecular orbital corresponds to the 2p,(B)+
m*c—c combination, whereas the 6a, singly-
occupied molecular orbital is basically a 2s(B)
orbital. Therefore the valence bond structure
shown in Fig. 3 can be assigned to 3 in full
agreement with the geometry shown in Fig. 1.
This view is also confirmed by a Mulliken popula-
tion analysis which provides an atomic spin
density of 0.92 for the boron atom, indicating that
the unpaired electron is localized at B.

It is worth noting that the geometry of 3 is very
similar to that found in HBC,H, .* In this study of
three-membered rings the authors found that, as
the electronegativity of the heteroatom bonded to
ethylene increases, the C-C bond length
decreases as a result of enhanced o-bridged n-
bonding [53] (the a, orbital in Fig. 2 contributes
not only to side bonds but also to C—C bonding).
In our case, B has a low electronegativity and
therefore a long C-C bond distance should be
expected. In fact, for a heteroatom like boron
with smaller electronegativity than carbon, it
should be expected that the b, orbital in Fig. 2 is

2p,(B)

8 2p,(B)
H -
Figure 2 Interactions between the valence orbitals of boron
and ethylene.



STRUCTURES AND STABILITIES OF BC,H, ISOMERS

287

Figure3 Valence bond structure of 3.

more important thaN the a, orbital in building up
the three-membered ring, since b, implies dona-
tion of electron charge from B to ethylene wher-
eas the a, interaction corresponds to charge
transfer from ethylene towards boron. That
explains the very long distance for structure 2 (the
b, orbital is empty and, in addition, the 5a; mole-
cular orbital has an almost negligible degree of
participation for the boron atom), the interme-
diate bonding in structure 1 (one electron in b,)
and the bond distances in 3 (the b, orbital is fully
occupied).

To obtain a deeper insight into the nature of
bonding in these species, it is interesting to apply
Bader’s topological analysis of charge density.”
The one-electron density distribution p(r) is an
appropriate magnitude since it is invariant under
unitary transformations of molecular orbitals, and
other molecular properties depend on it. This
type of analysis has proved to be very useful in the

study of three-membered rings.*>* We will
employ for this analysis the gradient vector field
of the one-electron density, Vp(r), and its
Laplacian Vp(r). The importance of the gradient
vector field of p(r) resides in that it allows identifi-
cation of critical points, which are the sources and
sinks of the gradient paths of Vp(r). The most
interesting critical points in our context (apart
from the nuclei which act as attractors since they
correspond to maxima of electron density in three
directions) are the so-called bond and ring critical
points. Bond critical points are minima in one
direction (between the two nuclei) and maxima
along the other two directions. Therefore they
have one positive and two negative eigenvalues of
the Hessian of p(r). On the other hand, ring
critical points have one negative and two positive
eigenvalues of the Hessian of p(r), since they are
minima in two directions. The presence or ab-
sence of a ring critical point implies the existence,
or not, of a ring structure. The Laplacian of the
electronic charge density, V’p(r), provides infor-
mation about the regions where electron density
is concentrated (V’p(r)<0) and depleted
(VPp(r)>0).

Gradient maps of the electronic charge density
and contour maps of the Laplacian of p(r) (in
both cases on the plane defined by the boron and
carbon atoms) for structures 1, 2 and 3 are given
in Figs 4, 5 and 6, respectively.

Figure4 (a) Gradient map of the electronic charge density and (b) contour map of the Laplacian of p(r), for structure 1 obtained
at the MP2/6-311G** level. In (a) the nuclei are denoted by crosses and bond critical points by dots. In (b) negative values of
Vp(r) are denoted by solid contours and positive values by dotted contours. In both cases the CBC plane is considered.
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Figure 5 (a) Gradient map of the electronic charge density and (b) contour map of the Laplacian of p(r), for structure 2 obtained
at the MP2/6-311G** level. In (a) the nuclei are denoted by crosses and bond critical points by dots. In (b) negative values of
V2p(r) are denoted by solid contours and positive values by dotted contours. In both cases the CBC plane is considered.

It is readily seen in Figure 4(a) that structure 1
is best described as a nearly T-shaped molecule
rather than as a ring. There is no ring critical
point, whereas the two B—C bond critical points
collapse into a single bond critical point directed
along the B-X line, X being the middle carbon—
carbon point. Figure 4(b) confirms that electronic
density is concentrated along the B—X line rather
than along the B—C lines. A high concentration of
density is also observed on the boron atom corres-
ponding to the fully occupied 2s orbital. [When
analysing Laplacian maps one should remember
that negative values of V?p(r), indicating concen-
tration of charge density, are denoted by solid
contours, whereas positive values reflecting dep-
letion of charge density are represented by dotted
contours. For example, the two shells of B and C
atoms are easily visualized in those figures.]

Figure 5(a) clearly shows that there are no ring
critical points but only C—C and B-X bond criti-
cal points for structure 2. Nevertheless the inter-
action is very different from that in 1. The values
of the electron density (in a.u.) at the B—X bond
critical point are 0.109 (structure 1) and 0.008
(structure 2). in fact Fig. 5(b) shows a closed-shell
type interaction® for structure 2, and no concen-
tration of electron density between boron and the
C, moiety. On the other hand, from Fig. 4(b) the

interaction in 1 can be catalogued as a shared
one.*”

In the case of structure 3 it is readily seen in
Fig. 6 that this is a truly three-membered ring. A
ring critical point is found and the two B-C bond
paths are slightly curved, giving a convex-shaped
three-membered ring and suggesting that charge
transfer takes glace mainly from boron to the
carbon atoms,™ i.e. the b, interaction prevails
over the a, interaction (the 3b, molecular orbital
is fully occupied in the ’A, state). Figure 6(b)
clearly shows that electronic density is accumu-
lated along the B—C lines, but there is also a large
amount of charge density in the ring. In fact the
charge density at the B—C bond critical points is
0.177 a.u., only slightly higher than the corres-
ponding value at the ring critical point, namely
0.160. Therefore although the interactions
between boron and ethylene in structures 1 and 3
are of the shared type, the bonding and charge
density characteristics are quite different.

In the case of the BC,H, system we have pre-
viously found™ that the o-complex between boron
and acetylene can only be obtained at the
Hartree-Fock (HF) level, whereas collapse
occurs to the cyclic structure BC,H,(°A,) when
electron correlation effects are taken into ac-
count. A similar behaviour was observed in the



STRUCTURES AND STABILITIES OF BC,H, ISOMERS

289

AIC,H, system by Schaefer and co-workers."
They found that the o-complex is an artifact of the
HF method. Nevertheless we tried to obtain the
boron—ethylene o-complex and found the struc-
ture 4 shown in Fig. 7 at the MP2 level. However,
its HF reference wavefunction is highly spin-
contaminated ((S*)=1.067) and consequently
this result must be taken with caution. The elec-
tronic configuration of 4 is

(1a')* (22")* (3a')* (42’ )* (5a')* (1a")*
(6a')* (7a’)* (2a") (8a')* (9a’)' )

and it therefore correlates with the cyclic ?A, state
(structure 3). Furthermore, the unpaired electron
is localized at the carbon atom non-bonded to
boron. This fact, together with the bond distances
shown in Fig. 7, suggests the valence-bond picture
for 4 shown in Fig. 8. The B-C, distance is
2.362A and there is no overlap population
between these two atoms.

We have also considered the *A” state resulting
from 9a’—3a” promotion in electronic configu-
ration (9), but this state, with the boron atom
coplanar with the methylene group (Fig. 9), not
only lies 2.9 (12.1) and 3.5kcal mol™
(14.6kJmol™!) above 4 at the HF and PMP4
levels, respectively, but a vibrational analysis
shows that in fact it is a transition state since it has

a

an imaginary frequency corresponding to internal
rotation. Therefore it was not considered further.

3.2 Boron-—methylcarbene structures

Two different boron—methylcarbene structures
have been found, corresponding to *A’ and ?A”
electronic states (structures 5 and 6, respectively,
in Fig. 10). Both states are shown to be true
minima since they have all frequencies real. The
electronic configuration for the 2A’ state is

(1a’)*(2a’) (3a’)*(4a’)* (5a’)* (6a’)?
(1a")*(7a")? (8a’)* (2a")* (9a’)! 9)

whereas the A" state results from 2a”"—9a’ pro-
motion.

The geometrical parameters for structures 5
and 6, especially the B—C bond distance, suggest
quite a different bonding scheme in each case.
Since the 2a” molecular orbital in configuration
(9) corresponds to a B—C n-type bonding, wher-
eas in the case of the A” state it is nearly a 2p(C)
orbital, the valence bond pictures shown in Fig.
11 may be proposed for structures 5 and 6. These
valence bond structures are confirmed by the
atomic spin densities, which place the unpaired
electron at boron (5) and at carbon (6), respecti-

b

Figure 6 (a) Gradient map of the electronic charge density and (b) contour map of the Laplacian of p(r), for structure 3 obtained
at the MP2/6-311G** level. In (a) the nuclei are denoted by crosses, bond critical points by dots and ring critical points by
triangles. In (b) negative values of V°p(r) are denoted by solid contours and positive values by dotted contours. In both cases the

CBC plane is considered.
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Figure7 MP2/6-31G** optimized geometry for the o-
bonded boron—ethylene complex. Bond distances are given in
A and angles in degrees.

vely. In addition the B—C bond distance in 5 is
coherent with a double bond.”

There is another possible conformer of the
boron—methylcarbene system in which the unique
hydrogen atom of the methyl group is in the trans
position with respect to the boron atom.
However, both the A’ and the A" states of this
structure are found to lie about 5kcal mol™
(21 kJ mol™') above the corresponding structures
5 and 6 at the MP4/6-311G** level. Furthermore,
they have an imaginary frequency at the
MP2/6-31G** level corresponding to the rotation
of the methy! group.

3.3 Insertion products with a B—H
bond

In the case of the BC,H, system we found™ that
two of the candidates for the ground state are
open and cyclic insertion products. In addition,
although preliminary studies on the AICH,
system suggested the “B, z-bonded isomer to be
the lowest-lying isomer,"” the same authors found
that in fact the insertion product HAICHCH, is
the global minimum for AIC,H,.”® Consequently
it is of interest to explore the insertion products
for the isovalent BC,H, system.

The MP2/6-31G** optimized geometries for
the open and cyclic insertion products (structures
7 and 8, respectively) are shown in Fig. 12. In the
case of structure 7 the anti isomer is found to lie
slightly lower in energy than the syn conformation
and therefore we will focus on the former. The

B
’,C1 ’—‘—"“C'z\‘
Ho” / \ H
H H

Figure8 Valence bond structure of 4.

\ J

/]C
H H

Figure9 *A” valence bond structure, a transition state for
internal rotation.

geometrical parameters (as well as the molecular
orbitals) of structure 7 suggest the bonding
scheme with a C—C double bond and the unpaired
electron localized at the boron atom (Fig. 13). In
fact the *A’ state for the planar arrangement has
an imaginary frequency associated with distortion
of planarity due to the displacement of the hydro-
gen bonded to boron. Optimization under C,
symmetry (instead of C,) leads to a structure with
a dihedral £HBCC angle of 161.3° at the
MP2/6-31G** level. Nevertheless the potential
surface is very flat for the variation of this angle.
The non-polar structure lies only 0.5 kcal moi™'
(2.1kJmol™') below the planar anti-HBCHCH,
species (with a dihedral angle of 180°) at the
MP2/6-31G** level, whereas the other planar
conformer (syn, with a dihedral angle of 0°) lies
also just 0.6 kcal mol™' (2.5kJ mol™!) above the
non-planar structure at the same level of theory.
However higher levels of theory suggest that it is
quite likely that this isomer could indeed be
planar, since at the PMP4 level the planar struc-

H

1.367
5 131.2 111.5 [ 1.087

\ . (-
505 . 1.089

1.089
117.3 111 1 1076

B
H
1.534
6 122.9 112.0/ 1.087
\ 1.495 (_
c . oet

1.086
116.4 1106 1058

Figure 10 MP2/6-31G** optimized geometries for the
boron—-methylcarbene structures 5 and 6. Bond distances are
given in A and angles in degrees.
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Figure 11 Valence bond structures of 7 and 8.

ture (anti) lies slightly below the non-planar one.
Therefore, although higher-level calculations are
needed to establish a definitive conclusion about
the planarity of this molecule, we have considered
in what follows the HBCHCH, isomer in its pla-
nar anti conformation. The syn isomer (whose

H 1.185
\B

128.6\—

121.2 1.081
7 1.53x 120. 5/ 08
1369 (-
1.087 \1 082
117.0 122.5

151, 3

1.466 1.559

1487 0o

1.075
136.7 1183 1105

Figure 12 MP2/6-31G** optimized geometries for the
HBCHCH, and HBC,H; insertion products. Bond distances
are given in A and angles in degrees.

H/c C\H

Figure 13 Valence bond structure of anzi-8.

geometrical parameters resemble very much
those of the anti isomer) lies only 0.3 kcal mol ™!
(1.3kJ mol~!) higher than the anti conformation
at the PMP4 level of theory. It is very likely then
that conversion between both conformations can
take place.

In the case of the cyclic insertion product,
which corresponds to a “A” state, the hydrogen
bonded to boron remains on the BCC plane, thus
preserving the C, symmetry. The unpaired elec-
tron is localized at the C; atom (the half-filled
molecular oribtal is essentially a 2p,(C,) orbital)
and the bond distances suggest the formation of a
three-membered ring. This is confirmed by ana-
lysing the charge density. The gradient map of
p(r) and contour map of V*p(r) for structure 8 are
shown in Figs 14(a) and 14(b) respectively. In
Figure 14(a) two B-C bond paths (slightly
curved) and a ring critical point can be observed.
Also, the contour map of V?p(r) resembles very
much (for the CBC unit) that found for structure
3 (Fig. 6b) which is also a three-membered ring.
The values of p(r) at the critical points are also
very similar for 3 and 8. For B-C, and B-C, bond
critical points we find values of 0.188 and
0.170 a.u., respectively (0.177 a.u. for structure
3), whereas the charge density is 0.165 a.u. at the
ring critical point (0.160 a.u. for 3).

3.4 lIsomers with two B-H bonds

We have also searched for stable species with two
boron-hydrogen bonds. It should be stressed
that, for the reaction of boron with methane,
CH;BH and CH,BH, are the major products
detected in matrix isolation studies.”

The optimized geometries for H, BCHCH (9)
and H,BCCH, (10) are shown in Fig. 15.
Structure 9 corresponds to a 2A’ electronic state
with the unpaired electron localized at the termi-
nal carbon atom and a C-C double bond, as
illustrated by the bond distances and angles. It
has all frequencies real and distortion from the
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planar geometry does not improve its energy, so
planarity for this species is guaranteed.

In the case of the H,BCCH, species, optimiza-
tion without symmetry constraints leads to struc-
ture 10 with a BCC linear backbone, the hydro-
gen atoms of the CH, group on the same plane as
the boron and carbon atoms, and the two hydro-
gens bonded to boron in the perpendicular plane.
Structure 10 has therefore C,, symmetry and cor-
responds to a ’B, electronic state with the follow-
ing electronic configuration:

(1a,)* (2a,)" (3a,)* (4, )" (5a,)" (6a, )’
(1b,)* (72, (1b;)? (2b, ¥ (2b,)' (1)

The 2b, orbital represents the C—C n-bond (made
up from the 2p, atomic orbitals) whereas the 2b,
molecular orbital is essentially the 2p, orbital of
central carbon, although it is highly delocalized
towards boron, resulting in a B—C bond distance
which is clearly shorter than that of a typical
single bond. The charge transfer from central
carbon to boron through delocalization of the 2b,
orbital amounts to 0.2 e. This favourable interac-
tion between the 2p, orbitals of central carbon
and the boron atom, shown in Fig. 16, is the
reason for the geometry of this species, with the
HBH plane perpendicular to the CCH, moiety.

{
N

74

3

a

4 RELATIVE ENERGIES OF THE STABLE
SPECIES

Table 1 shows the energies of the stable species
relative to BCP) + C;H,('A,) at different levels of
theory with the 6-311G** basis set on the
MP2/6-31G** optimized geometries. We provide
the HF, MP4 and projected MP4 (PMP4) results.
In addition, we also give the PMP4 values (which
should be the most reliable) corrected with
scaled® zero-point vibrational energy differences.
It is observed that there are no severe discrepan-
cies between projected and non-projected MP4
values. The worst case is structure 4, for which a
difference of 4.7kcalmol™' (19.7kJmol™') is
found between PMP4 and MP4 results; this is not
surprising since its HF wavefunction is highly
spin-contaminated, namely ($°)=1.067. Spin
contamination is also noticeable for structures 5,
9 and 10 (with (S*) values of 0.915, 0.930 and
0.841, respectively). All other structures have
nearly spin-pure HF wavefunctions with (S?)
values smaller than 0.76. It is well known that the
MP perturbation series converges slowly when
spin contamination is high, but this shortcoming
can be avoided quite efficiently employing spin-
projected methods,* *-%1-6 especially when spin
contamination comes mainly from one single con-
taminant. In our case all the structures 4, 5, 9 and

Figure 14 (a) Gradient map of the electronic charge density and (b) contour map of the Laplacian of p(r), for structure 8
obtained at the MP2/6-311G** level. In (a) the nuclei are denoted by crosses, bond critical points by dots and ring critical poiats
by triangles. In (b) negative values of V2p(r) are denoted by solid contours and positive values by dotted contours. In both cases

the CBC plane is considered.
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Figure 15 MP2/6-31G** optimized geometries for the
H,BCHCH and H,BCCH, structures. Bond distances are
given in A and angles in degrees.

10 have S expectation values very close to 0.75
after annihilation of the highest-spin contami-
nant, and therefore the projected MP values
should be quite reliable. This is confirmed by our
previous experience with similar systems. For
example, in the case of the BC,H, system we
obtained® very similar results for the relative

AP

Figure 16 Interaction between the 2p, orbitals of the central
carbon and the boron atom in 10.

energies of the three lowest-lying states at the
projected MP level to Andrews et al.” employing
(with a similar basis set) CCSD(T) theory (cou-
pled cluster method with single and double exci-
tations and perturbative inclusion of connected
triple excitations), even if one of the species was
highly spin-contaminated.

As can be seen in Table 1, all species are
bonded relative to ground-state boron + ethylene.
Nevertheless 2 (the long-distance s-complex)
appears to be nearly isoenergetic with B + C,H, at
the HF level and only about 1kcalmol™
(4 kI mol™') below at correlated levels. The B,
state (structure 1) is clearly more stable than 2, as
a result of the interactions qualitatively described
in Section 3.1. However, the most stable C,, cyclic
structure by far is 3 [30 kcal mol™! (13 kJ mol™')
below 1]. It is also interesting to note that 3 is also
much more stable than the o-complex (structure
4).

Of the two boron-methylcarbene type struc-
tures, the more stable is §, which corresponds to a

Table 1 Relative energies (kcal mol™')? of the stable species of the BC,H,
system with respect to B(*P) + C;H,{'A,), calculated at the HF, MP4 and
PMP4 levels with the 6-311G™* basis set on the MP2/6-31G** optimized

geometries

Species HF MP4 PMP4  PMP4+ AZPVE®
1 BGH,(’B,) —4.5 -179 -18.1 -148
2 BGH,(’B;) 0.0 -1.3 -1.6 -1.3
3 BGH,(A) -39.1 —46.3 -462 -44.6
4 BCH,(’A") -20.3 -159 -206 206
5 BCHCH,(*A") -33.2 -333 =363 -34.2
6 BCHCH,(*A") -27.9 -28.1 -283 -26.9
7 HBCHCH,(*A') -56.5 ~-59.4 -597 -58.9
8 HBCH,(*A") —47.8 -53.4 =537 =545
9 H,BCHCH(*A') -55.3 -489 -52.9 -53.6
10 H,BCCH,(*B,) —64.7 -63.8 —-663 —66.6

21 kcal mol " !=4,184 kJ mol 1.

® Zero-point vibrational energy differences were obtained by scaling the
MP2/6-31G* vibrational frequencies.
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’A’ state and implies a double bond between
boron and carbon. This is in contrast with what
Xie et al.” reported for the isovalent AIC,H,
system. This discrepancy may be due to the reluc-
tance of second-row atoms to form multiple
bonds in comparison with their first-row counter-
parts.

The two insertion products with a B-H bond, 7
and 8, are quite stable, the open structure 7 lying
about 4 kcal mol ™' (16.7 kJ mol ') below the cyc-
lic one. In fact, in the case of the AIC,H, system
Xie and Schaefer® found that the HAICHCH,
structure (the analogue of 7) is the global mini-
mum. However, no structures with two Al-H
bonds are reported for the AIC,H, system. In the
case of BC,H, these structures, 9 and 10, are also
quite stable, and furthermore the H,BCCH,
isomer is predicted to be the global minimum at
all levels of theory, lying more than 8 kcal mol™!
(33.5kI mol™") below structure 7 at the PMP4 +
AZPVE level. It is not surprising that structure 10
is so stable, since it has a C—C double bond as
well as a certain degree of multiple bonding
between boron and central carbon.

The main conclusion of the present work is
therefore that the global minimum of BC,H, is the
H,BCCH, isomer (structure 10), but also that
there are other species which are quite stable and
might be accessible to experimental detection.
Among these the more interesting are the open
structures 7 and 9 lying about 8 (33.5) and
13kcalmol™"  (54.4kJmol™') higher than
H,BCCH,, and the cyclic structures 8 and 4,
which lie 12 (50.2) and 22kcalmol™!
(92kJ mol™"), respectively, above the global
minimum.
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